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ABSTRACT: Artesunic acid and artemisinin are natural substances with promiscuous anticancer activity against different types of
cancer cell lines. The mechanism of action of these compounds is associated with the formation of reactive radical species by
cleavage of the sesquiterpene pharmacophore endoperoxide bridge. Here we suggested topoisomerase 1 as a possible molecular
target for the improvement of the anticancer activity of these compounds. In this context, we report that novel hybrid and dimer
derivatives of artesunic acid and artemisinin, bearing camptothecin and SN38 as side-chain biological effectors, can inhibit growth of
yeast cells overexpressing human topoisomerase 1 and its enzymatic activity in vitro. These derivatives showed also anticancer
activity in melanoma cell lines higher than camptothecin and paclitaxel. In silico molecular docking calculations highlighted a
common binding mode for the novel derivatives, with the sesquiterpene lactone scaffold being located near the traditional
recognition site for camptothecin, while the bioactive side-chain effector laid in the camptothecin cleft.
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Artesunic acid (1,Figure 1) is the hemisuccinate derivative N-terminal domain containing the nuclear localization; (b) the
of artemisinin (2), a natural sesquiterpene extracted from core domain; (c) the linker domain; and (d) the C-terminal
Artemisia annua (Figure 1). These compounds are antimalarial domain responsible for the cleavage of the DNA strand
drugs' able to produce reactive oxygen and carbon centered (Supporting Information SI#1)."”'® Inhibitors of hToplp,
radicals by pH and metal mediated cleavage of the character- including the alkaloid camptothecin (CPT), are currently used
istic pharmacophore endoperoxide bridge.” Artesunic acid and as anticancer drugs. CPT interacts reversibly with the enzyme
artemisinin derivatives also showed a promiscuous anticancer blocking the DNA—protein complex after the cleavage and

slowing the religation process. Single molecule experiments'”
demonstrated that CPT derivatives significantly influence
hToplp-mediated DNA relaxation, with a more pronounced
effect on the removal of positive (overwound) versus negative

activity against different types of cancer cell lines,*™ such as
leukemia,®~® melanoma, lung,9 colon, renal, ovarian, prostate,
and breast,'”"" associated with the same type of radical
mechanism'>"? as well as to the inhibition of both the
mammalian sarco-endoplasmic calcium ATP-ase (SERCA) and

the translationally controlled tumor protein (TCTP)." Special Issue: In Memory of Maurizio Botta: His . ) et
Moreover, artemisinin derivatives target topoisomerase 1 Vision of Medicinal Chemistry
and deregulate the c-Myc oncoprotein-topoliésomerase cellular Received: March 17, 2020
pathway, as in the case of artemisitene (4). Accepted:  April 10, 2020
Human DNA topoisomerase 1 (hToplp) is a monomeric Published: April 10, 2020

highly conserved enzyme composed by four domains: (a) the
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Figure 1. Chemical structures of artesunic acid (1), artemisinin (2), dihydroartemisinin (3), artemisitene (4), and artesunic acid and artemisinin

hybrid and dimer derivatives 5—10.

supercoils. Locking the DNA topoisomerase 1 proteln clamp
inhibits DNA rotation and induces cell lethality.”
accumulation of positive supercoils ahead of the rephcatlon
machinery induces potentially lethal DNA lesions. Further-
more, replication forks’ progression can generate double-strand
breaks inducing apoptotic response.

Recently, with the aim to obtain a library of compounds
endowed with antimelanoma activity, we synthesized a series
of hybrids and dimers of artemisinin bearing some
phytochemical products known for their anticancer activity.”'
In particular, artemisinin and artesunic acid were combined
with tyrosol, perillyl alcohol, and curcumin to give derivatives
5—10 (Figure 1). This library was screened against cervical
cancer cell line (HeLa) and complementary metastatic
melanoma cancer cell lines SK-MEL3, SK-MEL24, and
RPMI7951, demonstrating an interesting biological activity.
In this latter case, the occurrence of an alternative mechanism
with respect to the cleavage of the endoperoxide bridge was
hypothesized. Hence, we decided to evaluate the inhibitory
activity of compounds 5—10 against hToplp in Saccharomyces
cerevisiae, which is a validated model system to test putative
inhibitors and poisons of human enzymes in vivo.”***

The experiments have been performed using plasmids
expressing hToplp under the control of Gal-1-10 promoter
in a yeast strain EKY3 lacking the endogenous enzyme
(SI#2).>* As shown in Figure 2, artemisinin (2) and
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Figure 2. Sensitivity of Saccharomyces cerevisiae EKY3 strain
expressing human topoisomerase 1 was measured at different
concentrations of artesunic acid (1), artemisinin (2), dihydroartemi-
sinin (3), artemistene (4), and artesunic acid, as well as artemisinin
hybrid and dimer derivatives 5—12. SN38 was used as reference
compound (Ctrl: selective medium without compounds).

compounds 9 and 10 did not show growth inhibitory activity.
Artesunic acid (1) and dihydroartemisinin (3) showed a weak
inhibition of the enzyme only at 30 ym (slightly improved in

https://dx.doi.org/10.1021/acsmedchemlett.0c00131
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Figure 3. Inhibition of the relaxing activity of hToplp 1 in the presence of artesunic acid (1) and compounds 6—8, 11, and 12. SN38 was used as
reference compound (pKS: negatively supercoiled pBlue-Script KSII(+) DNA; mix NT: not treated; topo: hToplp; DMSO: dimethyl sulfoxide).

compounds § and 8), while derivatives 6 and 7 were the most
active compounds showing an appreciable inhibitory effect at
10 pm. It is noteworthy that the growth inhibition was present
only in cells overexpressing wild type human topoisomerase 1
gene, while overexpression of a CPT resistant mutant, where
glycine 363 was changed into cysteine, did not show such an
effect. This finding strongly suggested a similar mechanism of
action between CPT and the artemisinin derivatives (SI#3).
The most active compounds (including 1 as reference) were
further evaluated, using the relaxing activity assay of hToplp in
vitro. As shown in Figure 3, compounds 6 and 7 were more
effective than derivatives 1 and 8.

We further analyzed the cell phenotype, in order to better
characterize the inhibitory effect of compounds 6 and 7. As
shown in SI#4, cells treated with compound 6 exhibit a cell
cycle defect, suggesting the activation of a DNA damage check
point.

In silico molecular docking calculations (SI#6) were
performed in order to rationalize the interaction between
artemisnin derivatives and hToplp. X-ray structure of this
enzyme in complex with CPT was reported in the Protein Data
Bank (PDB) with the code 1T8L>’ In this crystal structure
CPT is stacked between DNA bases, making interactions with
Arg364 and AspS33 by the aromatic nitrogen and the tertiary
alcohol group, respectively. Considering that Camptotheca
acuminata expresses topoisomerase with point mutations that
confer resistance to CPT,”® we envisaged the possibility that
Artemisina annua presents a mutated topoisomerase resistant
to artemisinin. To confirm this idea, we aligned the primary
sequences of hToplp and topoisomerase from Artemisia annua
(Uniprot sequence: AOA2U1QNR1/180-726, SI#5) obtaining
a 50.19% of identity. Homology modeling showed that the
only difference in the region of the active site was the
substitution of Phe214 in Artemisia annua topoisomerase with
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Met428 in hToplp (Figure 4A and SI#6). Starting from this
result, we hypothesized the binding of the artemisinin-

Figure 4. (A) Superposition of 1T8I crystal structure (green) and
Artemisia annua topoisomerase homology model (Cyan); in light
green CPT. The only residue difference Phe214/Met428 is reported
in stick. (B) Binding mode of compound 7 (orange). Residues are
reported in green and DNA in cyan.

sesquiterpene moiety in the cavity generated by this
substitution. In agreement with these findings, the sesquiter-
pene lactone portion occupied the pocket with Met428
mutation for all the compounds docked, while the
phytochemical active moiety was located in the CPT
recognition site.

In compound 7, for example, the artemisinin counterpart is
positioned in the Met428 pocket forming two H bonds with
the DNA, and the succinate linker is bounded in the CPT
folder while the terminal OH is able to generate a further H
bond with Asp533 like CPT (Figure 4B). In compound 6, the
peroxide group of the sesquiterpene moiety makes two
hydrogen bonds with an amine functionality of the DNA;
the rest of the molecule interacts with Asn 720 and Arg 364
residues by a carbonyl of the linker and the phenolic group of
the phytochemical counterpart, respectively (Figure SB).

https://dx.doi.org/10.1021/acsmedchemlett.0c00131
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Asn720)

Figure 5. (A) Binding mode of compound § (salmon). Residues are
reported in green and DNA in cyan. (B) Binding mode of compound
6 (light gray). Residues are reported in green and DNA in cyan.

Compound §, whose aromatic phytochemical effector does not
occupy well the recognition site, is the less active derivative of
the three docked molecules (Figure SA). Note that S has a
shorter linker compared to derivatives 6 and 7 bearing the
hemisuccinate moiety of artesunic acid. On the basis of these
data, we synthesized hybrid derivatives 11 and 12 (Scheme 1)
in which the artesunic acid scaffold is linked to CPT, and in
alternative to SN38 (that is the active form of the anticancer
drug irinotecan, Figure 6), in order to optimize the interaction
with both hToplp binding sites (SI#1).

Briefly, artesunic acid (1) was treated with CPT and SN 38
in dimethylformamide (DMF) in the presence of 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) and 4-dimethy-
laminopyridine (DMAP), to afford compounds 11 and 12 in
40% and 64% yields, respectively (Scheme 1 and SI#7). The
stability of compound 12 was evaluated, as a selected example,
by high performance liquid chromatography (HPLC) analyses
solubilizing the compound in the cell culture medium. No
significative amount of SN 38 was detected after 48 h
treatment, confirming the stability of 12 in the analyzed
conditions (see Supporting Information SI#8—11).

Derivatives 11 and 12 showed high inhibitory activity
against hToplp under both in vivo (Figure 2) and in vitro
experiments (Figure 3). In particular, compound 12 was active
at 3 uM in vivo and at 300 nM in vitro. On the contrary,
compound 11 was more effective in vivo than in vitro.

Moreover, compound 12 was not effective on CPT resistant
mutant G363C confirming a mechanism of action similar to
CPT (SH3).

The anticancer activity of compounds 11 and 12 was
evaluated by the cell survival 3-(4,5-dimethylthiazole-2-yl)-2,S-
diphenyltetrazolium bromide (MTT) assay on the melanoma
cancer cell lines RPMI7951 and SK-MEL24, and on the
primary human fibroblast cell line C3PV, in the presence of
CPT, SN38, and paclitaxel (Taxol), as references. It is
noteworthy that compound 12 showed antimelanoma activity
higher than CPT and paclitaxel, confirming the beneficial role
of the artesunic acid pharmacophore in tuning of the biological
activity (Table 1).

The inhibitory activity of compounds 11 and 12 against
hToplp was rationalized by in silico molecular docking
calculations using GLIDE and FRED software, respectively
(SI#6). In the binding mode of compound 11, the interaction
of the carbonyl oxygen of the lactam ring with the DNA and a
new interaction (not reported before) with the Lys425 are
evident (Figure 7A). Interestingly, the CPT portion of 11 is
flipped compared to CPT alone, as shown by superposition of
11 with this natural product (SI#12). In compound 12, the
SN38 counterpart is oriented like CPT in the recognition site
of hToplp (SI#13), with the tertiary alcohol interacting with
the amino acid residue AspS33 (hid in Figure 7B). Probably,
this interaction may be responsible for the higher anti-
melanoma activity of compound 12 with respect to 11.

In conclusion, the inhibition of yeast cells overexpressing
hToplp, associated with data on the relaxing activity in vitro,
highlights the possibility that hToplp might be a molecular
target for the analyzed compounds. Moreover, growth
inhibition studies on CPT resistant mutant of yeast EKY3
strain and cell phenotype analysis, strongly suggest that CPT
and novel artemisinin derivatives share a similar mechanism of
cell killing. In accordance with this hypothesis, the in silico
molecular docking calculation used to depict the binding mode
of compounds $, 6, and 7 showed that the sesquiterpene
lactone scaffold is positioned in a cavity near the traditional

Scheme 1. Synthesis of Artesunic Acid Hybrid Derivatives 11 and 12 Bearing CPT and SN 38 as Side-Chain Bioactive Effectors

1038

https://dx.doi.org/10.1021/acsmedchemlett.0c00131
ACS Med. Chem. Lett. 2020, 11, 1035—1040


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00131/suppl_file/ml0c00131_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00131/suppl_file/ml0c00131_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00131/suppl_file/ml0c00131_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00131/suppl_file/ml0c00131_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00131/suppl_file/ml0c00131_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00131/suppl_file/ml0c00131_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00131/suppl_file/ml0c00131_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00131?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00131?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00131?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00131?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00131?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00131?fig=sch1&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00131?ref=pdf

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

o
/ OH O

Camptothecin

Irinotecan

Figure 6. Chemical structures of camptothecin, irinotecan, and SN 38.

SN 38

Table 1. Anticancer Activity of Compounds 11 and 12.7

ICq,”
Entry Compound C3PV RPMI7951 SK-MEL 24
1 11 03 £ 0.1 17.32 +£ 3.4 0.85+ 03
2 12 32+ 24 0.05 + 0.02 0.32 + 0.03
3 camptothecin 0.45 + 03 0.22 + 0.09 0.46 + 0.05
4 SN 38 0.51 + 0.26 0.26 + 0.07 0.48 + 0.07
N paclitaxel 78.88 + 0.79 0.013 + 0.19 4.73 £ 0.83

“Experiments were conducted in triplicate. “ICs, + SD (half maximal
inhibitory concentration + standard deviation) values for all the
compounds are expressed in uM unit.

Figure 7. (A) Binding mode of compound 11 (magenta). Residues
are reported in green and DNA in cyan. (B) Binding mode of
compound 12 (yellow). Residues are reported in green and DNA in
cyan.

recognition site for CPT, while the bioactive side-chain effector
laid in the CPT cleft. As a proof of concept compound 12,
bearing SN38 as side-chain biological effector, was found to fit
in the two binding pockets of topoisomerase 1, showing a
mechanism of enzymatic and yeast cell growth inhibitions very
similar to CPT.
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