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Abstract: Inhibiting tyrosyl-DNA phosphodiesterase 1 (TDP1) is a promising strategy for increas-
ing the effectiveness of existing antitumor therapy since it can remove the DNA lesions caused
by anticancer drugs, which form covalent complexes with topoisomerase 1 (TOP1). Here, new
adamantane–monoterpene conjugates with a 1,2,4-triazole or 1,3,4-thiadiazole linker core were syn-
thesized, where (+)-and (−)-campholenic and (+)-camphor derivatives were used as monoterpene
fragments. The campholenic derivatives 14a–14b and 15a–b showed activity against TDP1 at a low
micromolar range with IC50 ~5–6 µM, whereas camphor-containing compounds 16 and 17 were inef-
fective. Surprisingly, all the compounds synthesized demonstrated a clear synergy with topotecan, a
TOP1 poison, regardless of their ability to inhibit TDP1. These findings imply that different pathways
of enhancing topotecan toxicity other than the inhibition of TDP1 can be realized.

Keywords: tyrosyl-DNA phosphodiesterase 1; adamantane; monoterpene; TDP1 inhibitors; 1,2,4-
triazole; 1,3,4-thiadiazole; synergy

1. Introduction

Topoisomerase 1 (TOP1) is a vital DNA repair enzyme participating in the release of
torsional tension, resulting from such crucial processes as DNA replication, transcription,
chromatin remodeling, and recombination [1,2]. Catalytic mechanism of this enzyme
consists in mediating transient DNA single-stranded breaks followed by religation and
reestablishment of DNA [3,4]. The inhibition of TOP1 is the basis for treatments with
currently used anticancer drugs such as topotecan, irinotecan, and belotecan, which are
derivatives of camptothecin, a naturally occurring TOP1 inhibitor [5].

Despite chemotherapy being one of the most common treatments of oncological
diseases, there are still many unsolved problems regarding this approach, such as the lack of
efficacy and the resistance of tumors. Tyrosyl-DNA phosphodiesterase 1 (TDP1) is believed
to be responsible for making cancer cells resistant since this enzyme cleaves the TOP1–DNA
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covalent complex, thereby repairing DNA damage mediated by TOP1 poisons [6]. Indeed,
cells with a higher TDP1 expression have resistance not only to camptothecin, but also to
etoposide [7]. Also, TDP1 overexpression prevents the death of colorectal cells when dosed
with irinotecan, a frontline chemotherapy used for the treatment of colorectal cancer [8].
Conversely, TDP1 knockout mice were found to be hypersensitive to camptothecin [9,10].
TDP1 depletion in colorectal cancer cells resulted in hypersensitivity to irinotecan. The use
of a combination of topotecan and a TDP1 inhibitor led to an increase in the efficacy of the
former, both in vitro [11–15] and in vivo [16–18]. These findings make TDP1 a legitimate
therapeutic target for enhancing the cytotoxic potential of existing anticancer drugs toward
malignant cells and overcoming their drug resistance.

To date, there are several low-molecular-weight substances exerting anti-TDP1 activity
consisting of different organic compounds (Figure 1). These include usnic acid deriva-
tives [19,20], berberine-containing compounds [21], and molecules bearing a coumarine
core as a pharmacophore [17]. The scaffold of deoxycholic acid is also a promising platform
to develop efficient TDP1 inhibitors [22]. As shown by Sirivolu et al. [23], the use of a
thioxothiazolidinone core is a fruitful approach to novel compounds with pronounced
inhibitory activity against TDP1. Benzophenanthridine derivatives were demonstrated to
be selective TDP1 inhibitors [24]. Curious results were obtained by Wei et.al [25], as they
found that a racemic form of benzodipyran with a pyrano [4,3-h]chromene scaffold isolated
from the soft-coral-derived fungus Aspergillus sp. was a more effective TDP1 inhibitor
when compared to its optically pure enantiomers. Thieno [2,3-b]pyridines also inhibit TDP1
and enhance the cytotoxic effect of the PARP1 (Poly(ADP-Ribose) Polymerase 1) inhibitor
olaparib, which indicates the involvement of PARP1 in the repair of this type of DNA
damage [26].
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Figure 1. The structural diversity of TDP1 inhibitors.

Hybrid molecules consisting of adamantane and monoterpene moieties connected via
ester, amide, or thioamide linkers also demonstrate an inhibitory effect on TDP1 [27,28]
(Figure 2). In addition, we found that adamantyl-containing 1,2,4-triazoles and 1,3,4-
thiadiazoles bearing monoterpenoid moieties not only exerted inhibitory properties against
TDP1 in the micromolar/submicromolar range but also enhanced the anticancer cytotoxic
effect of topotecan [29].
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Figure 2. Adamantane derivatives connected with monoterpenoid residues via various linkers as
TDP1 inhibitors.

The results presented here are an extension of our previous work [29] and concentrate
on unresolved issues on campholenic and camphor derivatives, thereby complementing
existing data on TDP1 inhibitory properties of such hybrid molecules as well as on the
ability of such compounds to enhance topotecan activity.

2. Results and Discussion
2.1. Chemistry

Firstly, the reaction of acid chloride 1 with thiosemicarbazide gave the corresponding
derivative 2 with an excellent 90% yield. The heterocyclic compounds 3 and 4 were
obtained by the cyclocondensation of 2 under basic or acidic conditions, respectively
(Scheme 1). The structure of amine 4 was confirmed by X-ray crystallography (CCDC
2167259, Supplementary Figure S1).
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Scheme 1. Synthesis of 1,2,4-triazoline 3, and 1,3,4-thiadiazole 4.

(+)-Campholenic bromide was prepared using a four-step synthesis starting from
(−)-α-pinene as noted in Scheme 2. First, (−)-α-pinene was epoxidized using peracetic
acid in DCM to obtain compound 5, which was used at the next step without further
purification. The well-known Meinwald rearrangement of epoxide 5 in the presence of
ZnCl2 led to the formation of campholenic aldehyde (+)-6 [30], which was then reduced to
campholenic alcohol (+)-7 using NaBH4 in EtOH. The final transformation of the alcohol
into corresponding bromide (+)-8 was carried out using the NBS/PPh3 procedure. In order
to establish whether there is a difference between enantiomers in TDP1 inhibitory activity,
the same reaction sequence was performed to obtain its enantiomer, (−)-campholenic
bromide (−)-8, starting from (+)-α-pinene.
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Scheme 2. Synthetic route to bromides 8, campholenic acids 13, and camphor derivatives 9, 10, 11, 12.

Reychler’s acid 9 was prepared by the sulfonation of commercially available (+)-
camphor with sulfuric acid in acetic anhydride (Scheme 2). The sulfonic acid was then
treated with thionyl chloride while refluxing for 2 h to yield sulfonyl chloride 10. Sub-
sequent oxidation of sulfonyl chloride using KMnO4 in water/CH3CN mixture at 70 ◦C
for 1.5 h gave (+)-ketopinic acid 11, in accordance with the procedure reported by Huynh
et al. [31]. Thionyl chloride was used to convert ketopinic acid into the corresponding acid
chloride 12. KOH-induced retro-Prince fragmentation of (+)-camphorsulfonic acid 9 under
fusion conditions afforded (+)-campholenic acid (+)-13 [32]. The same reaction sequence
with commercial (−)-camphorsulfonic acid was carried out to provide (−)-campholenic
acid (−)-13.

The reaction of 1,2,4-triazoline 3 with bromides 8 in the presence of MeONa in MeOH
allowed us to obtain the desired compounds 14a-b (Scheme 3). (+)- And (−)-campholenic
acids 13 were condensed with 1,3,4-thiadiazole 4 in the presence of the mild coupling
reagent propanephosphonic acid anhydride (T3P), in order to form amides 15a–b. Sulfonyl
chloride 10 and acid chloride 12 were involved in the reaction with amine 4 to give products
16 and 17.
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Suitable crystals of 15b (Figure 3) for X-ray diffraction were grown from a hexane–
EtOAc mixture, which allowed us to unambiguously confirm the structure of the synthe-
sized campholenic amides (CCDC 2167260, Supplementary Figure S1).
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2.2. Biology

The compounds were tested against TDP1 using a biosensor assay that was previ-
ously developed [33]. The biosensor is a single-stranded oligonucleotide containing a
5′-FAM (5(6)-carboxyfluorescein) fluorophore donor and a quenching 3′-BHQ1 (Black Hole
Quencher-1). Since BHQ1 and FAM are located within the Förster radius, the fluorescence
is quenched. The mechanism of action is based on the TDP1 enzyme’s ability to cleave
substituents selectively from the 3′-end of DNA [34], thus deriving the TDP1 activity
by real-time fluorescence detection [33,35]. Furamidine, a commercially available TDP1
inhibitor [35], was used as a positive control; the data are presented in Table 1.

Table 1. Data on TDP1 inhibition (IC50) as well as cytotoxicity (CC50) on HeLa and HEK293A cell
lines. Furthermore, the influence on topotecan (Tpc) cytotoxicity was measured.

Structure TDP1 IC50, µM HeLa
CC50, µM

HEK293A
CC50, µM

Tpc CC50
HeLa, µM

Tpc CC50
HEK293A, nM

Tpc 4.0 ± 1.3 66 ± 28

14a
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According to Table 1, the campholenic derivatives (14a, 14b, 15a, 15b) have similar
activity in relation to TDP1 with their IC50 value being approximately 5 µM. The camphor
derivatives were found to be less active, with compound 16 having a (+)-ketopinic acid frag-
ment and sulfonamide 17 not exhibiting anti-TDP1 activity under experimental conditions.

Next, we tested the compounds’ intrinsic toxicity against cervical cancer HeLa cells
and non-cancerous HEK293A immortalized human embryonic kidney cells using the EZ4U
assay format. Since TDP1 inhibitors are intended to be used as adjunctive therapy with
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established chemotherapy drugs, it is important that the compounds do not have inherent
side effects. The investigated compounds have moderate toxicity (14a, 14b, 16) or are
non-toxic up to 100 µM (15a, 15b, 17), (Supplementary Figure S2). The moderate toxicity
of conjugates 14a–b is likely due to the presence of a sulfur atom in the side chain, which
makes it vulnerable to oxidative processes, whereas the derivatives 15a–b, containing a
sulfur atom incorporated in the heterocyclic core, did not show intrinsic cytotoxicity under
the experimental conditions.

Then, we tested the ability of the adamantane–monoterpenoid derivatives to sensitize
cells to the action of topotecan. For this, we chose a low-toxic concentration 20 µM and
varied the concentrations of topotecan (Supplementary Figure S3).

As shown in Table 1 and Figure S3 (Supplementary Figure S3), all the tested com-
pounds exhibited a sensitizing effect on cancer HeLa cells, but the non-cancerous HEK293A
cells were unaffected. Thus, the addition of the adamantane–monoterpenoid derivatives
led to a decrease by half or more in the semi-toxic concentration (CC50) of topotecan against
HeLa cells, but not against HEK293A cells. Some compounds such as 14a and 15b even
protected HEK293A cells from the action of topotecan.

For HeLa cells, we calculated the combination index (CI), the parameter that is used
to determine the degree of drug interaction [36]. The combination index (CI) values for
the different concentrations (Supplementary Figure S3) of topotecan and TDP1 inhibitors
were less than one, and for some compounds less than 0.1 (Supplementary Table S1). This
indicates a strong synergistic effect of topotecan and its derivatives. The CI values were
calculated with the CompuSyn version 1.0 software.

It should be noted that all the compounds have a synergistic effect on HeLa, regardless
of their ability to inhibit TDP1. Obviously, this means that there are additional targets in
the cell for these compounds. It is known that TOP1 may have other synthetic lethality
partners than TDP1, such as PARP1 [37] or the MPE11 protein [38].

In the reverse experiment, when the concentrations of the compounds were varied
with 30 nM topotecan (in the experiments with HEK293A cells) or 3 µM topotecan (in the
experiments with HeLa cells), respectively, a noticeable synergistic effect on HeLa cells was
already observed at low concentrations of TDP1 inhibitors (1 and 5 µM) (Supplementary
Figure S4). Given that the IC50 values for these compounds are >5 µM, this also indicates
the presence of other targets in addition to TDP1.

In conclusion, the adamantane–monoterpenoid derivatives inhibit TDP1, but appar-
ently have additional cellular targets, since all compounds have a synergistic effect in
combination with topotecan, regardless of the effectiveness of TDP1 inhibition, and this
effect is manifested at concentrations lower than necessary for TDP1 inhibition.

2.3. Molecular Modeling

The six adamantane–monoterpenoid derivatives were docked into the binding site
of the TDP1 enzyme (PDB ID: 6W7K, resolution 1.70 Å) [39] using the GOLD molecular
modeling software. The robustness of the TDP1 docking scaffold has been previously
established [15].

The binding scores for the TDP1 catalytic pocket are given in Table S2 (Supplementary
Table S2); all the ligands have reasonable values. No correlation was seen with their corre-
sponding IC50 values for any of the scoring functions. Derivatives 16 and 17 have notably
higher IC50 values than the other ligands but their scores are not statistically different.

The binding mode of 15b was investigated since it has good binding to TDP1. For
TDP1, all the scoring functions predict the same, or similar, poses, and placed the ligand in
the catalytic binding pocket as shown in Figure 4A. The predicted conformation overlaps
the co-crystalized ligand and blocks the access to the catalytic site; overall, the ligand fits
well into the catalytic pocket. However, no specific interactions such as hydrogen bonding
were predicted between the ligand and TDP1 (Figure 4B).
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Figure 4. The docked pose of 15b in the catalytic site of TDP1 as predicted by the ChemPLP scoring
function. (A) The ligand is shown in the ball-and-stick format. The catalytic pocket is to the right-hand
site, the co-crystallised ligand is depicted as green lines. The allosteric pocket is not predicted to
be occupied (see circled area). The protein surface is rendered; blue depicts regions with a partial
positive charge on the surface; red depicts regions with a partial negative charge; grey shows neutral
areas. (B) The predicted configuration is depicted as balls-and-sticks, no specific interaction between
the ligand and protein was predicted. The catalytic His263 and His493 amino acid residues are shown
as sticks. The adjacent amino acids (<5 Å), buttressing the ligand, are shown as lines. The amino
acids’ hydrogens are not shown for clarity.

Molecular dynamics simulations have suggested that the TDP1 inhibitors occupy
an allosteric binding pocket next to the catalytic site as shown in Figure 4A [40]. The
existence of the allosteric site was further supported by combined molecular modeling and
a structure–activity relations study of usnic acid derivatives [15]. The occupancy of the
allosteric site was shown to be very advantageous to the overall binding efficacy. As can be
seen in Figure 4A, the modeling does not predict the occupancy of the allosteric site, the lig-
and fits well into the catalytic site, and placing either the adamantine or the monoterpenoid
into the allosteric site would result in a poor binding configuration. Modifying the central
1,3,4-thiadiazole to carry another monoterpenoid, which could reach into the allosteric
site, is an interesting strategy to improve the efficacy of the ligands. Furthermore, having
hydrogen bonding interactions in the enzyme would increase the specificity of the ligand,
e.g., for ligand 14a, the triazole ring was predicted by GoldScore to form a hydrogen bond
to Ser400. In general, all the ligands were predicted to bind in a similar fashion as 15b, but
in some cases, the adamantine and terpene moieties were inverted.

2.4. Chemical Space

The calculated molecular descriptors MW (molecular weight), log P (water-octanol
partition coefficient), HD (hydrogen bond donors), HA (hydrogen bond acceptors), PSA
(polar surface area), and RB (rotatable bonds) are given in Table S3 (Supplementary
Materials). The values of the molecular descriptors lie within a lead-like chemical space for
HD and RB; in a lead- and drug-like space for HA and PSA; MW is in a drug-like chemical
space; finally, Log P is in a drug-like space and a Known Drug Space (KDS). In general, the
ligands are spread over a chemical space depending on the molecular descriptor (for the
definition of lead-like, drug-like, and KDS regions see ref. [41] and Table S4 (Supplementary
Materials)). When the descriptor values were correlated to their TDP1 IC50 counterparts,
relatively good R2 vales were seen (see Table S3); due to the small number of ligands (n = 6),
it is doubtful whether a true correlation was observed. Nevertheless, it can be surmised
that the binding is governed mainly by water solubility, as the affinity for TDP1 increased
with higher log P values (lipophilicity) and lowered with higher HA and PSA values (water
solubility), i.e., the entropic term (∆S) rules this interaction. In addition, according to the
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modeling, no specific hydrogen bonding interactions were predicted, so the interaction
with TDP1 is not driven by enthalpy (∆H) factors. It is a common view that lipophilicity
gives affinity, whereas hydrogen bonding gives specificity, which explains the results from
the cell-based assay in which the ligands modulate other targets than TDP1.

The Known Drug Indexes (KDIs) for the ligands were calculated to gauge the balance
of the molecular descriptors (MW, log P, HD, HA, PSA, and RB). This method is based on
the analysis of drugs in clinical use, i.e., the statistical distribution of each descriptor is
fitted to a Gaussian function and normalized to one, resulting in a weighted index. Both
the summation of the indexes (KDI2a) and multiplication (KDI2b) methods were used [42]
as shown for KDI2a in Equation (1) and for KDI2b in Equation (2); the numerical results are
given in Table S3.

KDI2a = IMW + Ilog P + IHD+ IHA + IRB + IPSA (1)

KDI2b = IMW × Ilog P × IHD× IHA × IRB × IPSA (2)

The KDI2a values for the ligands range from 4.53 to 5.27 with a theoretical maximum
of 6 and the average of 4.08 (±1.27) for known drugs. The KDI2b range is from 0.12 to
0.43, with a theoretical maximum of 1 and with KDS average of 0.18 (±0.20). It can be
stated that the ligands are reasonably well balanced in terms of their descriptors, making
them biocompatible.

3. Materials and Methods
3.1. Chemistry

All chemicals were purchased from commercial sources (Sigma Aldrich, St. Louis, MO,
USA, Acros Organics, Geel, Belgium) and used without further purification. 1H and 13C
NMR spectra were recorded on a Bruker AV-300 spectrometer (300.13 MHz and 75.46 MHz
respectively), Bruker AV-400 (400.13 MHz and 100.61 MHz), Bruker DRX-500 (500.13 MHz
and 125.76 MHz), and on a Bruker Avance—III 600 (600.30 MHz and 150.95 MHz). Residual
signals were used as references (δH 7.24 and δC 76.90 ppm for chloroform, δH 2.50 ppm
for DMSO). Compound structures were determined by analyzing the 1H-NMR spectra
and 1H–1H 2D homonuclear correlation (COSY, NOESY), J-modulated 13C NMR spectra
(JMOD), and 13C –1H 2D heteronuclear correlation with one-bond (HSQC, 1J = 145 Hz) and
long-range spin–spin coupling constants (HMBC, 2,3J = 7 Hz). Mass spectra (70 eV) were
recorded on a DFS Thermo Scientific high-resolution mass spectrometer. The conversion of
starting materials was analyzed by thin-layer chromatography, which was performed on
Merck plates (UV-254). A PolAAr 3005 polarimeter was used to measure optical rotations
[α]D, where the concentration (c) is shown in g × (100 ×mL)−1. Target compounds were
isolated by column chromatography (SiO2; 60–200 µ; Macherey-Nagel). Melting points
were measured on a Mettler Toledo FP900 Thermosystem apparatus. Spectral and analytical
measurements were carried out at the Multi-Access Chemical Service Center of Siberian
Branch of Russian Academy of Sciences (SB RAS). The atom numeration of the substances is
provided for the assignment of signals in the NMR spectra and differs from that in IUPAC.

X-ray data for 4 and 15b compounds X-ray crystallographic data were obtained on a
Bruker Kappa Apex II diffractometer with a CCD detector using graphitemonochromated
MoKa radiation (λ = 0.71073 Å). Experimental data reduction was performed using the
APEX2 suite (Bruker AXS Inc. APEX2 (Version 2.0), SAINT (Version 8.18c), and SADABS
(Version 2.11); Bruker Advanced X-ray Solutions, Madison, WI, USA, 2000–2012). The struc-
tures were solved by direct methods and refined by the full-matrix least-squares technique
against F2 in the anisotropic–isotropic approximation. The H atoms positions were calcu-
lated with the riding model. All calculations were performed using SHELXTL-2018/3 [43].
CCDC 2167259 (4), 2167260 (15b) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via http://www.ccdc.cam.ac.uk/conts/retrieving.html (accessed on 27 April
2022) (or from the CCDC, 12 Union Road, CambridgeCB2 1EZ, UK; Fax: +44-1223-336033;
E-mail: deposit@ccdc.cam.ac.uk).

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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3.1.1. Synthesis of 2-(Adamantane-1-carbonyl)hydrazine-1-carbothioamide 2

A solution of adamantane-1-carbonyl chloride (10.0 g, 50.4 mmol) in 30 mL of THF
was added to a cooled to 0 ◦C suspension of thiosemicarbazide (10.08 g, 110.8 mmol) in
200 mL of THF while stirring. The resulting mixture was stirred at room temperature
overnight followed by evaporating the solvent on a rotary evaporator. Water was added to
the reaction mixture, then the solid mass was filtered off, washed with water thoroughly,
and dried. The yield of the compound 2 was 11.48 g (90%), the product was isolated as a
white solid.

1H-NMR (400 MHz, DMSO-d6) (ppm) δ: 1.56–1.72 (m, 6H), 1.75–1.88 (m, 6H), 1.91–2.01
(m, 3H), 6.97 (s, 1H), 7.80 (s, 1H), 9.07 (s, 1H), 9.38 (s, 1H).

3.1.2. Synthesis of 5-(Adamantan-1-yl)-2,4-dihydro-3H-1,2,4-triazole-3-thione 3

A mixture containing 5.0 g (8.0 mmol) of 2-(adamantane-1-carbonyl)hydrazine-1-
carbothioamide 2 and 1M solution of NaOH (25 mL) was refluxed for 3 h. After cooling to
room temperature, the mixture was neutralized using concentrated HCl. The precipitate
was collected by filtration, washed with water, and recrystallized from MeOH to give the
product as a white solid (1.5 g, 80%).

1H-NMR (400 MHz, DMSO-d6) (ppm) δ: 1.59–1.71 (m, 6H), 1.80–1.87 (m, 6H), 1.92–1.98
(m, 3H), 13.00 (s, 1H), 13.10 (br.s, 1H).

3.1.3. Synthesis of 5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-amine 4

A solution of 2.2 g (8.7 mmol) of 2-(adamantane-1-carbonyl)hydrazine-1-carbothioamide
2 in 20 mL of concentrated sulfuric acid was kept at room temperature overnight and then
the solution was neutralized with aqueous ammonia solution while cooling with ice until
pH 7 was reached. The resulting solid was filtered off, washed with water, dried, and
recrystallized from EtOH to yield 5-(adamantan-1-yl)-1,3,4-thiadiazol-2-amine 4 as a pale
yellow solid (1.6 g, 78%).

1H-NMR (400 MHz, DMSO-d6) (ppm) δ: 1.61–1.76 (m, 6H), 1.84–1.92 (m, 6H), 1.98–2.04
(m, 3H), 6.98 (br.s, 2H).

3.1.4. Synthesis of (+)-Campholenic Aldehyde 6

One-round bottom flask was charged with (-)-α-pinene (32.8 mL, 0.207 mol), peracetic
acid (32.3 g, 0.248 mol), and sodium carbonate (34.4 g, 0.207 mol) in methylene chloride.
The mixture was stirred at 0 ◦C for 4 h. After filtrating, the solvent was evaporated. The
epoxide obtained was dissolved in 600 mL of benzene, ZnCl2 (3.0 g) was added, and the
mixture was stirred for 16 h at room temperature. The reaction was then quenched with
15 mL of acetic acid and 15 mL of water and the organic phase was separated. The organic
phase was again extracted with benzene. The combined organic phase was washed with a
saturated solution of sodium bicarbonate and dried over sodium sulfate. After evaporating,
the product was purified by silica gel column chromatography to give (+)-campholenic
aldehyde 6 as a colorless oil (18.9g, 60%). NMR spectra were consistent with previously
reported data [30]. (-)-Campholenic aldehyde was obtained in the same way.

3.1.5. Synthesis of (+)-Campholenic Alcohol 7

(+)-Campholenic aldehyde (2.0 g, 13.2 mmol) was dissolved in ethanol (50 mL) and
NaBH4 was added drop-wise to the solution while stirring. The mixture was stirred at room
temperature for 6 h. A saturated solution of NH4Cl was then added until gas formation
stopped. The product was extracted with Et2O and dried over sodium sulfate. Evaporation
gave (+)-campholenic alcohol 7 (1.93 g, 95%). NMR spectra were consistent with previously
reported data [44]. (-)-Campholenic alcohol was obtained in the same way.

3.1.6. General Procedure for Synthesis of Bromides 8

To a solution of PPh3 (12.2 g, 46 mmol) in dry DCM (46 mL) was added N-bromosuccinimide
(NBS) (8.4 g, 46 mmol) in small portions under an ice-water bath. The mixture was cooled
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to r.t. and was stirred for 30 min. Then, pyridine (2 mL) was added followed by the
corresponding alcohol (24 mmol). The reaction mixture was stirred overnight at room
temperature. Then, the mixture was diluted with hexane (60 mL) and filtered through a
silica gel plug. The reaction flask was stirred three times with EtOAc:hexane (6:6 mL) for
around 1 h and filtered through the silica gel plug. The solution was concentrated in vacuo.
The crude residue was purified by flash chromatography (hexane) to obtain corresponding
bromide as a colorless oil (3.39 g, 65%).
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48.8 (d, C-4), 121.2 (d, C-2), 148.5 (s, C-1). HR MS: 216.0504 (M+, C10H16Br+; calc. 216.0508).
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D = +24 (c 0.69 in CHCl3).

3.1.8. (S)-4-(2-Bromoethyl)-1,5,5-trimethylcyclopent-1-ene (−)-8

NMR spectra were identical to those of (+)-8. Colorless oil, yield 60%. [α]26.5
D = −25 (c

0.59 in CHCl3).

3.1.9. Synthesis of (+)-10-Camphorsulfonic Acid 9

An amount of 7.52 mL of concentrated sulfuric acid was added dropwise to 25 mL
of acetic anhydride cooled to 0 ◦C with stirring and the solution was allowed to warm to
room temperature. D-camphor (20.0 g) was added to the acid–anhydride solution, and the
reaction mixture was kept at room temperature for a month. The reaction mixture was then
cooled to a temperature of 0–5 ◦C and maintained at that temperature for about 6 h. The
product was filtered off, washed with Et2O, and dried to give 15.4 g (50%) of (+)-camphor-
10-sulfonic acid 9 as a white solid. NMR spectra were consistent with previously reported
data [45].

3.1.10. Synthesis of (+)-10-Camphorsulfonyl Chloride 10

A solution containing 2.0 g of (+)-10-camphorsulfonic acid 9 and 5 mL of thionyl
chloride was refluxed for 3 h. After cooling, the solvent was evaporated. The crude product
(1.94 g, 90%) was used in the next step without further purification.

3.1.11. Synthesis of (+)-Ketopinic Acid 11

A solution of (+)-10-camphorsulfonyl chloride 10 (10.0 g, 39.88 mmol) in MeCN (40 mL)
was added to a stirred mixture of Na2CO3 (12.68 g), KMnO4 (13.86 g, 87.74 mmol), H2O
(140 mL), and MeCN (100 mL). The resulting mixture was stirred for 30 min at r.t., and
then heated to 70 ◦C and stirred for a 1 h. The mixture was allowed to cool to r.t. and
then a solution of 3 M H2SO4 (70 mL) and 2 M Na2SO3 (164 mL) was added drop-wise.
Additional 3 M H2SO4 was added until the solution turned colorless. The mixture was
extracted with Et2O, and the combined organic layers were washed with brine, dried over
sodium sulfate, and concentrated in vacuo to give (+)-ketopinic acid 11 as an off-white
solid (6.12 g, 84%). 1H NMR spectra were consistent with previously reported data [31].
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3.1.12. Synthesis of (+)-Ketopinic Acid Chloride 12

A solution containing 1.55 g (8.5 mmol) of (+)-ketopinic acid, and 1 mL of SOCl2 was
refluxed for 3 h. The excess of SOCl2 was distilled off to give crude material (1.57 g, 92%),
which was used directly in the next step.

3.1.13. Synthesis of (+)-Campholenic Acid 13

A ground mixture of KOH (1.0 g, 15.68 mmol) and (+)-10-camphorsulfonic acid 9
(1.0 g, 4.3 mmol) was added to a molten KOH (1.0 g). The mixture was stirred with a glass
rod for 10 min followed by pouring the mixture into 100 mL of distilled water. The aqueous
solution was acidified with concentrated HCl and extracted with Et2O. The ether layer was
washed with brine and dried over sodium sulfate. The removal of solvents under reduced
pressure gave 1.01 g (70%) of (+)-campholenic acid as a yellow oil. 1H NMR spectra were
consistent with previously reported data [32].

3.1.14. General Procedure for Obtaining 1,2,4-Triazole Derivatives 14a-b

To a suspension of compound 3 (0.25 g, 1.06 mmol) in 1 mL of MeOH was added
0.304 mL of 3.5 M solution of MeONa in MeOH. The solution obtained was stirred at r.t.
for 30 min, and then corresponding bromide (1 eq.) was added. The reaction mixture was
stirred at 60 ◦C for 12 h and then the solvent was evaporated under reduced pressure.
The product was extracted with Et2O. The desired compound was purified using column
chromatography using a hexane-to-ethyl acetate gradient.

3.1.15. 3-(Adamantan-1-yl)-5-((2-((R)-2,2,3-trimethylcyclopent-3-en-1-yl)ethyl)thio)-1H-1,2,4-
triazole 14a

White solid, mp = 113.5 ◦C, yield 91%.
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14a 
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6.4 Hz, 1H, H-16b), 3.16 (ddd, J = 12.6, 10.0, 4.9 Hz, 1H, H-16a), 5.17–5.20 (m, 1H, H-20). 
13C-NMR (150 MHz, CDCl3) (ppm) δ: 34.2 (s, С-1), 40.7 (t, С-2, С-8, С-9), 27.9 (d, С-3, С-5, 

1H-NMR (600 MHz, CDCl3) (ppm) δ: 0.72 (s, 3H, H-24), 0.93 (s, 3H, H-25), 1.55–1.58 (m,
3H, H-23), 1.59–1.67 (m, 1H, H-17b), 1.70–1.78 (m, 6H, 2H-4, 2H-6, 2H-10), 1.78–1.88 (m,
3H, H-17a, H-18, H-19b), 1.98 (d, 3J = 2.9 Hz, 6H, 2H-2, 2H-8, 2H-9), 2.03–2.08 (m, 3H, H-3,
H-5, H-7), 2.25–2.34 (m, 1H, H-19a), 3.01 (ddd, J = 12.6, 9.8, 6.4 Hz, 1H, H-16b), 3.16 (ddd,
J = 12.6, 10.0, 4.9 Hz, 1H, H-16a), 5.17–5.20 (m, 1H, H-20). 13C-NMR (150 MHz, CDCl3)
(ppm) δ: 34.2 (s, C-1), 40.7 (t, C-2, C-8, C-9), 27.9 (d, C-3, C-5, C-7), 36.3 (t, C-4, C-6, C-10),
166.6 (s, C-11), 159.2 (s, C-13), 31.7 (t, C-16), 30.3 (t, C-17), 49.5 (d, C-18), 35.1 (t, C-19), 121.3
(d, C-20), 148.4 (s, C-21), 46.8 (s, C-22), 12.5 (q, C-23), 19.6 (q, C-24), 25.6 (q, C-25). HR MS:
371.2389 (M+, C22H33N3S1

+; calc. 371.2390). [α]25
D = +15 (c 0.43 in MeOH).

3.1.16. 3-(Adamantan-1-yl)-5-((2-((S)-2,2,3-trimethylcyclopent-3-en-1-yl)ethyl)thio)-1H-1,2,4-
triazole 14b

NMR spectra were identical to those of 14a. White solid, mp = 111.8–112.4 ◦C,
yield 84%.

[α]25
D = −17 (c 0.42 in MeOH).

3.1.17. Synthesis of Amides 15a-b

To a mixture of campholenic acid (0.9 mmol), amine 4 (1.06 mmol), pyridine (0.264 mL),
and EtOAc (0.528 mL) was added propanephosphonic acid anhydride (50 wt% in EtOAc,
2 mmol) while stirring. The reaction mixture was stirred overnight and then water was
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added. The precipitate formed was washed with water and dried. The product obtained was
purified using silica gel column chromatography using a hexane-to-ethyl acetate gradient.

3.1.18. Synthesis of Amides 16–17

A solution of corresponding carboxylic acid chloride (1.2 mmol) in dry toluene (1 mL)
was added to a suspension of amine 17 (1.06 mmol) and triethylamine (0.177 mL, 1.2 mmol)
in 10 mL of dry toluene. The reaction mixture was stirred overnight at room temperature
and the solvent was evaporated under reduced pressure. The aqueous solution of KOH
was added to the residue, followed by extraction with EtOAc. The product was purified
using silica gel column chromatography using a hexane-to-ethyl acetate gradient.

3.1.19. N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-2-((R)-2,2,3-trimethylcyclopent-3-en-
1-yl)acetamide 15a

White solid, mp = 209.2–210.1 ◦C, yield 74%.
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1H-NMR (600 MHz, CDCl3) (ppm) δ: 0.92 (s, 3H, H-24), 1.04 (s, 3H, H-25), 1.59–1.62 (m, 3H,
H-23), 1.72–1.81 (m, 6H, 2H-4, 2H-6, 2H-10), 1.99–2.05 (m, 1H, H-19b), 2.04 (d, 3J = 2.8 Hz,
6H, 2H-2, 2H-8, 2H-9), 2.06–2.11 (m, 3H, H-3, H-5, H-7), 2.31–2.42 (m, 2H, H-18, H-19a),
2.77–2.87 (m, 2H, H-17), 5.19–5.22 (m, 1H, H-20), 13.53 (br.s, 1H, NH). 13C-NMR (150 MHz,
CDCl3) (ppm) δ: 37.7 (s, C-1), 43.1 (t, C-2, C-8, C-9), 28.3 (d, C-3, C-5, C-7), 36.3 (t, C-4,
C-6, C-10), 174.4 (s, C-11), 159.8 (s, C-13), 172.1 (s, C-16), 37.1 (t, C-17), 46.7 (d, C-18), 35.3
(t, C-19), 121.6 (d, C-20), 147.8 (s, C-21), 47.0 (s, C-22), 12.6 (q, C-23), 20.0 (q, C-24), 25.5
(q, C-25). HR MS: 385.2185 (M+, C22H31O1N3S1

+; calc. 385.2182). [α]24.5
D = +49 (c 0.41

in CHCl3).

3.1.20. N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-2-((S)-2,2,3-trimethylcyclopent-3-en-
1-yl)acetamide 15b

White solid, mp = 210.9 ◦C, yield 76%.
NMR spectra were identical to those of 15a. [α]24.5

D = −45 (c 0.41 in CHCl3).

3.1.21. (1S,4R)-N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-7,7-dimethyl-2-
oxobicyclo[2.2.1]heptane-1-carboxamide 16

White solid, mp = 269.6 ◦C, yield 64%.

Molecules 2022, 27, x FOR PEER REVIEW 13 of 18 
 

 

3.1.21. 

(1S,4R)-N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptane-

1-carboxamide 16 

White solid, mp = 269.6 °C, yield 64%. 

1H-NMR (600 MHz, CDCl3) (ppm) δ: 1.00 (s, 3H, H-24), 1.28 (s, 3H, 

H-25), 1.49 (ddd, J = 12.8, 9.2, 4.0 Hz, 1H, H-21endo), 1.70–1.82 (m, 7H, 2Н-4, 2Н-6, 2Н-10, 

H-22b), 2.02–2.11 (m, 10H, Н-3, Н-5, Н-7, 2Н-2, 2Н-8, 2Н-9, H-19endo), 2.12–2.16 (m, 1H, 

H-20), 2.15–2.23 (m, 1H, H-21exo), 2.46–2.53 (m, 1H, H-22endo), 2.59 (dm, 2J=18.8 Hz, 1H, 

H-19exo), 11.04 (br.s, 1H, NH). 13C-NMR (150 MHz, CDCl3) (ppm) δ: 37.6 (s, С-1), 43.1 (t, 

С-2, С-8, С-9), 28.3 (d, С-3, С-5, С-7), 36.3 (t, С-4, С-6, С-10), 175.4 (s, С-11), 156.6 (s, С-13), 

167.3 (s, С-16), 64.1 (s, С-17), 215.5 (s, С-18), 43.4 (t, С-19), 43.3 (d, С-20), 27.7 (t, С-21), 29.1 

(t, С-22), 50.7 (s, С-23), 20.2 (q, С-24), 20.6 (q, С-25). HR MS: 399.1973 (M+, C22H29О2N3S1+; 

calc. 399.1975). [𝛼]𝐷
26,5 = +16 (c 0.47 in CHCl3). 

3.1.22. 

N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-1-((1S,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1]hepta

n-1-yl)methanesulfonamide 17 

White solid, mp = 200.3–200.5 °C, yield 60%. 

1H-NMR (600 MHz, CDCl3) (ppm) δ: 0.83 (s, 3H, H-24), 1.09 (s, 

3H, H-25), 1.41 (ddd, J = 12.7, 9.4, 3.5 Hz, 1H, H-21endo), 1.66–1.79 (m, 7H, 2Н-4, 2Н-6, 

2Н-10, H-22b), 1.90–1.96 (m, 7H, 2Н-2, 2Н-8, 2Н-9, H-19endo), 1.98–2.05 (m, 1H, 

H-21exo), 2.05–2.10 (m, 4H, Н-3, Н-5, Н-7, H-20), 2.32 (ddd, J = 18.5, 4.8, 3.5 Hz, 1H, 

H-19exo), 2.55 (ddd, J = 14.5, 11.7, 4.0 Hz, 1H, H-22a), 3.00 (d, J = 14.8 Hz, 1H, H-16b), 3.56 

(d, J = 14.8 Hz, 1H, H-16a). 13C-NMR (150 MHz, CDCl3) (ppm) δ: 38.2 (s, С-1), 41.9 (t, С-2, 

С-8, С-9), 28.0 (d, С-3, С-5, С-7), 36.1 (t, С-4, С-6, С-10), 168.1 (s, С-11), 167.9 (s, С-13), 49.8 

(t, С-16), 58.2 (s, С-17), 215.7 (s, С-18), 42.5 (t, С-19), 42.5 (d, С-20), 26.8 (t, С-21), 24.4 (t, 

С-22), 48.1 (s, С-23), 19.6 (q, С-24), 19.8 (q, С-25). HR MS: 449.1803 (M+, C22H31О3N3S2+; 

calc. 449.1801). [𝛼]𝐷
26,5 = +29 (c 0.47 in CHCl3). 

3.2. Biological Assays 

3.2.1. Detection of TDP1 Activity 

The methodology has been reported in our previous work [33] and consists of 

fluorescence intensity measurements in a reaction of quencher removal from a 

fluorophore quencher-coupled DNA oligonucleotide catalyzed by TDP1. The reaction 

was carried out at different concentrations of inhibitors (the control samples contained 

1% of DMSO, Sigma, St. Louis, MO, USA). The reaction mixtures contained TDP1 buffer 

(50 mM Tris-HCl pH 8.0, 50 mM NaCl, and 7 mM β-mercaptoethanol), 50 nM biosensor, 

and the inhibitor being tested. Purified TDP1 (1.5 nM) triggered the reaction. The 

1H-NMR (600 MHz, CDCl3) (ppm) δ: 1.00 (s, 3H, H-24), 1.28 (s, 3H, H-25), 1.49 (ddd,
J = 12.8, 9.2, 4.0 Hz, 1H, H-21endo), 1.70–1.82 (m, 7H, 2H-4, 2H-6, 2H-10, H-22b), 2.02–2.11
(m, 10H, H-3, H-5, H-7, 2H-2, 2H-8, 2H-9, H-19endo), 2.12–2.16 (m, 1H, H-20), 2.15–2.23
(m, 1H, H-21exo), 2.46–2.53 (m, 1H, H-22endo), 2.59 (dm, 2J=18.8 Hz, 1H, H-19exo), 11.04
(br.s, 1H, NH). 13C-NMR (150 MHz, CDCl3) (ppm) δ: 37.6 (s, C-1), 43.1 (t, C-2, C-8, C-9),
28.3 (d, C-3, C-5, C-7), 36.3 (t, C-4, C-6, C-10), 175.4 (s, C-11), 156.6 (s, C-13), 167.3 (s, C-16),
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64.1 (s, C-17), 215.5 (s, C-18), 43.4 (t, C-19), 43.3 (d, C-20), 27.7 (t, C-21), 29.1 (t, C-22), 50.7 (s,
C-23), 20.2 (q, C-24), 20.6 (q, C-25). HR MS: 399.1973 (M+, C22H29O2N3S1

+; calc. 399.1975).
[α]26.5

D = +16 (c 0.47 in CHCl3).

3.1.22. N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-1-((1S,4R)-7,7-dimethyl-2-
oxobicyclo[2.2.1]heptan-1-yl)methanesulfonamide 17

White solid, mp = 200.3–200.5 ◦C, yield 60%.
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3.1.22. 

N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-1-((1S,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1]hepta

n-1-yl)methanesulfonamide 17 

White solid, mp = 200.3–200.5 °C, yield 60%. 

1H-NMR (600 MHz, CDCl3) (ppm) δ: 0.83 (s, 3H, H-24), 1.09 (s, 

3H, H-25), 1.41 (ddd, J = 12.7, 9.4, 3.5 Hz, 1H, H-21endo), 1.66–1.79 (m, 7H, 2Н-4, 2Н-6, 

2Н-10, H-22b), 1.90–1.96 (m, 7H, 2Н-2, 2Н-8, 2Н-9, H-19endo), 1.98–2.05 (m, 1H, 

H-21exo), 2.05–2.10 (m, 4H, Н-3, Н-5, Н-7, H-20), 2.32 (ddd, J = 18.5, 4.8, 3.5 Hz, 1H, 

H-19exo), 2.55 (ddd, J = 14.5, 11.7, 4.0 Hz, 1H, H-22a), 3.00 (d, J = 14.8 Hz, 1H, H-16b), 3.56 

(d, J = 14.8 Hz, 1H, H-16a). 13C-NMR (150 MHz, CDCl3) (ppm) δ: 38.2 (s, С-1), 41.9 (t, С-2, 

С-8, С-9), 28.0 (d, С-3, С-5, С-7), 36.1 (t, С-4, С-6, С-10), 168.1 (s, С-11), 167.9 (s, С-13), 49.8 

(t, С-16), 58.2 (s, С-17), 215.7 (s, С-18), 42.5 (t, С-19), 42.5 (d, С-20), 26.8 (t, С-21), 24.4 (t, 

С-22), 48.1 (s, С-23), 19.6 (q, С-24), 19.8 (q, С-25). HR MS: 449.1803 (M+, C22H31О3N3S2+; 

calc. 449.1801). [𝛼]𝐷
26,5 = +29 (c 0.47 in CHCl3). 

3.2. Biological Assays 

3.2.1. Detection of TDP1 Activity 

The methodology has been reported in our previous work [33] and consists of 

fluorescence intensity measurements in a reaction of quencher removal from a 

fluorophore quencher-coupled DNA oligonucleotide catalyzed by TDP1. The reaction 

was carried out at different concentrations of inhibitors (the control samples contained 

1% of DMSO, Sigma, St. Louis, MO, USA). The reaction mixtures contained TDP1 buffer 

(50 mM Tris-HCl pH 8.0, 50 mM NaCl, and 7 mM β-mercaptoethanol), 50 nM biosensor, 

and the inhibitor being tested. Purified TDP1 (1.5 nM) triggered the reaction. The 

1H-NMR (600 MHz, CDCl3) (ppm) δ: 0.83 (s, 3H, H-24), 1.09 (s, 3H, H-25), 1.41 (ddd,
J = 12.7, 9.4, 3.5 Hz, 1H, H-21endo), 1.66–1.79 (m, 7H, 2H-4, 2H-6, 2H-10, H-22b), 1.90–1.96
(m, 7H, 2H-2, 2H-8, 2H-9, H-19endo), 1.98–2.05 (m, 1H, H-21exo), 2.05–2.10 (m, 4H, H-3,
H-5, H-7, H-20), 2.32 (ddd, J = 18.5, 4.8, 3.5 Hz, 1H, H-19exo), 2.55 (ddd, J = 14.5, 11.7, 4.0 Hz,
1H, H-22a), 3.00 (d, J = 14.8 Hz, 1H, H-16b), 3.56 (d, J = 14.8 Hz, 1H, H-16a). 13C-NMR
(150 MHz, CDCl3) (ppm) δ: 38.2 (s, C-1), 41.9 (t, C-2, C-8, C-9), 28.0 (d, C-3, C-5, C-7),
36.1 (t, C-4, C-6, C-10), 168.1 (s, C-11), 167.9 (s, C-13), 49.8 (t, C-16), 58.2 (s, C-17), 215.7 (s,
C-18), 42.5 (t, C-19), 42.5 (d, C-20), 26.8 (t, C-21), 24.4 (t, C-22), 48.1 (s, C-23), 19.6 (q, C-24),
19.8 (q, C-25). HR MS: 449.1803 (M+, C22H31O3N3S2

+; calc. 449.1801). [α]26.5
D = +29 (c 0.47

in CHCl3).

3.2. Biological Assays
3.2.1. Detection of TDP1 Activity

The methodology has been reported in our previous work [33] and consists of fluo-
rescence intensity measurements in a reaction of quencher removal from a fluorophore
quencher-coupled DNA oligonucleotide catalyzed by TDP1. The reaction was carried out
at different concentrations of inhibitors (the control samples contained 1% of DMSO, Sigma,
St. Louis, MO, USA). The reaction mixtures contained TDP1 buffer (50 mM Tris-HCl pH
8.0, 50 mM NaCl, and 7 mM β-mercaptoethanol), 50 nM biosensor, and the inhibitor being
tested. Purified TDP1 (1.5 nM) triggered the reaction. The biosensor (5′-[FAM] AAC GTC
AGGGTC TTC C [BHQ]-3′) was synthesized in the Laboratory of Nucleic Acids Chemistry
at the Institute of Chemical Biology and Fundamental Medicine (Novosibirsk, Russia).

The reactions were incubated on a POLARstar OPTIMA fluorimeter (BMG LABTECH,
GmbH, Ortenberg, Germany) to measure the fluorescence every 60 s (ex. 485/em. 520 nm)
during the linear phase (here, data from minute 0 to minute 8). The values of IC50 were
determined using a six-point concentration response curve in a minimum of three indepen-
dent experiments and were calculated using MARS Data Analysis 2.0 (BMG LABTECH,
GmbH, Ortenberg, Germany).

3.2.2. Cytotoxicity Assays

The cytotoxicity of the compounds to HeLa (human cervical cancer) and HEK293A
(human embryonic kidney) cell lines was examined using the EZ4U Cell Proliferation
and Cytotoxicity Assay (Biomedica, Vienna, Austria), according to the manufacturer’s
protocols. The cells were grown in DMEM (Dulbecco’s Modified Eagle’s Medium) with
50 IU/mL penicillin, 50 µg/mL streptomycin (MP Biomedicals, Santa Ana, CA, USA),
and 10% of fetal bovine serum (Biolot, St. Petersburg, Russia) in a 5% CO2 atmosphere.
After formation of a 30–50%-monolayer, the tested compounds were added to the medium.
The volume of the added reagents was 1/100 of the total volume of the culture medium,
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and the amount of DMSO (Sigma, St. Louis, MO, USA) was 1% of the final volume.
The cell culture was monitored for 3 days. To assess the influence of the inhibitors on
the cytotoxic effect of topotecan (Selleck Chemicals, Houston, TX, USA), 50% cytotoxic
concentrations of topotecan and of each inhibitor were determined to attain a defined
single-agent effect. Then, a minimum of two independent tests were performed with
each inhibitor in combination with topotecan. When using a combination of drugs, TDP1
inhibitors were first added, then topotecan was added immediately (within 10–15 min).

3.3. Modeling

The compounds were docked against the crystal structure of TDP1 (PDB ID: 6W7K,
resolution 1.70 Å) [39], which was obtained from the Protein Data Bank (PDB) [46,47]. The
GOLD (v2020.2.0) software suite was used to prepare the crystal structures for docking,
i.e., the hydrogen atoms were added, water molecules deleted, and the co-crystallised
ligands were identified: Tdp1-4-[(2-phenylimidazo[1,2-a]pyridin-3-yl)amino]benzene-1,2-
dicarboxylic acid (TG7). The Scigress version FJ 2.6 program [48] software suite was used
to build the ligands and the MM3 [49–51] force field was applied to identify the global min-
imum using the CONFLEX method [52], followed by structural optimisation. The docking
centre for the TDP1 catalytic pocket was defined as the position of the co-crystalised ligand
TG7. Fifty docking runs were allowed for each ligand with default search efficiency (100%).
The basic amino acids lysine and arginine were defined as being protonated. Furthermore,
aspartic and glutamic acids were assumed to be deprotonated. The GoldScore(GS) [53]
and ChemScore(CS) [54,55] ChemPLP(Piecewise Linear Potential) [56] and ASP(Astex
Statistical Potential) [57] scoring functions were implemented to predict the binding modes
and relative binding energies of the ligands using the GOLD v2020.2.0 software suite.

The QikProp 6.2 [58] software package was used to calculate the molecular descrip-
tors of the molecules. The reliability of the QikProp was established for the calculated
descriptors [59]. The Known Drug Indexes (KDI) were calculated from the molecular
descriptors as described by Eurtivong and Reynisson [42]. For application in Excel,
columns for each property were created and the following equations used do derive
the KDI numbers for each descriptor: KDI MW: = EXP(-((MW-371.76)2)/(2 × (112.762))),
KDI Log P: = EXP(-((LogP-2.82)2)/(2× (2.212))), KDI HD: = EXP(-((HD-1.88)2)/(2× (1.72))),
KDI HA: = EXP(-((HA-5.72)2)/(2× (2.862))), KDI RB = EXP(-((RB-4.44)2)/(2× (3.552))), and
KDI PSA: = EXP(-((PSA-79.4)2)/(2 × (54.162))). These equations could simply be copied
into Excel, with the descriptor name (e.g., MW) substituted being the value in the relevant
column. To derive KDI2A, this equation was used: = (KDI MW + KDI LogP + KDI HD +
KDI HA + KDI RB + KDI PSA) and for KDI2B: = (KDI MW × KDI LogP × KDI HD × KDI
HA × KDI RB × KDI PSA).

4. Conclusions

For the first time, adamantane–monoterpene conjugates with a 1,2,4-triazole or
1,3,4-thiadiazole nucleus were synthesized, where campholenic or camphor moieties were
used as a monoterpene part. The inhibitory activity of the compounds bearing campholenic
fragments were shown to be in a narrow IC50 range of ~5 µM regardless of the heterocyclic
core or the configuration of the stereocenter in the monoterpene moiety. The inhibitory
activity of these molecules is in accordance with the previously reported data [29], where
structurally similar compounds were studied. Interestingly, camphor derivatives were
found to be ineffective inhibitors of TDP1. Apparently, the presence of a keto-group in the
monoterpene scaffold has a negative effect on TDP1 inhibition, but not on the ability to
potentiate topotecan, a TOP1 poison, since all the compounds tested have a synergistic
effect, which is, at least partly, due to the presence of other mechanisms that enhance
topotecan cytotoxicity towards cancer cells.



Molecules 2022, 27, 3374 15 of 18

Supplementary Materials: The following are available online: https://www.mdpi.com/article/10.3
390/molecules27113374/s1. Figure S1: Crystal structure for compounds 4 and 15b; Table S1: The com-
bination index (CI) values for different concentrations of topotecan and TDP1 inhibitors; Figure S2:
The cytotoxicity of the monoterpene derivatives against HeLa and HEK293A cells; Figure S3: The
influence of the TDP1 inhibitors on topotecan cytotoxicity derivatives against HeLa and HEK293A
cells; Figure S4: The influence of topotecan on the adamantane–monoterpenoid derivatives’ cytotoxi-
city; Table S2: The binding affinities as predicted by the scoring functions used to the catalytic TDP1
binding pocket; Table S3: The molecular descriptors and their corresponding Known Drug Indexes
2a and 2b (KDI2a/2b); Table S4: Definition of lead-like, drug-like, and Known Drug Space (KDS) in
terms of molecular descriptors; Figures S5–S29: 1H, 13C NMR, DFS, and IR spectra of compounds 8,
14a–14b, 15a–b, 16 and 17.

Author Contributions: Chemistry investigation, A.A.M. (Aldar A. Munkuev), D.I.I., D.V.K., Y.V.G.,
E.V.S. and K.P.V.; biological investigation, N.S.D., T.E.K., E.S.I., A.A.M. (Anastasia A. Malakhova) and
A.L.Z.; molecular modeling, J.R.; methodology, N.F.S. and O.I.L.; project administration, K.P.V. and
E.V.S.; supervision, K.P.V. and E.V.S.; writing—original draft preparation, A.A.M. (Aldar A. Munkuev)
and A.L.Z.; writing—review and editing, E.V.S., K.P.V., J.R., N.F.S. and O.I.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by the Russian Science Foundation (grant 19-13-00040).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Authors would like to acknowledge the Multi-Access Chemical Research Center
SB RAS for spectral and analytical measurements and Russian state-funded project for ICBFM SB
RAS (grant number 121031300041-4, for expression and purification of recombinant human TDP1).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References
1. Interthal, H.; Pouliot, J.J.; Champoux, J.J. The tyrosyl-DNA phosphodiesterase Tdp1 is a member of the phospholipase D

superfamily. Proc. Natl. Acad. Sci. USA 2001, 98, 12009–12014. [CrossRef] [PubMed]
2. 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 Gene Struct. Expr. 1998, 1400, 83–106. [CrossRef]
3. Nitiss, J.L. DNA topoisomerase II and its growing repertoire of biological functions. Nat. Rev. Cancer 2009, 9, 327–337. [CrossRef]

[PubMed]
4. Wang, J.C. Cellular roles of DNA topoisomerases: A molecular perspective. Nat. Rev. Mol. Cell Biol. 2002, 3, 430–440. [CrossRef]

[PubMed]
5. Liang, X.; Wu, Q.; Luan, S.; Yin, Z.; He, C.; Yin, L.; Zou, Y.; Yuan, Z.; Li, L.; Song, X.; et al. A comprehensive review of

topoisomerase inhibitors as anticancer agents in the past decade. Eur. J. Med. Chem. 2019, 171, 129–168. [CrossRef]
6. Comeaux, E.Q.; Van Waardenburg, R.C.A.M. Tyrosyl-DNA phosphodiesterase I resolves both naturally and chemically induced

DNA adducts and its potential as a therapeutic target. Drug Metab. Rev. 2014, 46, 494–507. [CrossRef]
7. 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. J. Biol. Chem. 2004, 279,
55618–55625. [CrossRef]

8. Meisenberg, C.; Gilbert, D.C.; Chalmers, A.; Haley, V.; Gollins, S.; Ward, S.E.; El-Khamisy, S.F. Clinical and cellular roles for TDP1
and TOP1 in modulating colorectal cancer response to irinotecan. Mol. Cancer Ther. 2015, 14, 575–585. [CrossRef]

9. Katyal, S.; El-Khamisy, S.F.; Russell, H.R.; Li, Y.; Ju, L.; Caldecott, K.W.; McKinnon, P.J. TDP1 facilitates chromosomal single-strand
break repair in neurons and is neuroprotective in vivo. EMBO J. 2007, 26, 4720–4731. [CrossRef]

10. Das, B.B.; Antony, S.; Gupta, S.; Dexheimer, T.S.; Redon, C.E.; Garfield, S.; Shiloh, Y.; Pommier, Y. Optimal function of the DNA
repair enzyme TDP1 requires its phosphorylation by ATM and/or DNA-PK. EMBO J. 2009, 28, 3667–3680. [CrossRef]

11. Khomenko, T.; Zakharenko, A.; Odarchenko, T.; Arabshahi, H.J.; Sannikova, V.; Zakharova, O.; Korchagina, D.; Reynisson, J.;
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. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules27113374/s1
https://www.mdpi.com/article/10.3390/molecules27113374/s1
http://doi.org/10.1073/pnas.211429198
http://www.ncbi.nlm.nih.gov/pubmed/11572945
http://doi.org/10.1016/S0167-4781(98)00129-8
http://doi.org/10.1038/nrc2608
http://www.ncbi.nlm.nih.gov/pubmed/19377505
http://doi.org/10.1038/nrm831
http://www.ncbi.nlm.nih.gov/pubmed/12042765
http://doi.org/10.1016/j.ejmech.2019.03.034
http://doi.org/10.3109/03602532.2014.971957
http://doi.org/10.1074/jbc.M405042200
http://doi.org/10.1158/1535-7163.MCT-14-0762
http://doi.org/10.1038/sj.emboj.7601869
http://doi.org/10.1038/emboj.2009.302
http://doi.org/10.1016/j.bmc.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27658793


Molecules 2022, 27, 3374 16 of 18

12. 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. [CrossRef] [PubMed]

13. Zakharova, O.; Luzina, O.; Zakharenko, A.; Sokolov, D.; Filimonov, A.; Dyrkheeva, N.; Chepanova, A.; Ilina, E.; Ilyina, A.;
Klabenkova, K.; et al. Synthesis and evaluation of aryliden- and hetarylidenfuranone derivatives of usnic acid as highly potent
Tdp1 inhibitors. Bioorg. Med. Chem. 2018, 26, 4470–4480. [CrossRef] [PubMed]

14. 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. [CrossRef] [PubMed]

15. Dyrkheeva, N.S.; Filimonov, A.S.; Luzina, O.A.; Zakharenko, A.L.; Ilina, E.S.; Malakhova, A.A.; Medvedev, S.P.; Reynisson, J.;
Volcho, K.P.; Zakian, S.M.; et al. New hybrid compounds combining fragments of usnic acid and monoterpenoids for effective
tyrosyl-dna phosphodiesterase 1 inhibition. Biomolecules 2021, 11, 973. [CrossRef]

16. Zakharenko, A.L.; Luzina, O.A.; Sokolov, D.N.; Kaledin, V.I.; Nikolin, V.P.; Popova, N.A.; Patel, J.; 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. J. Med. Chem. 2019, 161, 581–593. [CrossRef]

17. Khomenko, T.M.; Zakharenko, A.L.; Chepanova, A.A.; Ilina, E.S.; Zakharova, O.D.; Kaledin, V.I.; 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. J. Mol. Sci. 2019, 21, 126.
[CrossRef]

18. Nikolin, V.P.; Popova, N.A.; Kaledin, V.I.; Luzina, O.A.; Zakharenko, A.L.; Salakhutdinov, N.F.; Lavrik, O.I. The influence of
an enamine usnic acid derivative (a tyrosyl-DNA phosphodiesterase 1 inhibitor) on the therapeutic effect of topotecan against
transplanted tumors in vivo. Clin. Exp. Metastasis 2021, 38, 431–440. [CrossRef]

19. Dyrkheeva, N.S.; Filimonov, A.S.; Luzina, O.A.; Orlova, K.A.; Chernyshova, I.A.; Kornienko, T.E.; Malakhova, A.A.; Medvedev,
S.P.; Zakharenko, A.L.; Ilina, E.S.; et al. New Hybrid Compounds Combining Fragments of Usnic Acid and Thioether Are
Inhibitors of Human Enzymes TDP1, TDP2 and PARP1. Int. J. Mol. Sci. 2021, 22, 11336. [CrossRef]

20. Luzina, O.; Filimonov, A.; Zakharenko, A.; Chepanova, A.; Zakharova, O.; Ilina, E.; Dyrkheeva, N.; Likhatskaya, G.; Salakhutdinov,
N.; Lavrik, O. Usnic Acid Conjugates with Monoterpenoids as Potent Tyrosyl-DNA Phosphodiesterase 1 Inhibitors. J. Nat. Prod.
2020, 83, 2320–2329. [CrossRef]

21. Gladkova, E.D.; Chepanova, A.A.; Ilina, E.S.; Zakharenko, A.L.; Reynisson, J.; Luzina, O.A.; Volcho, K.P.; Lavrik, O.I.; Salakhutdi-
nov, N.F. Discovery of novel sultone fused berberine derivatives as promising tdp1 inhibitors. Molecules 2021, 26, 1945. [CrossRef]
[PubMed]

22. Salomatina, O.V.; Popadyuk, I.I.; Zakharenko, A.L.; Zakharova, O.D.; Chepanova, A.A.; Dyrkheeva, N.S.; Komarova, N.I.; Reynis-
son, J.; Anarbaev, R.O.; Salakhutdinov, N.F.; et al. Deoxycholic acid as a molecular scaffold for tyrosyl-DNA phosphodiesterase
1 inhibition: A synthesis, structure–activity relationship and molecular modeling study. Steroids 2021, 165, 108771. [CrossRef]
[PubMed]

23. 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 i. J. Med. Chem. 2012, 55,
8671–8684. [CrossRef] [PubMed]

24. Yang, H.; Wang, F.-T.; Wu, M.; Wang, W.; Agama, K.; Pommier, Y.; An, L.-K. Synthesis of 11-aminoalkoxy substituted ben-
zophenanthridine derivatives as tyrosyl-DNA phosphodiesterase 1 inhibitors and their anticancer activity. Bioorg. Chem. 2022,
123, 105789. [CrossRef] [PubMed]

25. Wei, X.; Wang, F.-T.; Si-Tu, M.-X.; Fan, H.; Hu, J.-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. [CrossRef]

26. Leung, E.; Patel, J.; Hollywood, J.A.; Zafar, A.; Tomek, P.; Barker, D.; Pilkington, L.I.; van Rensburg, M.; Langley, R.J.; Helsby, N.A.;
et al. Validating TDP1 as an Inhibition Target for the Development of Chemosensitizers for Camptothecin-Based Chemotherapy
Drugs. Oncol. Ther. 2021, 9, 541–556. [CrossRef]

27. Mozhaitsev, E.S.; Zakharenko, A.L.; Suslov, E.V.; Korchagina, D.V.; Zakharova, O.D.; Vasil’eva, I.A.; Chepanova, A.A.; Black, E.;
Patel, J.; Chand, R.; et al. Novel Inhibitors of DNA Repair Enzyme TDP1 Combining Monoterpenoid and Adamantane Fragments.
Anticancer Agents Med. Chem. 2018, 19, 463–472. [CrossRef]

28. Chepanova, A.A.; Mozhaitsev, E.S.; Munkuev, A.A.; Suslov, E.V.; Korchagina, D.V.; Zakharova, O.D.; Zakharenko, A.L.; Patel,
J.; Ayine-Tora, D.M.; Reynisson, J.; et al. The development of Tyrosyl-DNA phosphodiesterase 1 inhibitors. Combination of
Monoterpene and Adamantine Moieties via Amide or Thioamide Bridges. Appl. Sci. 2019, 9, 2767. [CrossRef]

29. 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. [CrossRef]

30. Ponomarev, K.; Pavlova, A.; Suslov, E.; Ardashov, O.; Korchagina, D.; Nefedov, A.; Tolstikova, T.; Volcho, K.; Salakhutdinov, N.
Synthesis and analgesic activity of new compounds combining azaadamantane and monoterpene moieties. Med. Chem. Res. 2015,
24, 4146–4156. [CrossRef]

http://doi.org/10.1016/j.bioorg.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29248742
http://doi.org/10.1016/j.bmc.2018.07.039
http://www.ncbi.nlm.nih.gov/pubmed/30076000
http://doi.org/10.3390/molecules24203711
http://www.ncbi.nlm.nih.gov/pubmed/31619021
http://doi.org/10.3390/biom11070973
http://doi.org/10.1016/j.ejmech.2018.10.055
http://doi.org/10.3390/ijms21010126
http://doi.org/10.1007/s10585-021-10113-y
http://doi.org/10.3390/ijms222111336
http://doi.org/10.1021/acs.jnatprod.9b01089
http://doi.org/10.3390/molecules26071945
http://www.ncbi.nlm.nih.gov/pubmed/33808389
http://doi.org/10.1016/j.steroids.2020.108771
http://www.ncbi.nlm.nih.gov/pubmed/33221302
http://doi.org/10.1021/jm3008773
http://www.ncbi.nlm.nih.gov/pubmed/23006064
http://doi.org/10.1016/j.bioorg.2022.105789
http://www.ncbi.nlm.nih.gov/pubmed/35429714
http://doi.org/10.3390/md20030211
http://doi.org/10.1007/s40487-021-00158-0
http://doi.org/10.2174/1871520619666181207094243
http://doi.org/10.3390/app9132767
http://doi.org/10.3390/molecules26113128
http://doi.org/10.1007/s00044-015-1464-z


Molecules 2022, 27, 3374 17 of 18

31. Huynh, U.; McDonald, S.L.; Lim, D.; Uddin, M.N.; Wengryniuk, S.E.; Dey, S.; Coltart, D.M. Formation, Alkylation, and Hydrolysis
of Chiral Nonracemic N-Amino Cyclic Carbamate Hydrazones: An Approach to the Enantioselective α-Alkylation of Ketones.
J. Org. Chem. 2018, 83, 12951–12964. [CrossRef] [PubMed]

32. Hu, H.; Faraldos, J.A.; Coates, R.M. Scope and mechanism of intramolecular aziridination of cyclopent-3-enyl-methylamines to
1-azatricyclo[2.2.1.02,6]heptanes with lead tetraacetate. J. Am. Chem. Soc. 2009, 131, 11998–12006. [CrossRef] [PubMed]

33. 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. [CrossRef] [PubMed]

34. Jensen, P.W.; Falconi, M.; Kristoffersen, E.L.; Simonsen, A.T.; Cifuentes, J.B.; Marcussen, L.B.; Frøhlich, R.; Vagner, J.; 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. [CrossRef]

35. Antony, S.; Marchand, C.; Stephen, A.G.; Thibaut, L.; Agama, K.K.; Fisher, R.J.; Pommier, Y. Novel high-throughput electro-
chemiluminescent assay for identification of human tyrosyl-DNA phosphodiesterase (Tdp1) inhibitors and characterization of
furamidine (NSC 305831) as an inhibitor of Tdp1. Nucleic Acids Res. 2007, 35, 4474–4484. [CrossRef]

36. Chou, T.C. The combination index (CI < 1) as the definition of synergism and of synergy claims. Synergy 2018, 7, 49–50. [CrossRef]
37. Das, B.B.; Huang, S.N.; Murai, J.; Rehman, I.; Amé, J.C.; Sengupta, S.; Das, S.K.; Majumdar, P.; Zhang, H.; Biard, D.; et al.

PARP1-TDP1 coupling for the repair of topoisomerase I-induced DNA damage. Nucleic Acids Res. 2014, 42, 4435–4449. [CrossRef]
38. Lei, L.; Xie, X.; He, L.; Chen, K.; Lv, Z.; Zhou, B.; Li, Y.; Hu, W.; Zhou, Z. The bromodomain and extra-terminal domain inhibitor

JQ1 synergistically sensitizes human colorectal cancer cells to topoisomerase I inhibitors through repression of Mre11-mediated
DNA repair pathway. Investig. New Drugs 2021, 39, 362–376. [CrossRef]

39. 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. [CrossRef]

40. Zakharenko, A.; Luzina, O.; Koval, O.; Nilov, D.; Gushchina, I.; Dyrkheeva, N.; Švedas, 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. [CrossRef]

41. Zhu, F.; Logan, G.; Reynisson, J. Wine compounds as a source for HTS screening collections. A feasibility study. Mol. Inform. 2012,
31, 847–855. [CrossRef] [PubMed]

42. Eurtivong, C.; Reynisson, J. The Development of a Weighted Index to Optimise Compound Libraries for High Throughput
Screening. Mol. Inform. 2019, 38, 1800068. [CrossRef] [PubMed]

43. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3–8. [CrossRef]
[PubMed]

44. Srikrishna, A.; Gowri, V.; Neetu, G. Enantioselective syntheses of diquinane and (cis, anti, cis)-linear triquinanes. Tetrahedron
Asymmetry 2010, 21, 202–207. [CrossRef]

45. Keller, F.; Weinmann, H.; Schurig, V. Chiral Polysiloxane-Fixed Metal 1,3-Diketonates (Chirasil-Metals) as Catalytic Lewis Acids
for a Hetero Diels-Alder Reaction -Inversion of Enantioselectivity upon Catalyst-Polymer Binding. Chem. Ber. 1997, 130, 879–885.
[CrossRef]

46. Berman, H.M. The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]
47. Berman, H.; Henrick, K.; Nakamura, H. Announcing the worldwide Protein Data Bank. Nat. Struct. Mol. Biol. 2003, 10, 980.

[CrossRef]
48. Scigress Ultra, V.F. J 2.6. (EU 3.1.7); Fujitsu Limited: Tokyo, Japan, 2008–2016.
49. Allinger, N.L.; Yuh, Y.H.; Lii, J.H. Molecular mechanics. The MM3 force field for hydrocarbons. 1. J. Am. Chem. Soc. 1989, 111,

8551–8566. [CrossRef]
50. Lii, J.H.; Allinger, N.L. Molecular Mechanics. The MM3 Force Field for Hydrocarbons. 2. Vibrational Frequencies and

Thermodynamics. J. Am. Chem. Soc. 1989, 111, 8566–8575. [CrossRef]
51. Lii, J.H.; Allinger, N.L. Molecular Mechanics. The MM3 Force Field for Hydrocarbons. 3. The van der Waals’ Potentials and

Crystal Data for Aliphatic and Aromatic Hydrocarbons. J. Am. Chem. Soc. 1989, 111, 8576–8582. [CrossRef]
52. Goto, H.; Osawa, E. An efficient algorithm for searching low-energy conformers of cyclic and acyclic molecules. J. Chem. Soc.

Perkin Trans. 2 1993, 187–198. [CrossRef]
53. Jones, G.; Willett, P.; Glen, R.C.; Leach, A.R.; Taylor, R. Development and validation of a genetic algorithm for flexible docking 1

1Edited by F. E. Cohen. J. Mol. Biol. 1997, 267, 727–748. [CrossRef] [PubMed]
54. Eldridge, M.D.; Murray, C.W.; Auton, T.R.; Paolini, G.V.; Mee, R.P. Empirical scoring functions: I. The development of a fast

empirical scoring function to estimate the binding affinity of ligands in receptor complexes. J. Comput. Aided. Mol. Des. 1997, 11,
425–445. [CrossRef] [PubMed]

55. Verdonk, M.L.; Cole, J.C.; Hartshorn, M.J.; Murray, C.W.; Taylor, R.D. Improved protein-ligand docking using GOLD. Proteins
Struct. Funct. Bioinform. 2003, 52, 609–623. [CrossRef] [PubMed]

56. Korb, O.; Stützle, T.; Exner, T.E. Empirical scoring functions for advanced Protein-Ligand docking with PLANTS. J. Chem. Inf.
Model. 2009, 49, 84–96. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.joc.8b00655
http://www.ncbi.nlm.nih.gov/pubmed/30200759
http://doi.org/10.1021/ja9044136
http://www.ncbi.nlm.nih.gov/pubmed/19653649
http://doi.org/10.1016/j.bmc.2015.03.020
http://www.ncbi.nlm.nih.gov/pubmed/25819333
http://doi.org/10.1016/j.bios.2013.04.019
http://doi.org/10.1093/nar/gkm463
http://doi.org/10.1016/j.synres.2018.04.001
http://doi.org/10.1093/nar/gku088
http://doi.org/10.1007/s10637-020-01014-0
http://doi.org/10.1039/D0SC05411A
http://doi.org/10.1021/acs.jnatprod.6b00979
http://doi.org/10.1002/minf.201200103
http://www.ncbi.nlm.nih.gov/pubmed/27476738
http://doi.org/10.1002/minf.201800068
http://www.ncbi.nlm.nih.gov/pubmed/30345657
http://doi.org/10.1107/S2053229614024218
http://www.ncbi.nlm.nih.gov/pubmed/25567568
http://doi.org/10.1016/j.tetasy.2010.01.014
http://doi.org/10.1002/cber.19971300711
http://doi.org/10.1093/nar/28.1.235
http://doi.org/10.1038/nsb1203-980
http://doi.org/10.1021/ja00205a001
http://doi.org/10.1021/ja00205a002
http://doi.org/10.1021/ja00205a003
http://doi.org/10.1039/P29930000187
http://doi.org/10.1006/jmbi.1996.0897
http://www.ncbi.nlm.nih.gov/pubmed/9126849
http://doi.org/10.1023/A:1007996124545
http://www.ncbi.nlm.nih.gov/pubmed/9385547
http://doi.org/10.1002/prot.10465
http://www.ncbi.nlm.nih.gov/pubmed/12910460
http://doi.org/10.1021/ci800298z
http://www.ncbi.nlm.nih.gov/pubmed/19125657


Molecules 2022, 27, 3374 18 of 18

57. Mooij, W.T.M.; Verdonk, M.L. General and targeted statistical potentials for protein-ligand interactions. Proteins Struct. Funct.
Genet. 2005, 61, 272–287. [CrossRef] [PubMed]

58. QikProp; Version 6.2; Schrödinger: New York, NY, USA, 2009.
59. Ioakimidis, L.; Thoukydidis, L.; Mirza, A.; Naeem, S.; Reynisson, J. Benchmarking the reliability of QikProp. correlation between

experimental and predicted values. QSAR Comb. Sci. 2008, 27, 445–456. [CrossRef]

http://doi.org/10.1002/prot.20588
http://www.ncbi.nlm.nih.gov/pubmed/16106379
http://doi.org/10.1002/qsar.200730051

	Introduction 
	Results and Discussion 
	Chemistry 
	Biology 
	Molecular Modeling 
	Chemical Space 

	Materials and Methods 
	Chemistry 
	Synthesis of 2-(Adamantane-1-carbonyl)hydrazine-1-carbothioamide 2 
	Synthesis of 5-(Adamantan-1-yl)-2,4-dihydro-3H-1,2,4-triazole-3-thione 3 
	Synthesis of 5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-amine 4 
	Synthesis of (+)-Campholenic Aldehyde 6 
	Synthesis of (+)-Campholenic Alcohol 7 
	General Procedure for Synthesis of Bromides 8 
	(R)-4-(2-Bromoethyl)-1,5,5-trimethylcyclopent-1-ene (+)-8 
	(S)-4-(2-Bromoethyl)-1,5,5-trimethylcyclopent-1-ene (-)-8 
	Synthesis of (+)-10-Camphorsulfonic Acid 9 
	Synthesis of (+)-10-Camphorsulfonyl Chloride 10 
	Synthesis of (+)-Ketopinic Acid 11 
	Synthesis of (+)-Ketopinic Acid Chloride 12 
	Synthesis of (+)-Campholenic Acid 13 
	General Procedure for Obtaining 1,2,4-Triazole Derivatives 14a-b 
	3-(Adamantan-1-yl)-5-((2-((R)-2,2,3-trimethylcyclopent-3-en-1-yl)ethyl)thio)-1H-1,2,4-triazole 14a 
	3-(Adamantan-1-yl)-5-((2-((S)-2,2,3-trimethylcyclopent-3-en-1-yl)ethyl)thio)-1H-1,2,4-triazole 14b 
	Synthesis of Amides 15a-b 
	Synthesis of Amides 16–17 
	N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-2-((R)-2,2,3-trimethylcyclopent-3-en-1-yl)acetamide 15a 
	N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-2-((S)-2,2,3-trimethylcyclopent-3-en-1-yl)acetamide 15b 
	(1S,4R)-N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptane-1-carboxamide 16 
	N-(5-(Adamantan-1-yl)-1,3,4-thiadiazol-2-yl)-1-((1S,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methanesulfonamide 17 

	Biological Assays 
	Detection of TDP1 Activity 
	Cytotoxicity Assays 

	Modeling 

	Conclusions 
	References

