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Twenty chromenes were synthesized with good to excellent yields (70-96%). From the series of chromenes herein
tested, compounds 14, 12, 15, 16, 17, 18, and 20 were the most potent throughout the cancer human cell lines
tested. In general, the para-position electron-withdrawing substituents on the phenyl ring are favored towards
potency and selectivity for cancer cells. Biophysical studies were performed with eight chromene derivatives (13-
20) and ctDNA to evaluate possible biological targets. The molecular fluorescence verified that compound 16

presented a higher binding constant (Kp) with the ctDNA, agreeing with in vitro biological results and that
evaluated chromenes derivatives interact preferentially via intercalation. Finally, an inverse linear correlation
(logKyp, vs. Glso) was observed for six human carcinogenic cell lines; hence, the mechanism of action of these
compounds may be related to DNA interaction.

1. Introduction

Chromenes are a widespread class of oxy-containing bicyclic het-
erocycles, yielded by the fusion of a benzene ring with pyran (Fig. 1) [1].
These compounds are fairly ubiquitous in nature, being found in bacteria
[2], fungi [2,3], plants [1,4] and animals [5]. Chromene is an important
moiety in medicinal chemistry, as its derivatives exhibit a myriad of
physiological activities, among them antimicrobial [6,7], antihyperten-
sive [3], anti-coagulant [8], -secretase inhibition [9], antitrypanosomal
[10], antidyslipidemic [11], anti-HIV [12], anti-depressant [13] and
anti-neoplastic [14,15]. Among these biological properties, the
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anticancer is one of the most promising for this class of substances. For
instance, chromene MX58151 (Fig. 1) was active for treating
drug-resistant cancers [16]. Chromene EPC2407 (Fig. 1), also known as
crolibulin, is currently in phase I/1I clinical trials as a vascular disrupting
anti-cancer drug to treat advanced solid tumors [17,18]. Another notable
example of chromene that has emerged as anticancer agents is the
LY290181(Fig. 1) (herein designed by the number 18; Fig. 1). LY290191
is a potent antiproliferative agent for a variety of cancer cell lines which
exert its effects by inhibiting the mitosis and microtubules [18,19].
Cancer is a disease in which the growth control is lost in one or more
cells, leading either to a solid mass of cells known as a tumor or to non-
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NH,

MX58151

EPC2407 (Criobulin)

LY290181 (18)

Fig. 1. Chemical structures of potential chemotherapeutic chromenes
MX58151, EPC2407 (also named crolibulin), and LY290191 (herein designed
by the number 18).

solid cancer such as blood or bone marrow-related cancer [20,21]. It is
one of the principal causes of death throughout the world, in which the
main treatments involve surgery, chemotherapy, and/or radiotherapy
[20,21]. However, despite all drugs available to treat cancer, more than
18 million new cases appear yearly throughout the globe, and 10 million
will die from it [22]. It is known that substances capable of DNA inter-
calation can act as anti-cancer agents [23-25], such as the drug doxo-
rubicin [26]. Intercalators and minor groove binders, like distamycin,
also have antiproliferative capability by inhibiting DNA-transcription
factors binding [27]. It has been shown that benzothiazolyl-benz-a--
chromene acts as a DNA intercalation agent [28], and 3,4-dihydropyrano
[c]lchromene as a non-intercalating groove binder [29]. Besides these
reports, no systematic studies of ctDNA interactions for chromenes from
series I, II, and III (Fig. 2) has been described so far.

In this study, we report the antiproliferative activity of 20 chromene
derivatives (Fig. 2), being two novels 4H-benzo[h]chromene derivatives
(fully characterized, including their crystallographic structures) against
eight human cancerous cell lines and an immortalized keratinocyte
standard cell line. In addition, we perform systematic studies of ctDNA
interactions for these substances - the most potent antiproliferative ones -
and the in silico studies for the most potent chromenes.

2. Results and discussion
2.1. Synthesis of chromene derivatives

The chromene derivatives 1-18 were synthesized using the protocol
previously published by our research group [30] with good to excellent
yields (Table 1). Spectroscopic chemical characterization data for 1-18
can be summarized and divided in two parts: the common 2-amino-4--
phenyl-4H-pyran-3-carbonitrile core and the C-H activated compound
fused ring. The common core presents in the FT-IR spectra the NHjy
stretch bands around 3380 cm™! and 3320 cm™!, cyano group stretch
band at 2195 cm ™!, aromatic C-H stretching at 3090 cm ' and the pyran
C-O stretching at 1100 cm L. In the 'H NMR spectrum, the hydrogen H-4
on 4H-chromene is assigned to a singlet at 4.22 ppm and the amino
group's protons to a singlet at 7.21 ppm. The nitrile yields a signal at 160
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Fig. 2. Chemical structures of chromene derivatives studied in this work.
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ppm in the 13C NMR spectrum. When dimedone is used as C-H acid, a
characteristic a,f-unsaturated ketone's C=0O stretch is noted at 1670
cm ™! in the product's FT-IR spectrum. Condensation with 4-hydroxycou-
marin yields a conjugated 8-lactone C=O0 stretching band at 1710 cm ™
in the FT-IR spectrum. Using a-naphthol as the C-H acid, no band in the
carbonyl region is seen in the FT-IR spectrum.

In order to check the importance of the nitro substituent at the aro-
matic ring in LY290181(herein designed by the number 18) to its anti-
proliferative properties, we decided to treat chromenes 15 and 18 with
catalytic palladium on activated charcoal and hydrazine hydrate in
refluxing ethanol, to afford the new aminophenyl chromenes 19 and 20
(Scheme 1). The chromenes 15 and 18 were easily obtained under the
reaction conditions mentioned above, and they were obtained in nearly
quantitative yields. The main spectral data differences between chro-
menes 19 and 20 and their nitro-derivatives are the lack of NO, stretch
bands at 1550 ecm ™! and the appearance of a band in 1325 cm ™! due to
the aromatic bonded NH; group in the products' FT-IR spectra.

2.2. Single-crystal structures determination

The single-crystal X-ray diffraction technique elucidated the crystal
structures of compounds 19 and 20. The ORTEP-3 [32] representation of
their experimental molecular backbones in the solid-state is shown in
Fig. 3, and all information related to the collection, treatment, and
refinement of their crystal structures are in Table 2. Compound 20
crystallized in the monoclinic centrosymmetric space group P2;/c,
loading the two enantiomers in the crystal structure as expected from
their achiral synthesis. On the other hand, compound 19 was solved in
the monoclinic non-centrosymmetric space group P2;, with only one
enantiomer in its crystal structure. Since no regioselectivity is expected in
its synthesis, we believe that the solid sample of 19 is a conglomerate, i.e.,
a physical mixture of crystals made up of either R or S enantiomers.
Despite our high-quality X-ray diffraction data, the absolute structure
could not be reliably determined since there is no atom heavier than
oxygen in 19.

Moreover, we have chosen the R enantiomer to compose the eluci-
dated crystal structure based on its Flack parameter nearest zero
[0.3(10)]. Both compounds were present with just one molecule in the
asymmetric unit, which are very similar regardless of the amine group
position. The three fused rings formed a nearly planar core (root-mean-
square deviation of its all cyclic atoms is 0.0646 A in 19 and 0.0295 A in
20). The aminobenzene ring is inclined almost perpendicularly relative
to the average plane of the three fused rings, with the mean plane
calculated through benzene ring forming an angle of 88.24(10) in 19 and
85.65(7)° in 20 with the least-squares plane encompassing the non-
hydrogen atoms of the three fused rings. The conformation on the
bond connecting the aminobenzene and the three fused rings is also
similar in both compounds (the dihedral angle calculated among O1, C3,
C15, and C16 is —11.2(5) in 19 and -15.6(3) in 20). In addition, triple
bonds into nitrile groups were identified [1.154(6) Ain19and 1.142(6)
in 20].

2.3. Antiproliferative assay

In addition to the growth inhibitory concentration for 50% of cell
population (Glsp), that measures the toxicity of a compound against a
specific cell line, the selectivity index parameter (SI) allows presuming
whether a sample would affect normal proliferative tissues in similar way
as tumor tissue. Furthermore, SI is an organ-specific toxic parameter and
does not express other physiological interactions in living organisms
[33]. Considering the I- (1-6), II- (7-12), and III- (13-20) series of
chromenes and the average cytostatic effect expressed by mean logGls,
the Ill-series afforded more active compounds (13-16, 18, 20) than I-
(2-3) and II-series (12). Furthermore, the most active compounds in
III-series shown lower selective index (SI < 2). This evidence suggested
that the coumaryl (Il-series) or naphthalene (IlI-series) cycles reduced or
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Table 1
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Reactions conditions®, reagents, and yields values obtained in the synthesis of chromenes 1-18.

R1
2
CHO R
Py HCOONH, (20 mol%)
+ NC CN + Lllorll
R2 EtOH/H,0 (1:1) NC .
R r.t. for I and Il; reflux for 1l | | Y
H,N™ 07 =7
OH
(0] 0 0o__0O
| = Il= =
Pz
OH

Chromene R! R? C-H acid-reagent Yield (%) Chromene R! R? C-H acid-reagent Yield (%)
1° H H 1 90 10° CHj3 H i 96
2P F H I 80 11° NO, H i 91
3P cal H 1 93 12° H NO, il 92
4> CHj H I 81 13" F H 11 70
5P NO, H I 80 14° cal H I 82
6" H NO, I 87 15° NO, H I 87
7" H H il 90 16° H cl i 85
8’ F H i 91 17¢ CFs H III 87
9’ cal H i 92 18° H NO, I 83

@ Reactions conditions: aldehyde (1.0 mmol), malononitrile (1.1 mmol), HCOONH, (0.2 mmol), I/1I/1II (1.1 mmol), EtOH/H,0 1:1 (4 mL).
b These substances were synthesized as per the reported methodology published elsewhere by our research group [30].
¢ These substances were synthesized by our methodology, and their data is in accordance with the literature [31].

Pd/C (10%), NyHg

EtOH, 80 °C, 20 min

p-NO2 (15)
m-NO, (18)

p-NH, (99%) (19)
m-NH, (99%) (20)

Scheme 1. Chemoselective hydrogenation reaction of the nitro group for
preparation of chromenes 19 and 20.

improved, respectively, the cytostatic effect observed for I-series while
the ligands R! and R? could modulate the selectivity (Table 3).
Compounds in I-series (1-6) showed an interesting selective inhibi-
tion of ovarian tumor cells (NCI-ADR/RES and OVCAR-03). Compound 1
(R! = R? = H) showed potent cytostatic effect (GIso < 0.8 pM) for both

ovarian tumor cell lines in a highly selective manner (SI > 800). More-
over, non-electrophilic R! substituents such as H (compounds 1 and 6)
and CHs (compound 4) resulted in better activity against multi-drug
resistant NCI-ADR/RES cells. Electrophilic substituents (R! = F, 2 and
R! = Cl, 3) at para position did not affect the activity against OVCAR-03
cells although reduced the effect against multi-drug resistant ovarian
tumor cells (NCI-ADR/RES). Additionally, compound 3 showed prom-
ising antiproliferative effect against non-small cell carcinoma of lung
(NCI-H460), being the series’ most active compound against this cell line
(Table 3).

Almost all II-series compounds were inactive considering the mean
effect against all tested tumor cell lines except by compound 12 sug-
gesting that the coumaryl substituent did not favor the biological effect.
Considering R! and R? substituents, the best choice was the nitro group at
meta position (compound 12) for antiproliferative activity against all
tumor cell lines. Furthermore, compounds 8, 11 and 12 were more active
against OVCAR-03 cell line than against NCI-ADR/RES cells while com-
pound 10 showed an inverse preference (GIsg NCI-ADR/RES < Glsg

19

20

Fig. 3. The asymmetric unit of chromenes 19 and 20 is elucidated in this study. Non-hydrogen atoms are represented as 30% probability ellipsoids following a random
labeling scheme (shown once), while hydrogens are shown as arbitrary radius spheres.
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(mm™)
6 range for data collection

©)

2.895 to 25.414

Table 2
Crystal data and refinement parameters of compounds reported in this study.
Parameters 19 20
structural formula CooH15N30 CooH15N30
fw (g/mol) 313.35 313.35
cryst syst monoclinic monoclinic
space group P21 P21/c
Z/7 2/1 4/1
T (K) 296(2) 296(2)
unit cell a 9.928(3) 12.901(4)
dimensions &)
b 5.5895(17) 10.512(3)
@A)
c(A)  14.094(5) 12.502(3)
[ 1@ 93.10(2) 112.219(6)
V(A% 781.0(5) 1569.7(8)
calculated density (Mg/m®)  1.332 1.326
absorption coefficient p 0.085 0.084

2.581 to 25.419

index ranges h -11to 11 —15to 12

—5to 6 —12to 12
1 —81to 17 —6to 15

data collected 3261 6213

unique reflections 2277 2852

unique reflections with I > 1809 1639

20(D

symmetry factor (Rint) 0.0167 0.0354

completeness to § max (%) 97.4 98.5

F (000) 328 656

parameters refined 217 217

goodness-of-fit on F2 1.102 1.017

final R factors for I > 20(I)
R factors for all data
largest diff. peak/hole (e/

A3)
CCDC deposit number

R1 = 0.0433 wR2 =
0.0971

R1 = 0.0598 wR2 =
0.1101

0.134 and —0.191

1978913

R1 = 0.0538 wR2 =
0.1286

R1 = 0.1006 wR2 =
0.1546

0.190 and —0.203

1978914

OVCAR-03), following a similar rationalization observed for I-series

compounds (Table 3).

The most promising compound series, III, had 6 active compounds
out of 8. Presenting a naphthalene substituent, these compounds showed
cytostatic effect against both tumor and non-tumor human cell lines.
These effects were expressed as selective indexes (SI) lower than 2 for
almost all tumor cell lines for some of the active compounds, such as
compounds 13, 16, 17 and 20. (Table 3). The reduction of the aryl's nitro
group, 15 and 18, to amino, 19 and 20, lead to a lower antiproliferative
activity overall. Hence, the most promising compound tested was 15
(Table 3), inhibiting K562 (chronic myelogenous leukemia), U251
(glioblastoma), 786-0 (kidney, adenocarcinoma), NCI-H460 (non-small
cell carcinoma), NCI/ADR-RES (multidrug resistant ovarian adenocarci-
noma), and PC-3 (prostate, adenocarcinoma) with GIsg lower than 10 pM
and SI higher than 30 times.

2.4. Biophysical studies of ctDNA interaction with chromene derivatives

2.4.1. Evaluation of the interaction chromene-ctDNA by molecular
fluorescence

Biophysical studies of chromenes derivatives interaction with ctDNA
were performed to evaluate these compounds' possible action mecha-
nisms. Thus, 13-20 were selected, highlighting biological activity against
the human carcinogenic cell lines (Table 3). The compound 16 was one of
the most active; thus, it was used as a model to present the results. Since
chromene derivatives have intrinsic fluorescence [34], a spectro-
fluorimetric titration [35] was carried out to study the interaction pro-
cess of these compounds with ctDNA. In general, for most of the
evaluated compounds (13-16), when adding increasing increments of
ctDNA to the system, there was a gradual decrease in the analytical signal

European Journal of Medicinal Chemistry Reports 4 (2022) 100030

(fluorescence intensity), indicating that interaction between the evalu-
ated compounds and the macromolecule is occurring [36], with the
formation of a supramolecular complex. However, for the reduced de-
rivatives (19 and 20), the addition of ctDNA led to an increase in the
analytical signal, possibly due to the microenvironment in which these
molecules are inserted in the DNA, which must have less polarity, being
more hydrophobic concerning the original condition of the molecule in
an aqueous medium [37]. Fig. 4A shows the spectral profile obtained for
compound 16.

The reduction of the fluorescence intensity (analytical signal) in the
presence of a quencher compound (in this case, the ctDNA) is called the
quenching process [38], described mathematically by the Stern-Volmer
equation:

F
FO =1+ Kw[0Q] 1)

Fo and F represent the fluorescence intensities in the absence and
presence of the macromolecule, respectively; [Q] represents the con-
centration of ctDNA (quencher molecule), and Kgy is the Stern-Volmer
constant. It is noteworthy that the quenching mechanism is only
considered when there is a reduction in fluorescence [39] since, in many
cases, the addition of DNA can increase the analytical signal, as observed
for compounds 19 and 20.

Based on the variation in fluorescence intensity in the presence of
ctDNA, the DNA-chromenes interaction constant (Kp) was calculated,
aiming to evaluate the strength of this interaction process, as well as the
number of binding sites (n) [40]:

log {L}?F)] = logK, + nlog[CtDNA] (2)

Fig. 4B and C shows the curves obtained for the chromene derivative
16 by linearizing equations (1) and (2), respectively, while Table 4
presents the results obtained for this assessment.

The Kgy values ranged from 3.02 to 6.90 x 10° M, indicating a
decrease in analytical signal in the presence of the quencher molecule
(ctDNA) (Table 4). Several mechanisms are related to the quenching
process; the main ones are dynamic (collisional) or static quenching, but
in some situations, both mechanisms occur simultaneously [41]. Thus, to
assess the type of preferential quenching in the interaction process, the
Kgy values at different temperatures (23, 30, and 37 °C, in this case) were
evaluated. When the Kgy values increase due to the increase in temper-
ature, it indicates dynamic quenching since, at higher temperatures,
there is a more significant diffusion coefficient, and consequently, a
greater number of collisions between the fluorescent ligand and the
quencher (DNA). On the other hand, when Kgy values decrease with
increasing temperature, it characterizes static quenching, considering
that process destabilizes the DNA-ligand complex [42]. From the results
obtained (Table 4), with increasing temperature, the values of the
Stern-Volmer constants decrease, indicating that the dominant quench-
ing mechanism is static [43], with the formation of a supramolecular
complex non-fluorescent.

The Kp values were obtained from 0.010 to 20.2 x 10* M},
demonstrating the magnitude of the binding of the chromene-ctDNA
complex, being considered of high affinity for the compounds 13 and
16 (Kp > 10°), a medium affinity for the compounds 14, 15, 17, and 18
(Kp > 10%) and low affinity for 19 and 20 [44]. Besides, it appears that
the n values were close to the unit indicating a stoichiometric ratio 1:1
(ctDNA:chromene). The 16 chromene derivative showed a high inter-
action constant with the ctDNA, which may be related to the presence of
a chlorine substituent. According to Benner et al. [45] and Krautwald
et al. [46], the chlorine atom may replace the methyl group (bioisosteric)
without changing the steric demand of a compound since chloro, and
methyl groups are univalent and have van der Waals radii that differ by
about 15%. Besides, the chloro-substituent associated with the annella-
tion process (Table 1) may increase the binding affinity of the ligand for



Table 3
The concentration of the chromenes (Glso; pM)” that elicits cells growth inhibition by 50% and the most relevant selective index (SI)" values.
Compound U251 MCF-7 NCI/ADR-RES 786-0 NCI-H460 PC-3 OVCAR-03 K-562 Mean IOgGlsod HaCaT
Glso® S1® Glso® s Glso® SI® Glso® S Glso® S Glso® s Glso® SI° Glsg’ s Glso®
1 154.7 >4 >650 * <0.8 >812 225.8 >3 25.5 >25 433.5 * <0.8 >812 467.8 * >1.71 >650
2 87.5 * 79.8 * 1.3 64 91.0 126.6 76.3 * <0.8 >104 43.6 2 1.4W 83.3
3 93.8 * 77.8 * 4.3 * 177.1 * 0.4 2 >650 * <0.8 4.6 * >1.2W 0.8
4 181.4 >4 399.8 >2 0.7 >102 197.3 >3 255.1 >3 298.2 >2 101.9 6 0.9 >722 1.71 >650
5 79.9 * 77.5 * 76.7 * 75.2 79.6 75.8 * 14.4 5 33.3 2 181 72.5
6 76.1 * 75.0 * <0.8 * 72.0 * 66.3 161.9 * 1.4 58 >650 * >1.61 81.7
7 >650 * >650 * 111.0 >6 >650 * >650 * >650 * >650 * >650 * >2.71 >650
8 333.1 >2 >650 * 1.2 >542 200.5 1.2 >542 206.5 >3 <0.8 >813 621.4 * >1.61 >650
9 167.2 >4 >650 * >650 * 91.4 >7 >650 >650 * >650 >650 * >261 >650
10 372.3 * 276.4 10.5 18 73.4 3 >650 * 450.3 * 84.2 2 >650 * >2.31 185.3
11 212.4 >3 550 * 0.8 >812 191.6 >3 >650 * >650 * 1.1 591 >650 * >2.01 >650
12 17.7 * 5.4 * 1.2 7 8.8 3.8 8.2 * <0.8 >10 24.0 * <0.7M 7.9
13 0.8 9 >650 2.0 3 2.3 3 6.1 * 46.4 * 27.4 >650 * >1.3W 6.9
14 21 2 33.0 * 2.5 * 4.3 * 4.9 * 26.7 * 18.0 * 3.5 * 0.8 M 3.2
15 1.4 >464 41.3 >16 3.2 >203 1.9 >342 7.8 >83 4.1 >159 21.4 >30 0.2 >3250 0.6 M >650
16 5.3 * 18.8 3.5 * 4.8 * 19.8 * 8.8 * 7.4 2.8 * 0.8 M 3.0
17 51.3 * >650 * 8.8 * 8.0 * 58.3 * 30.3 * 11.4 * 11.7 * >1.51 8.0
18 1.0 4 >650 * 1.2 3 1.3 3 13.0 * 5.2 * 141 * 0.5 7 >0.7M 3.6
19 14.0 >46 >650 * >650 * 50.0 >13 >650 6.8 >96 >650 * >650 * >2.21 >650
20 3.1 * 19.7 * 17.1 * 31.4 * 27.4 * <0.8 22.3 * 0.3 3 0.8 M 0.9
DOX¢ <0.05 * <0.05 * 0.055 * 0.055 * 0.055 * 0.18 * <0.05 * 0.28 * <-1.1P <0.05

Human tumor cell lines: U251, glioblastoma; MCF7, breast, adenocarcinoma; NCI-ADR/RES, ovary, multidrug-resistant adenocarcinoma; 786-0, kidney, adenocarcinoma; NCI-H460, lung, non-small cell carcinoma; PC-3,

prostate, adenocarcinoma; OVCAR-3, ovary, adenocarcinoma; K-562, chronic myelogenous leukemia; Human non-tumor cell line: HaCaT, immortalized keratinocytes.

# Glsp = sample concentration (pM) required to elicit 50% of cell growth inhibition (cytostatic effect).

" The selectivity index was determined as the ratio of the GIs, for HaCat to the Glsg for the tumor cell line; only the most relevant SI values (SI > 2) were presented in Table 3.

¢ DOX is the reference drug doxorubicin; (*) SI < 2.
4 Mean log Glso = arithmetic mean of the GIs, values expressed as logarithm; NCI's criteria: I, inactive (mean log Glsq > 1.50); W, weak activity (1.50 > mean log GIso > 1.10); M, moderate activity (1.10 > mean log Glso
> 0); P, potent activity (mean log GI50 <0). Data are means of a representative experiment done in triplicate.
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Fig. 4. Results were obtained for the evaluation of the DNA-chromene interaction process by molecular fluorescence. (A) The spectral profile of compound 16 (10 M)
with the addition of increasing increments of ctDNA (10, 25, 50, 75, 100, 125, 150, 175, 200, 250, 300, 350, 400 uM, curves a-n, respectively); (B) Stern-Volmer plot
for compound 16 (evaluation of quenching process); (C) Double logarithmic curve for calculating the binding constant (Kj,).

Table 4

Interaction parameters of calf thymus DNA (ctDNA) with chromenes derivatives at 23, 30, and 37 °C.

Chromene Temperature (°C) Stern-Volmer constant Binding parameters Thermodynamic parameters
Ksy (10°M 1) r Ky (10°M ™) n r AG (kJ mol ) AH (kJ mol ) AS (UK ' mol ™)

13 23 7.48 + 0.38 0.9861 16.4 + 0.05 1.40 + 0.05 0.9954 —89.35 —59.61 —100.5
30 6.90 + 0.32 0.9893 13.8 + 0.07 1.37 £ 0.04 0.9961 —90.06
37 6.13 + 0.34 0.9868 5.46 + 0.03 1.29 + 0.04 0.9958 —90.76

14 23 3.90 + 0.46 0.9480 7.49 £ 0.08 1.41 £ 0.15 0.9572 -139.7 —83.92 —188.5
30 3.70 £ 0.33 0.9620 6.43 + 0.04 1.38 + 0.08 0.9879 —141.0
37 3.54 £ 0.26 0.9763 1.59 + 0.03 1.14 £ 0.09 0.9797 —142.3

15 23 3.23 £0.11 0.9948 1.57 + 0.09 1.21 + 0.04 0.9956 —-166.5 —95.38 —240.1
30 3.02 £0.10 0.9934 1.23 + 0.05 1.18 + 0.04 0.9961 —-168.1
37 2.65+0.10 0.9949 0.27 £ 0.01 0.99 £ 0.05 0.9906 —-169.8

16 23 5.68 + 0.20 0.9928 21.7 £ 0.06 1.46 + 0.05 0.9924 —33.75 —32.09 —5.62
30 5.41 +0.25 0.9888 20.2 +0.08 1.45 + 0.02 0.9994 —33.79
37 5.02 £ 0.27 0.9898 12.0 + 0.07 1.38 £ 0.02 0.9989 —33.83

17 23 3.58 +£0.31 0.9712 4.68 + 0.02 1.33 £ 0.06 0.9957 -102.7 —64.47 —129.2
30 3.18 £ 0.12 0.9957 1.92 + 0.07 1.19 + 0.10 0.9749 —-103.6
37 2.74 £0.15 0.9910 1.44 + 0.05 1.17 £ 0.09 0.9792 —104.5

18 23 4.01 £0.12 0.9948 3.31 £ 0.04 0.99 £ 0.04 0.9911 —167.5 —93.47 —250.9
30 3.93 +£0.16 0.9912 1.52 + 0.02 0.81 + 0.04 0.9911 -169.3
37 3.84 £0.17 0.9910 0.94 £ 0.03 0.77 £ 0.07 0.9670 -171.0

19 23 - - 0.062 + 0.003 0.95 + 0.09 0.9793 —16.04 —-37.61 -73.1
30 - - 0.058 + 0.005 0.88 £+ 0.05 0.9877 —15.46
37 - - 0.028 + 0.007 0.83 £0.18 0.9145 —14.87

20 23 - - 0.019 + 0.004 0.78 £ 0.04 0.9868 -8.11 —38.41 -102.7
30 - - 0.016 + 0.005 0.85 £ 0.05 0.9838 -7.29
37 - - 0.010 + 0.006 0.89 + 0.02 0.9818 —6.47

the macromolecule. Finally, this work is an exploratory study using a
healthy DNA model. Therefore, for compounds with greater selectivity
for tumor lines such as 15 (Table 3), there was a reduction in the Kp.
Thus, not only structural aspects can be considered, but also the macro-
molecule model used in the investigation to justify the variations in K},
values.

Table S1 (supplementary material) presents several studies that
evaluate the interaction of chromene derivatives with ctDNA by molec-
ular fluorescence [34,37,471, which show different spectroscopic char-
acteristics in the presence of DNA; that is, they can increase or decrease
the fluorescence intensity when interacts with the macromolecule. In
addition, it was observed that K}, values are similar to those found in our
study, ranging from 10° to 10° M_l; and, besides, these compounds
interact preferentially by intercalation mode (discussed in a posteriori
topic).

The thermodynamic parameters involved in the interaction of ligands
with DNA were determined. Hydrogen bonds, van der Waals forces,
hydrophobic and electrostatic interactions are the four main non-
covalent interactions, which play an essential role in the nucleic acid

and ligand interaction [48]. The formation of complexes between ligands
and DNA can be studied at different temperatures, enabling the deter-
mination of various thermodynamic parameters such as variation in
enthalpy (AH) and entropy (AS) through the application of the Van't Hoff
equation [49]:

_ AH « 1 n AS
R T R
Ky, represents the binding constant, T is the temperature in Kelvin (K),

and R the ideal gas constant (8.314472 J K! mol’l). The Gibbs free
energy value can be calculated as a function of the values of AH and AS:

In(K, ) = 3

AG=AH — TAS @

The values of AH and AS for all compounds were both negative
(Table 4), indicating that hydrogen bonds and van der Waals interactions
are the preferred ones in the interaction process [50]. Besides, it is
observed that the AG values are negative, demonstrating the spontaneity
of the interaction process.
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2.4.2. UV-vis spectroscopy studies

UV-Vis spectroscopy is a technique widely used in studies of DNA-
ligand interaction because spectral modifications provide information
about the formation of a supramolecular complex formed between the
evaluated compound and the macromolecule [51]. Thus, the interaction
of ligands with ctDNA was assessed, and after the ctDNA addition to the
system with the chromene derivative, an increase in the absorbance
signal concerning the free compound (Fig. S1, supplementary material),
characterizing a hyperchromic effect. It is worth mentioning that when
the ligand interacts with the ctDNA, forming a complex, changes in the
absorbance values and the position of the band can occur due to elec-
tronic transitions n—n* and n—n* of the ligands and n—n* of the
macromolecule. Thus, to assess whether there is the formation of a su-
pramolecular complex between the chromene derivative and the
macromolecule, the absorbance values of the chromene-ctDNA mixture
(Acomplex) must be different from the sum of the absorbance values of the
free chromene and ctDNA (Ajigand + Apna), that is, AA = Acomplex - (Al
gand 1+ Apna) is different from zero (AA # 0) [52].

The AA values showed positive variation for all compounds
(Table S2), indicating that there is an interaction between the ligands
evaluated and the macromolecule, with the formation of a supramolec-
ular complex in the ground state, characterizing the static quenching
process [52,53], and confirming the mechanism proposed by molecular
fluorescence studies. Besides, the difference between the complex (Aj;.
gand-DNA) and the free ctDNA was not overlapped on the spectrum of the
pure compound (Fig. S1), confirming that there was a change in the
ground state due to the formation of the chromene derivative complex
with nucleic acid [39].

2.4.3. Preferential interaction mode of DNA-chromene derivatives
interaction

The binding mode of chromene derivatives with ctDNA was assessed,
initially using KI quenching assay, to verify the degree of protection of
the ligands [53]. Rehman et al. reported that negatively charged iodide
ions could promote dynamic quenching in fluorescent compounds.
However, the ligand must be accessible to this quencher species [53].
Therefore, Stern-Volmer constants values are compared in the presence
and absence of the ctDNA. In general, the intercalation of ligands in the
double helix of the nucleic acid prevents the anionic inhibitor from
having access to the ligands, leading to a decrease in the Kgy value in the
presence of DNA. In contrast, when the ligands preferentially interact via
groove or electrostatic mode, the ligands are more accessible to the
surrounding iodide ion, and the Kgy values in the presence of DNA tend to
be higher since there is a more amount of the free ligand in solution [54].
Fig. 5A shows the results obtained for this assay. The Kgy values in the
presence of DNA were systematically lower than in the absence of the
macromolecule, indicating that the chromene derivatives are protected
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by the double helix of the nucleic acid, making it difficult for iodide anion
to access [55]. These results suggest that the evaluated compounds can
interact preferentially by intercalation.

A competition study was carried out with methylene blue (MB), a
phenothiazinium dye that binds to DNA via intercalation [56], to confirm
the KI assay results. When free, MB shows significant quantum yield
(high fluorescence intensity), but when bound to DNA, its fluorescence
decreases considerably. In this sense, the presence of a small molecule
with the same DNA binding mode in the system can lead to the
displacement of the intercalated MB, consequently leading to an increase
in fluorescence intensity, since part of the MB would be in the free form,
that is, not intercalated between nitrogenous bases [53]. In this study,
synchronized fluorescence was used, a robust analytical method, efficient
to detect the interaction of ligands with macromolecules due to the
achievement of narrow and well-resolved emission spectra [57]. Thus, an
A\l = 40 nm (Aem - Aex) Was used to eliminate the spectral interference
resulting from the emission of the chromene derivatives and conse-
quently evaluate the profile of the MB-ctDNA spectrum in the presence of
increasing amounts of the evaluated ligands. Thus, when the chromene
derivative 16 was added to the MB-ctDNA system, a gradual increase in
the analytical signal (Fig. 5B) was observed, ranging from 24 to 54%
(excess of 25 times, Fig. 5C). Furthermore, the displacement of the MB
from ctDNA leads to a hyperchromic and bathochromic effect (red-shift),
respectively, indicating that chromenes derivatives are competing for the
same dye-binding site, therefore, suggesting that these compounds can
interact with nucleic acid preferentially via intercalation [58].

Finally, these results reinforce the data obtained in the potassium
iodide assay and agree with different studies [34,37,47], that evaluated
the interaction of chromene derivatives with ctDNA by fluorescence
(Table S1), and thus, indicate that the preferential interaction mode is by
intercalation.

2.4.4. Correlation between binding constant and growth inhibition (GIsp) in
elicits cells

The bioanalytical correlation analysis was performed between the
values of the binding constants (logKy) of the chromene derivatives with
the ctDNA (Tables 3 and 4) and the biological activity (Glsg, pM)
regarding the human cancer cell lines (Fig. 6). This strategy seeks to
assess whether these independent variables (K}, and Glsg) correlate and
whether the possible mechanism of action may be associated with
interaction with DNA. However, it is worthy of mentioning that this
evaluation's objective was to establish an initial exploratory analysis of
the results using the correlation between binding constant and anti-
proliferative activity since more effective conclusions would require a
significant number of variables. The degree of association was assessed
using the coefficients of linear correlation (r, Pearson coefficient). The
correlation was performed only for the compounds with GIsy < 650 pM
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Fig. 5. Evaluation of DNA-ligand interaction mode. (A) KI quenching assay; (B) Competition with methylene blue (1.5 pM) by synchronized fluorescence of the 16
derivative (1.5, 3.75, 7.5, 15, 30, 37.5 puM, a-f curves, respectively); (C) Percentage of fluorescence increase due to the competition of the evaluated compounds with
MB. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Linear correlation between the values of binding constants of chromene derivatives with ctDNA (logKp, M~') and biological activities (Glso, pM) against
different human cancer cell lines [A = glioma (U251); B = MCF7 (breast); C = NCI-ADR/RES (multiple drug-resistant ovarian cancer), D = 786-0 (renal); E =
NCI-H460 (non-small lung); F = PC-3 (prostate), G = OVCAR-3 (ovarian); and H = K-562 (leukemia)]. The gray lines indicate the 95% confidence interval in

each system.

values, limiting the number of points used in the mathematical modeling
for each system.

In this work, it was possible to relate the antiproliferative activities
with the Ky, values, and in general, an inverse linear trend was obtained,
that is, the higher the value of the binding constant, the lower the value
of the biological activity (GlIs(), and thus more active are the compounds
for the cancer human cell lines evaluated. A direct linear trend was ob-
tained only for the PC-3 (prostate) and K-562 (leukemia) human cells.
However, a limitation of this type of evaluation implies using a healthy
DNA model (unmutated), different from that present in tumor cells.
Therefore, the variations observed between compounds 16 (high Ky,
absent of selectivity) and 15 (moderate Kp, high selectivity for tumor
cells) are justified considering this aspect and not just variations in mo-
lecular structure.

The values of the correlation coefficients obtained by the graph logKj,
vs. Glsg (Fig. 6) varied in the range of —0.9997 < r < 0.9539, with the
glioma, breast, multiple drug-resistant ovarian, renal, non-small lung,
and ovarian lineages presenting a linear inverse tendency (95% confi-
dence interval). These data suggest that one of the possible mechanisms
of action of these compounds is associated with interaction with DNA as
the main biological target. Finally, these results corroborate studies
already reported in the literature that performed correlation analysis for
antiproliferative activity against human tumor cell lines for f-carboline
derivatives [44], Schiff bases [59], acridines [60], and piperidines [61].

2.5. Theoretical studies of ctDNA interaction with chromene derivatives

In order to corroborate with experimental results, eight docking and
MD simulations were carried out to obtain detailed information about the
interactions of 13-18 derivatives with ctDNA. Molecular docking analysis
revealed that all compounds interacted with the larger ctDNA groove by

non-covalent interactions, showing similar lower energy conformations
(Fig. 7A). After, these conformations were chosen as the initial point for
MD simulations since the DNA remains rigid during docking, and mo-
lecular dynamic provides the native structure of the DNA in a physio-
logical medium, allowing a reorganization of the DNA bases and
improving the spacing between them [61,62].

After 40 ns of simulation, all compounds intercalated between the
DNA base pairs, and the most representative conformations during each
simulation are shown in Fig. 7A. MD revealed modifications in the
conformation, separation of some base pairs, and double helix elongation
of DNA during the simulation due to the 13-18 derivatives between the
DNA base pairs. These deformations in the trajectories of the DNA atoms
can also be seen through the RMSD plots (Fig. 7B). In the first 5 ns of
simulation, it is possible to observe a more significant deviation of the
DNA atoms caused by the change in the mode of interaction of the
compounds. After, the RMSD values decrease and remain stable until the
end of the simulation, demonstrating the stability of the interactions for
all derivatives by intercalation mode. The means of these deviations did
not exceed 0.25 nm, evidencing that the DNA did not denature during the
simulations. The results demonstrated a strong relation between fluo-
rescence quenching assay and theoretical results.

Among the compounds analyzed, derivative 16 showed lower RMSD
values during MD simulation, evidencing higher stability of this inter-
calation mode (Fig. 7C). This result may explain that this compound
presented higher affinity in the biophysical assays, suggesting that DNA
may be the main biological target for cytotoxicity against cancer cell
lines. Finally, all the ligand-DNA complexes were stabilized by inter-
molecular hydrogen bond and van der Waals interactions, corroborating
with negative values of the thermodynamic parameter AS and AH
calculated by molecular fluorescence (Table 4) [52,53].
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Fig. 7. (A) Molecular docking poses (clustering) of the compounds 13-20 interacting with the ctDNA larger groove after docking procedure, and representative frames
of each compound after molecular dynamics simulations, showing that all compounds intercalate into the DNA bases; (B) Root mean square deviation (RMSD) plot for
the DNA residues during 40 ns for each molecular dynamics simulation; and (C) Interaction between 16 and residues DC21, DG22, DG4, and DC3 of ctDNA through
van der Waals interactions, and additional H-bond between DC3 residue and amino groups a length of 2.4 A.

3. Conclusion

Seven from twenty chromenes possessed high potency throughout the
cancer human cell lines tested. In general, the para-position electron-
withdrawing substituents on the phenyl ring are favored towards po-
tency and selectivity for cancer cells. The nucleic acid interaction studies
verified that the evaluated chromenes derivatives interact with the DNA
model and lead to the supramolecular complex formation. In the
exploratory correlation between the binding constants (logKy) and Glsg
values, it was observed that the correlation coefficients were negatives to
U251, MCF7, NCI-ADR/RES, 786-0, NCI-H460, and OVCAR-3, suggest-
ing that the possible preferential mechanism of action of these com-
pounds may be associated with DNA as a biological target. Experimental
biophysical and theoretical studies have suggested that such chromenes
derivatives can interact with DNA preferentially via intercalation.
Finally, the docking and dynamic molecular studies confirmed the
spectroscopic results obtained.

4. Experimental
4.1. Chemistry

4.1.1. General procedures

The reagents were obtained by chemicals suppliers and utilized
without further purification. Solvents were purified by simple distilla-
tion. The reaction progress was monitored by thin-layer chromatography
and by gas chromatography-mass spectrometry (GC-MS) on a Shimadzu
CGMS-QP2010 ULTRA. The melting point was performed on a GEHAKA-
PF1500 apparatus, and the values were not corrected. The NMR spectrum
was obtained on a Bruker AVANCE DPX 200 (200 MHz for 'H, 50 MHz
for 13C). The data were reported as follows: chemical shift multiplicities
[s (singlet), d (doublet), t (triplet), or m (multiplet)] coupling constants

(Hz), integration. The chemical shifts were reported in parts per million
(ppm) relative to tetramethylsilane (TMS) peak for 'H and to residual
solvent peak for 13C. The infrared spectra were recorded as KBr plates by
infrared Fourier transform spectrometry on a Perkin Elmer FTIR RX1
spectrometer 400-4000 em L.

The spectrofluorimetric titrations were carried out in an RF-5301
spectrofluorimeter (Shimadzu, Japan) equipped with a source of Xenon
lamp (150 W) using a quartz cuvette with 10 mm of the optical path. UV
spectra were recorded in AJX-6100PC double beam spectrophotometer
(Micronal S.A., Brazil).

4.1.2. General procedure for the synthesis of chromenes

Chromenes 1-18 were synthesized using the protocol previously re-
ported by our research group [30]. The physical and spectral data for
compounds 1-15 and 16-18 are in excellent agreement with those re-
ported respectively in literature [30,31] (see Supplementary Materials).
Briefly, to a flask, aldehyde (1.0 mmol), malononitrile (1.1 mmol),
ammonium formate (0.2 mmol), and 4 mL of aqueous ethanol (1:1) were
added to a reaction flask. The mixture was magnetically stirred for 20
min at room temperature, then dimedone (I-series) or 4-hydroxycou-
marin (II-series) or a-naphthol (Ill-series) (1.1 mmol) was added to the
mixture and stirred at room temperature for 2 h in cases of I- and II-series
but refluxed for 3 h in case of III-series to complete the conversion. The
precipitate formed during the reaction was filtered, washed with cold
aqueous ethanol to obtain the crude product. Chromenes 1-18 were
purified by recrystallization from aqueous ethanol.

4.1.3. General procedure to compounds 19 and 20

To a solution of the respective nitro compound (250 mg, 0.725 mmol)
in ethanol (50 mL) were added hydrazine hydrate (1.5 mL, 80% solution
in water) and a catalytic amount of 10% palladium on activated charcoal.
The reaction was kept under magnetic stirring at 80 °C for 20 min. After
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this period, the catalyst was removed by filtration in celite, and the
filtrate was evaporated under reduced pressure. To the residue were
added 30 mL of dichloromethane and 30 mL of water. The organic layer
was extracted and dried over anhydrous magnesium sulfate. After
removing the solvent, the crude product was obtained as a solid in 99%
yield.

2-Amino-4-(4-aminophenyl)-4H-benzo[h]chromene-3-carbonitrile
(19): Mp: 217.5-218.2 °C. IR (KBr, cmfl): 3476, 3452, 3388, 3326,
3192, 3052, 3014, 2878, 2372, 2194, 1652, 1634, 1604, 1574, 1514,
1400, 1374, 1290, 1262, 1184, 1176, 1100, 1020, 792, 768, 746. H
NMR (200 MHz, DMSO-dg): 8.24 (d, J = 7.9 Hz, 1H), 7.88 (d, J = 7.6 Hz,
1H), 7.71-7.46 (m, 3H), 7.23-7.01 (m, 3H), 6.91 (d, J = 8.1 Hz, 2H), 6.52
(d, J = 8.1 Hz, 2H), 5,02 (s, 2H); 4,69 (s, 1H). *C NMR (50 MHz,
DMSO-dg): 159.9, 147.5, 142.5, 133.0, 132.5, 128.2, 127.6, 126.5,
126.4,123.6,122.8,120.7, 120.6, 118.8, 114.0, 57.1, 40.2. HRMS (ESI,
IT-TOF) calculated for CooH16N3O™: 314.1288 Da; found: m/z 314.1294.

2-Amino-4-(3-aminophenyl)-4H-benzo[h]chromene-3-carbonitrile
(20): Mp: 132.2-134.7 °C. IR (KBr, cmfl): 3452, 3386, 3324, 3052,
3014, 2876, 2366, 2194, 1654, 1632, 1604, 1574, 1514, 1400, 1374,
1290, 1262, 1176, 1100, 1020, 792, 768, 562. 'H NMR (200 MHz,
DMSO-dg): 8.24 (d, J = 7.9 Hz, 1H), 7.89 (d, J = 7.5 Hz, 1H), 7.72-7.46
(m, 3H), 7.18-7.03 (m, 3H), 6.95 (t, J = 7.5 Hz, 1H), 6.53-6.34 (m, 3H),
5.05 (s, 2H), 4.68 (s, 1H). '3C NMR (50 MHz, DMSO-ds): 160.0, 149.0,
146.4, 142.6, 132.6, 129.0, 127.6, 126.6, 126.5, 126.3, 123.7, 122.8,
120.6, 118.2, 115.3, 1129, 112.7, 56.6, 41.2. HRMS (ESI, IT-TOF)
calculated for CooH;N30™: 314.1288; found: m/z 314.1285.

4.1.4. Single crystal structure determination

The selected single crystal of compounds 19 and 20 were mounted
and aligned on a x-goniostat before exposition to graphite-
monochromated X-ray beam from Mo (Ka, A = 0.71073 A). An Enraf-
Nonius Kappa-CCD diffractometer equipped with a CCD camera was
used in the room temperature X-ray diffraction data collect upon ¢ and ®
scans and « offsets. The crystallographic softwares were used as follows:
COLLECT (X-ray diffraction experiment monitoring) [63], HKL
Denzo-Scalepack package of softwares (indexing, integration, and scaling
of raw data) [64], SIR2004 (structure solving) [65], SHELXL-2018
(structure refinement) [66], and ORTEP (structure analysis and graph-
ical representations) [32]. The structure was solved using the direct
methods of phase retrieval wherein all non-hydrogen atoms were directly
located from the Fourier synthesis map. The early solved model was
refined by the full-matrix least-squares method based on F2 with free
anisotropic and fixed isotropic atomic displacement parameters for
non-hydrogen and hydrogen atoms. The isotropic atomic displacement
parameters of hydrogens were 20% greater than the equivalent isotropic
parameter of the bonded atom. Concerning the positions of hydrogens,
bond distances were stereochemically constrained according to the
riding model with lengths of 0.93 A (Cfp—H), 0.98 A (c;”pr), or 0.86 A
(N-H, even though the positions of these hydrogens were first correctly
identified in the difference Fourier map before constraining them).

4.2. Biological activities

4.2.1. Antiproliferative assay

Human tumor U251 (glioma), MCF-7 (breast), NCI-ADR/RES
(adriamycin-resistant ovarian), 786-0 (kidney), NCI-H460 (lung, non-
small cells), PC-3 (prostate), OVCAR-3 (ovarian adenocarcinoma), K-
562 (chronic myelogenous leukemia) cell lines as well as the standard
HaCaT (keratinocyte) line were kindly provided by the Frederick Cancer
Research & Development Center, National Cancer Institute, Frederick,
MA, USA. Stock cultures were grown in RPMI 1640 (Gibco BRL, Life
Technologies) supplemented with 5% of fetal bovine serum (FBS),
penicillin (final concentration 1 mg mL™!), and streptomycin (final
concentration 200 U mL ™) [67-69]. Cells were plated in 96-well plates
(100 pL cells/well) and exposed to compounds 1-20 (0.25-250 pg mL ™)
for 48 h at 37 °C in an atmosphere of 5% CO,. Then, the cells were fixed
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with 50% trichloroacetic acid and subjected to a sulforhodamine B assay
for cell proliferation quantitation at 540 nm [70]. The GlIsq values of the
compounds were determined using a non-linear regression analysis using
the Origin 7.5 software (OriginLab Corporation). Doxorubicin (DOX) was
used as a reference drug, and the results presented are from two inde-
pendent experiments, each performed in triplicate.

4.3. Biophysical of ctDNA interaction with chromene derivatives

4.3.1. Reagents and solutions

To prepare the ctDNA solution (Calf thymus, Sigma), was weighed
between 1 and 2 mg of nucleic acid and solubilized in 2.0 mL of Tris-HCI
buffer (10 mM, pH = 7.20 + 0.10), under stirring for 24 h, and then, the
stock solution was stored at 4 °C. Using UV-vis was determined the
concentration of the ctDNA in the stock solution at 260 nm (e3¢0 = 6600
M em ! at 25 °C) [71]. The DNA purity was assessed based on the
absorbance ratio at 260 and 280 nm, and the value obtained between 1.8
and 2.0 indicates the purity of nucleic acid (protein-free) [72]. The
evaluated chromene derivatives (13-20) were prepared by weighing 1.0
mg of the compounds and solubilizing them in DMSO; the subsequent
dilutions were performed in Tris-HCI buffer. Other reagents used in the
assays were of analytical grade with a purity minimum of 98%. Ultrapure
water (18.2 MQ cm 1) was used in all the experiments to prepare the
solutions (Gehaka, Brazil).

4.3.2. Procedures

In the spectrofluorimetric titration studies, the chromenes' concen-
tration was kept constant (10 pM) and increasing amounts of ctDNA were
added (10-400 pM). The UV-Vis spectroscopy assays measured the
spectra of free compounds (10 pM), binding to the ctDNA (100 pM) and
free macromolecules. When necessary, a mathematical correction of the
signals was performed to correct the internal filter effect [38]. Also, a
stock solution of KI 0.2 M was used to evaluate the competitive binding
mode, while methylene blue (MB) was 50 pM. Fluorescence measure-
ments with MB were performed in synchronized mode, with AA = 40 nm.

4.4. Theoretical studies of ctDNA interaction with chromene derivatives

The dodecamer structure was taken from Protein Data Bank (PDB
entry: 1BNA) [73]. The simulated compounds 13-18 were constructed
and optimized using the Marvin® software and the Dock prep module of
the USCF Chimera® program [74,75]. A blind docking was performed
using Autodock Vina® [76] to identify a potential active site in the DNA
structure. After the docking procedure, the lower energy conformation
for each molecule was chosen as the initial conformation for the mo-
lecular dynamics (MD) simulations. The MD was performed using
GROMACS® MD package [77]. The PARMBSC1 force field was applied to
the DNA. The GROMOS 54A7 force field was added to the ligands using
Automated Topology Builder (ATB) and Repository Version 3.0 [78]. In
the first stage, the ligands and DNA structure were fixed in a 1.0-nm box
octahedron, and water molecules and ions at 0.15 M were added to the
system were minimized by the 10,000 steps by the conjugate gradient
method. In the second step, the entire system was minimized by 20.000
steps. Then, a slow constant volume heating (NVT) up to 300 K in 1 ns
was performed with a time interval of 2 fs. The system density was
equilibrated under constant pressure and temperature (NPT) conditions
during 1 ns. Finally, the simulation was performed at 40 ns. The MD
analysis module of the UCSF Chimera was used to group the most
important and predominant conformations into the system. The pose
interactions of each ligand in the simulations were visualized by UCSF
Chimera and VMD softwares [79]. All RMSD charts were generated by
Xmgrace® software [80].
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