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Abstract

In the pursuit of new compounds for co-treatment to enhance the anticancer efficacy of cisplatin
against lung adenocarcinoma, a series of chalcone-tethered 1,3,5-triazines was designed and
synthesized. MTT assay was used to evaluate the anticancer activity of the combinations in which
two hybrids 10 and 12 were found to significantly inhibit A549 cancer cells viability and their I1Cs
values were 24.5 and 17 uM, respectively in reference to cisplatin (IC5o=21.5 uM). The combined
effect of cisplatin with each of 10 and 12 was analyzed according to Chou-Talalay method against
both A549 and normal human fibroblast cells. Mechanistic studies employing MALDI-TOF MS
and fluorescence spectroscopy using Evagreen probe inferred that 10 and 12 induced DNA double
strand breaks in contrast to cisplatin which induces DNA interstrand cross-links. Also, DNA
damage kinetics study demonstrated the difference in the rate of DNA damage induced by both 10
and 12 alone and in combination with cisplatin. Further Annexin V-FITC/propidium iodide dual
staining assay provided evidence that 10 and 12 induced apoptosis via different pattern to cisplatin
and their combination with cisplatin promoted more cells to enter late apoptosis and necrosis.
Molecular docking of 10 and 12 in the active pocket of DNA dodecamer displayed their binding
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modes with higher number of stable hydrogen bond donor as well as n-H interactions in reference
to the original ligand.

Keywords: 1,3,5-Triazinyl chalcones; Cytotoxicity; DNA damage; Molecular Docking;
Apoptosis

1. Introduction

Cancer is the second most deadly disease worldwide. The recent advances in cancer research
revealed cancer to be a disease characterized by dysfunction in the cell cycle mechanisms with
uncontrolled cell proliferation and migration [1]. Recent statistics reported 9.6 million deaths, out
of which, lung cancer accounted for nearly 2 million death cases. Lung cancer is now accepted as
the most fatal type of malignancies globally, particularly non-small cell lung cancer (NSCLC)
constituting 80-90 % of lung cancer cases [2].

Conventional methods for cancer treatment include surgery, radiotherapy and chemotherapy; in
which targeted chemotherapy has proven effectiveness in the treatment of various cancer types
and its ability to combat cancer cells resistance [3]. Chemotherapeutic agents targeting the DNA
constitute one of the most efficient classes of anticancer drugs that possess adequate clinical use
and provide enhanced patients’ survival rates either used solely or in combination with other drugs
[4]. Cisplatin is one of the effective anticancer agents usually directed in the treatment of a number
of solid tumors including ovarian, cervical, bladder and NSCLC carcinomas [5-7]. Water
solubility and the planar geometry of cisplatin facilitates its incorporation into the DNA double
strands forming interstrand cross links [8]. This causes toxic DNA lesions and inhibits DNA strand
separation thus halts DNA replication leading to apoptosis. However, cisplatin’s clinical use as
mono-chemotherapeutic agent suffers limitations due to its nephrotoxicity and adverse side effects
towards normal cells [9,10]. Cisplatin’s efficacy is diminished by the increasing emergence of
resistance that occurs through several ways like decreased drug uptake by cancer cells, drug
detoxification by elevated levels of intracellular glutathiones and increased cellular repair of
cisplatin-damaged DNA [11]. In an attempt to circumvent the single-use drawbacks of cisplatin,
combination therapy with other anticancer drugs has been widely applied for enhancing the
anticancer efficacy and limiting cisplatin’s therapeutic dose while decreasing the toxic side effects
and overcoming the induced drug resistance [12]. This concept of combination therapy, also
known as cocktail therapy, is considered the cornerstone in cancer treatment [13]. Some reported
successful combinations include synergistic treatment of cisplatin with anticancer drugs as
doxorubicin [14], gemcitabine [ 15] and paclitaxel [16]. Other efficient cisplatin combinations were
reported with antitumor compounds of natural origin as triptolide [6], osthole [17], quercetin [18]
and curcumin [19]. Moreover, caffeine, although itself does not possess antiproliferative activity,
but has shown to enhance the anticancer properties of cisplatin in combination by inhibiting
essential proteins involved in the repair of cisplatin-DNA induced damage [20]. The same case
was observed with dipyridamole (DPM), a coronary vasodilator, which has proven to



synergistically enhance the cytotoxicity of cisplatin against cisplatin-sensitive human ovarian
carcinoma cells by increasing the cellular uptake of cisplatin in a concentration dependent manner
[21].

Combination of cisplatin with anticancer small molecule heterocyclic compounds is discussed in
the literature [22-25]. From the interesting small molecule heterocyclic scaffolds, 1,3,5-triazines
have been intensely studied for their significant wide range of biological activities, especially their
anticancer properties [26]. Examples of reported 1,3,5-triazines anticancer drugs include;
Altretamine (Hexalen®), I [27], Decitabine (Dacogen®), II [28], and Azacitidine (Vidaza®), 111
[29] that are employed in the treatment of ovarian cancer, acute myeloid leukemia (AML) and
myelodysplastic syndrome (MDS), respectively. Also, there are several anticancer 1,3,5-triazines
that have reached phase III clinical trials such as BKM-120, IV [30], ZSTK474, V [31] and
BMCL-200908069-1, VI [32] that proved efficacy against different cancer cell lines (Fig. 1). The
wide interest in the 1,3,5-triazine core has led to synthesis of a large number of derivatives with
promising anticancer activities (Fig. 2, A) [32-36].

Chalcones, on the other hand, are privileged scaffolds known for their promising diverse biological
activities of which the anticancer properties are gaining much attention. The ease of preparation
of chalcones make them an appealing synthetic precursor and pharmacologic scaffold [37]. It is
believed that chalcones exert their anticancer effect as DNA interactive agents by integration
between DNA strands via Van der Waal and n-stacking interactions of the chalcone aromatic ring.
While the ¢ f-unsaturated carbonyl system provides additional electrostatic hydrogen bond
interactions with DNA bases [38]. Furthermore, chalcones are reported to induce apoptosis in
cancerous cells [39—41]. As a result, many chalcone based compounds have been reported over
the last decade as promising anticancer agents (Fig. 2,B) [38,42—47]. Of interest, chalcone-based
1,3,5-triazines have proved to possess valuable anticancer activities [48] but are seldom discussed
in the scientific literature. Thus, much attention needs to be paid on the design of new and efficient
1,3,5-triazinyl-chalcone hybrids.
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Fig. 1. Anticancer 1,3,5-triazine drugs (I-III) and 1,3,5-triazine derivatives in phase III clinical
trials(IV-VI).
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Fig. 2. (A) Some reported anticancer 1,3,5-triazine derivatives, (B) Anticancer chalcone-based compounds, (C) A reported anticancer
1,3,5-triazinyl chalcone hybrid with Glso = 1.60-15.20 uM in the full panel cell line screening of the US National Cancer Institute (NCI)



2. Rationale and design

Therefore, in continuation of our research efforts in the design and synthesis of novel antitumor
agents through DNA binding [49], as well as our chemical interest in the 1,3,5-triazine scaffold
[50-52] and prompted by the proven anticancer activities of previously reported 1,3,5-triazines
[26,34,35,53,54] and chalcone-based compounds [37,38,40,55,56], we, herein, report the design
and synthesis of new chalcone-tethered 1,3,5-triazines. We employed compound XXII (Fig. 2,C),
which is a molecular hybrid between 1,3,5-triazines core and chalcone motif, as our lead
compound as it exhibited promising anticancer activities with Gls, values in the range 1.60-15.20
uM in the full panel cell line screening of the US National Cancer Institute (NCI) [48]. A structural
optimization strategy of the lead XXIV was conducted (Fig. 3), where the two ethanolamine side
chains attached to 1,3,5-triazine ring were substituted to afford four a-amino acid residues namely,
glycine, iminodiacetic acid, L-valine and L-phenylalanine. These amino acids are reported to
possess promising antitumor activities and found in the structures of a number of anticancer agents
[57-59]. While, the trifluoromethyl phenyl ring of the chalcone side chain in XXIV was changed
to phenyl and p-chlorophenyl rings as in chalcones XXII and XXIII [47]. Primary screening of
the antitumor activities of the new compounds is performed against A549 non-small cell lung
cancer cell line to select the promising derivatives to be further assessed in combination with
cisplatin in order to explore their contributing role in the potential enhancement of the anticancer
activity of cisplatin. In addition, molecular recognition studies underlying the possible mechanism
of anticancer effect of the active compounds alone and in combination with cisplatin are

conducted.
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Fig. 3. Design strategy of the target 1,3,5-triazinyl chalcone hybrids through structural
optimization of the lead compound XXIV.




3. Results and discussion
3.1. Chemistry

The starting compound, 1-(4-((4,6-dichloro-1,3,5-triazin-2-yl)amino)phenyl)ethan-1-one 3 was
initially synthesized (Scheme 1) by reaction of 2.4,6-trichloro-1,3,5-triazine 1 with 4-
aminoacetophenone 2 following the previously reported procedure [48]. Compound 3 was
subsequently allowed to react with two equivalent of the appropriate a-amino acid 4 in alkaline
medium to  produce the  corresponding  4-(N-(4,6-di-o-aminoacid-1,3,5-triazin-2-
yl)amino)acetophenone derivatives 5a-d. IR spectra of 5a-d confirmed the presence of carboxylic
OH, NH and C=0 functionalities. While, 'H NMR spectra of 5a-d displayed three signals
corresponding to the acetophenone moiety, one singlet and two multiplets, at chemical shift ranges
2.47-2.48, 7.72-7.99 and 9.25-9.47 ppm corresponding to methyl, aromatic and N-H protons,
respectively. In addition, 'TH NMR spectra displayed signals corresponding to methylene or a-CH
protons of the reacting amino acids at their expected chemical shifts range 3.91-4.60 ppm.
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Scheme 1. Synthesis of the new trisubstituted 1,3,5-triazine precursors (5a-d) and target 1,3,5-
triazinyl chalcone hybrids (7-14). Reagents and conditions: (i) Na,CO;, 1,4-dioxane, stir 3 h,



0°C; (ii) (a) Na,COs, 1,4-dioxane/water, reflux 12 h, (b) 2N HCI; (iii) (a) KOH/ ethanol, stir
overnight, rt, (b) IN HCI.

Furthermore, in *C-NMR spectra of compounds 5a-d, methyl, aromatic and carbonyl carbons of
acetophenone moiety appeared at chemical shift ranges 26.82-26.86, 116.37-145.78 and 196.85-
197.00 ppm, respectively. While, the triazinyl carbons showed three peaks at chemical shift range
164.00-166.41 ppm, indicating that the three carbons are non-equivalent [60,61]. This observation
denotes that C, and C, of the triazine ring possess no plane of symmetry. Taking compound 5c¢, as
a prototype, two possible conformers (A and B) could possibly exist (Fig. 4), where the HPLC
chromatogram of Sc revealed two peaks in the ratio 93.8%: 6.2%. Therefore, it was of interest to
model 5c¢ using molecular mechanics MM2 calculations. Quantum chemical calculations were
carried out with the GAUSSIAN 98 suite of programs. Geometry optimizations were carried out
using the DFT level (B3LYP/6-31G**) of theory to assess the relative stability of the different
conformers. The calculated relative energies of conformers A and B of compound 5¢ were -
1825.99912865 au and -1825.99663867 au, respectively. The computed energies indicated the
stability of conformer A over conformer B by 0.00249 au (1.5625 kcal/mol).

5¢, conformer A 5c¢, conformer B

(More stable)

Fig. 4. The expected conformers A and B of compound Se

Claisen-Schmidt condensation of compounds Sa-d with the selected aromatic aldehydes 6a,b
furnished the corresponding target 1,3,5-triazinyl chalcones 7-14 in moderate yields. Their 'H
NMR spectra of compounds 7-14 revealed two doublets attributed to ethylene protons of the a,f-
unsaturated moiety confirming the complete formation of the chalcone motif. The coupling
constant (°J value) of these ethylene protons was found to be in the range 13.8-15.3 Hz
corroborating the FE-configuration around carbon-carbon double bond [62]. Structural
characterization of all new compounds was done applying FT-IR, 'H and 13C NMR as well as
elemental analyses. In addition, HPLC analysis was performed for compound 12, which showed
two peaks in the ratio (92.1%: 7.9%), confirming the presence of two conformers of the E-isomer.
Molecular mechanics MM2 calculations and quantum chemical calculations gave the relative
stability of the different conformers. The calculated relative energies of conformers A and B of



compound 12 were found to be -2554.62199712 au and -2554.62155883 au, respectively (Fig. 5).
The computed energies indicated the stability of conformer A over conformer B by 0.00044 au
(0.275 kcal/mol).

12, conformer A 12, conformer B
(More Stable)

Fig. 5. The two possible conformers of the E-isomer of compound 12.

3.2. Biological evaluation
3.2.1. Antitumor and Cytotoxicity determination using MTT assay

As a preliminary step before assessing the combined effect of cisplatin with the test compounds,
antitumor evaluation of Sa-d and 7-14 expressed as percent cell viability was performed at a single
high concentration of 500 uM using MTT tetrazolium dye assay [63] against human NSCLC A549
with DMSO treated cultures as control. Surprisingly, although usually high drug doses are
expected to produce more cancer cell killing, the recorded percent cell viability indicated that
almost all compounds displayed moderate to weak antitumor activities (Fig. 6 A). A possible
explanation for this observation could be referenced to the different compensatory mechanisms
the cells possess to evade the cellular damage caused by immediate high drug doses, the case which
cancer cells consider high intracellular stress condition. Whereas low drug doses would be
beneficial in exerting the required antitumor activity [64]. We then continued to examine whether
the test compounds influenced the antitumor activity of cisplatin in combination. For each
experiment, a concentration of 10 pg/mL of cisplatin was employed to record the control response.
Combined application of the test compounds with cisplatin caused a significant reduction in A549
cancer cells viability (< 50% reduction, p <0.05) observed with the target 1,3,5-triazinyl chalcones
10 and 12 compared to their monotherapy indicating potentiated cytotoxicity (Fig. 6 B). Thereafter
re-evaluation of the antitumor effect of compounds 10 and 12 was performed but using lower
doses to calculate the half maximal inhibitory concentration (ICs,) of both 10 and 12 which was
found to be 24.5 and 17 uM, respectively, in comparison to cisplatin (ICso = 21.5 uM) (Fig. 7).
The cytotoxicities of 10 and 12 were determined on normal human fibroblast cells isolated from
the gingiva and their cytotoxicity (CCsg) values were found to be > 30 uM.
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Fig. 7. Sigmoidal dose-response curve-fitting graphs to determine ICs, of (a) cisplatin (21.5 uM),
(b) compound 10 (24.5 uM) (¢) compound 12 (17 uM) against A549 lung adenocarcinoma cancer
cells using MTT assay. Cisplatin was used at concentrations of 3.33 uM, 6.66 uM, 13.32 uM,
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17.6 uM, and 35.27 uM; and compound 12 was used at concentrations of 1.51 uM, 3.02 uM, 6.03
uM, 15.08 uM, and 30.16 pM.
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3.2.2. Combined effect of 10 and 12 on cisplatin’s antitumor and cytotoxic activities in A549 cells
and normal human fibroblast cells

In order to investigate how compounds 10 and 12 enhance the antitumor activity of cisplatin
against A549 cells either by synergism or additivity, we herein treated A549 cells with constant
ratio of equipotent concentrations of cisplatin and 10 or 12, respectively. Serial dilutions were
evaluated to determine the combined effect of cisplatin with 10 and 12. The combination index
(CI) used in this study was determined according to Chou-Talalay method using CompuSyn
software[65,66]. CI values close to 1 indicate that the interaction is additive; values less than 1
indicate synergistic interaction; while values greater than 1 represent antagonistic interaction.
From the obtained results (Table 1 and Figure 8), the combination of cisplatin at a concentration
of 10.75 pM with compound 10 at a concentration of 12.25 uM had CI of 1.035. While the
equipotent binary combination of cisplatin (10.75 uM) and compound 12 (8.5 uM) had CI of
1.042. At these concentrations, the affected fraction (fa) was 0.5. The calculated values of CI of
both combinations suggest an additive effect. Moreover, the dose reduction index (DRI), which is
a measure of the fold reduction of the dose of each compound used in the combination at a given
fractional inhibition compared with the doses of each compound alone was calculated. Where, DRI
> 1 indicates favorable dose reduction, DRI < 1 indicates unfavorable dose reduction and finally
DRI = 1 indicates absence of dose reduction. The equipotent combinations of cisplatin with
compounds 10 and 12 at the mentioned assessed concentrations had DRI values in the range 1.79-
2.06, implying that approximately two-fold reduction in the doses of cisplatin, 10 and 12 would
be favored to attain the required additive effect. In view of these results, both compounds 10 and
12 were further investigated to reveal their underlying mechanism of action by which they
potentiate cisplatin’s antitumor activity. In order to test whether compounds 10 or 12 have any
chemoprotective activity on normal cells, equipotent drug combinations were used to treat normal
human fibroblast cells for 48 h before measuring their cytotoxicity. Combination analysis using
CompuSyn Software revealed that at fa of 0.5, combining cisplatin with compound 10 had CI of
1.13, whereas combination of cisplatin with compound 12 had CI of 3.8 which suggests an
antagonistic effect. This shows that the behavior of both compounds and their combinations is
different on cancer cells than normal cells. Further future investigation would be of interest to

explore this differential behavior.
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Table 1. Data summary of Chou-Talalay method parameters of binary combinations of cisplatin with compounds 10 and 12, respectively
against A549 lung adenocarcinoma cells after 48 h treatment.

Combination treatment fa? mP D,¢ rd CI¢ DRI Cisplatin DRI10 DRI12
Cisplatin (10.75 uM) + 10 (12.25 uM) 0.5 0.29248 +/- 0.00172  23.0541 0.99998 1.0354 1.95528 1.91744
Cisplatin (10.75 uM) + 12 (8.5 uM) 0.52 0.59659 +/- 0.24045  20.6822 0.9275 1.04286 1.79213 2.06244

afa: affected fraction; m: sigmoidicity coefficient; °Dm: median effect dose; 9 linear correlation coefficient; °CI: combination index defines
synergistic effect (CI <1), additive effect (CI =1) and antagonistic effect (CI >1).
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Fig. 8. The dose-effect curves of the single compounds 10, 12, cisplatin and their binary
combination after 48 h treatment.

3.2.3. DNA binding studies of 10 and 12

3.2.3.1.Analysis of DNA damage by MALDI-TOF mass spectrometry

MALDI-TOF MS analysis [67] was studied in reference to the earlier reported MALDI-TOF MS
analysis of cisplatin [68]. Initially, the spectrum of a solution of the synthetic double-stranded
DNA(dsDNA) sequence, 5’— GTC GCA CGG CAC GGA TAG GTA - 3’, 3>-CAG CGT GCC
GTG CCT ATC CAT- 5’ was recorded alone (Fig. 9a) where signals at m/z ~ 6,438 and 3214 are
the molecular ions of the intact dsDNA and the single-stranded DNA (ssDNA) forming the
dsDNA, respectively with no other significant peaks detected.

Incubation of DNA solution (50 pM) with 10 (500 uM) for 24 h, showed fragments at smaller m/z
727, 1004, 1131 and 1176 (Fig. 9b). This indicates that the dsDNA is completely damaged through
formation of strand breaks with appearance of molecular ions at shorter m/z values than the intact
dsDNA. While solutions of the DNA incubated with (10+cisplatin) combination for 24 h, (Fig.
9¢) similarly displayed complete disappearance of the molecular ion peak of DNA at m/z~6,438
and 3214 with the appearance of the same smaller m/z fragments as the solution of DNA incubated
with 10 alone but at higher intensities indicating that more DNA damage has been induced. While
after 24 h incubation of DNA solution (50 uM) with 12 (500 uM), the molecular ion peak of the
intact DNA at m/z~6,438 and 3214 (Fig. 9a) completely disappeared with appearance of fragments

13



at smaller m/z 655, 825, 1049, 1198, 1322 and 1365 (Fig. 9d). Also, upon 24 h incubation of
(12+cisplatin) combination with DNA (Fig. 9e) showed a pattern similar to the solution of DNA
with 12 alone. The insets in Figure 9 focus on the spectra in the region 600-2000 to show the
peaks produced upon the reaction of DNA with the test compounds 10 and 12 and that of DNA
with (10+cisplatin) and (12+cisplatin) combination.

It is clear from the spectra in Figure 9 that no peaks appeared at m/z greater than that of the
molecular ion peak of the DNA. This indicates that there is neither covalent modification nor
intercalation binding between the studied test compounds and DNA. Instead, the mass spectra after
24 h incubation with both compounds in absence and presence of cisplatin showed the absence of
the molecular ion peak of DNA with appearance of other peaks at smaller m/z, hence the formation
of smaller DNA fragments, indicating that the DNA predominant damaging effect of both 10 and
12 is likely due to the induced DNA double and single strand breaks. Moreover, the interaction of
10 and 12 with DNA resulted in the formation of peaks with different m/z values. This indicates
that the site of interaction of 10 with DNA differs from that of 12.

(b)
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Fig. 9. MALDI-TOF MS after 24 h incubation of (a) the synthetic dsDNA (50 uM) sequence
alone, where the signals at m/z 6,438 and 3214 are the molecular ion peaks of the DNA sequence,
(b) in presence of (10+dsDNA), (¢) in presence of (10+cisplatin+dsDNA), (d) in presence of
(12+dsDNA), (e) in presence of (12+cisplatin+dsDNA). Compounds 10 and 12 were used at 500
UM concentration while cisplatin’s concentration was 10 pg/ml.

3.2.3.2. Fluorescence emission studies

Fluorescent DNA probes is another valuable methodology that has been widely used for the
detection and quantification of DNA modifications due to binding to small molecules using
different probes [69-73]. Of interest, EvaGreen (EG) fluorescent probe shows high sensitivity and
selectivity to various DNA modifications [74]. EvaGreen (EG) is formed of two monomers
connected to each other with a flexible linker. In presence of dsDNA, the closed loop conformation
of EG opens where the two monomers are separated and bind to the dsDNA causing maximum
fluorescence. While in case of DNA damage, disruptions to the normal base pairing affects EG
binding to the DNA which result in a decrease in EG fluorescence. In this study, EG is selected to
detect the DNA structural changes caused by our test compounds 10 and 12 after incubation with
the DNA in absence and presence of cisplatin. The kinetics of the interactions detected by the
change in EG fluorescence is also investigated fosr dsDNA solution alone and compared with that
of solutions of (10+dsDNA) and (12+dsDNA) mixtures and solutions of (10+cisplatin+dsDNA)
and (12-+cisplatin+dsDNA) mixtures (Fig. 10). The fluorescence intensity was recorded every
minute over a period of 24 h in order to precisely characterize the EG fluorescence changes and
the structural changes in the DNA that these mixtures reflect.

EG fluorescence of dsDNA solution alone showed constant maximum fluorescence throughout the
24 h incubation time of the experiment. This indicates that the dsDNA is intact without any
disruption in the double helical structure of the DNA. While for solution of (10+dsDNA), the EG
fluorescence shows an initial decrease in fluorescence than that of the intact DNA solution. This
indicates that immediately after addition of 10 to dsDNA solution, immediate disruption of the
DNA structure occurred. Furthermore, the fluorescence intensity decreases gradually and
exponentially with increasing incubation time until the fluorescence reaches its minimum intensity
after ~200 min incubation. This gradual decrease in fluorescence with time is likey due to the
dsDNA damage induced by 10, which leads to decomplexation of EG with a consequent decrease
in fluorescence emission. After 200 min incubation, the fluorescence intensity of the (10+dsDNA)
mixture remains constant until the end of the 24 h measurements, which indicates that all the EG
is completely detached from the damaged DNA and maximum damage has been attained.
Moreover, (10+cisplatin+dsDNA) mixture revealed an initial decrease in the EG fluorescence
even lower than that caused by (10+dsDNA) mixture which continues to decrease with increasing
the incubation time until it reaches its minimum value after ~100 min incubation after which the
fluorescence remains constant at minimum fluorescence till the end of the experiment. Such results
indicate that more DNA damage with faster damage kinetics in detected in case of
(10+cisplatin+dsDNA) mixture (Fig. 10a).
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Similarly, the fluorescence intensity of (12+dsDNA) mixture displayed an initial decrease in the
EG fluorescence after immediate addition of 12 to DNA which further decreased gradually and
exponentially with incubation time until reaching its minimum after~100 min incubation, after
which it remained constant at minimum fluorescence until the end of the 24 h measurements . Also,
(12+cisplatin+dsDNA) mixture caused an initial decrease in EG fluorescence showing faster
damage kinetics than (12+dsDNA) mixture (Fig. 10b).

Fluorescence bensiy (310 "cp.s)
Fluorescence ntensty (10 cps)

Tirne {min Tirne {min

Fig. 10. EG fluorescence intensity in c.p.s. (counts per second) of the dSDNA-EG complex as a
function of incubation time with (a) compound 10 (10 uM) (b) compound 12 (10 pM), in presence
(blue line) and absence (red line) of cisplatin (5 pM). EG fluorescence of the DNA (0.2 uM) alone
(black line) is also shown. The excitation wavelength is 490 nm and the emission wavelength is
530 nm.

In order to compare the kinetics of the decrease in EG fluorescence induced by the two test
compounds 10 and 12 in presence and absence of cisplatin, the fluorescence plots (Fig. 10) were
fit to a single exponential function: IF = [F0 + Ae —t/7 where, I is the fluorescence intensity
at time ¢, Ir is the fluorescence intensity at time 0, 4 is the amplitude, and e*7 is the exponential
decay withz representing the damage constant. This fit allows us to determine the rate of decrease
in fluorescence intensity with incubation time. All exponential fits to the rate of DNA damage
induced by the studied compounds are presented in Table 2. The faster the decrease in the
fluorescence intensity with time, the smaller the damage constants (7) obtained from the
exponential fits and the faster the rate of DNA damage induced by the test compound. Results
shown in Figure 10 and Table 2 indicate that both 10 and 12 have different damage kinetics. Also,
the combination of compounds 10 and 12 with cisplatin caused a pronounced decrease in the
damage constant, reflecting the greater rate of DNA induced damage. Results obtained from the
EG fluorescence emission spectrophotometry perfectly matches those obtained from the MALDI-
TOF experiment and confirms that both 10 and 12 have different modes of DNA interactions. In
both investigations, the combination of 10 and 12 with cisplatin show enhanced DNA damaging
effects which would interpret their observed potentiated cytotoxicity.
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Table 2. EvaGreen fluorescence curve fitting parameters showing the effect of compounds 10
and 12 at 10 uM concentration each on the damage induced in the dsDNA sequence in absence
and presence of cisplatin (5 uM).

Damage
kinetics 10+dsDNA 10+cisplatin+dsDNA 12+dsDNA 12+cisplatin+dsDNA
parameters
I (c.p.s.) 1.18 £ 0.08x10° 478 £0.01x10° 9.98 £0.02x10° 4.54 + 0.08x10°
A (c.ps.) 9.5+0.1x10° 7.7 +£0.02x10° 4.86 £0.02x10° 3.93 £0.13x10°¢
T (min) 1991 £0.32 11.68 = 0.04 17.54 £ 0.13 15.04 £ 0.72

3.2.3.3. Probing DNA damage using calf thymus DNA

The potency of our studied compounds 10 and 12 regarding the induction of DNA damage was
assessed by examining their effect on natural calf thymus DNA (ctDNA) in absence and presence
of cisplatin. Different concentrations (0 — 100 pM) of each compound was mixed separately with
ctDNA. The fluorescence of each concentration was measured after adding EG. Figure 11 presents
the fluorescence intensity versus the concentration of each compound. At zero concentration of
each compound, maximum fluorescence was recorded indicating that the ctDNA is intact and
undamaged. Increasing the compounds concentration led to a gradual decrease in the fluorescence
intensity as more DNA damage is induced until reaching a concentration in the range of 5 - 10 uM
of each of the studied compounds alone and with cisplatin (10 uM) after which no further decrease
in fluorescence occurred indicating maximum damage attained. The quantification parameters of
the DNA damage (Table 3) induced by the studied compounds alone and in presence of cisplatin
were obtained from data of Figure 11 where the insets represent the linear region in each plot. The
linearity was studied to estimate the minimum concentration of each compound that caused DNA
damage (LOD). LOD values obtained for the four mixtures indicated that combination of cisplatin
with 10 and 12 showed better results than each test compound alone, where a concentration as low
as 10 nM of compound 10 and 37 nM of compound 12 in presence of cisplatin is enough to cause
detectable damage to the ctDNA.
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Fig. 11. Calibration curves of DNA damage formed upon incubation of ctDNA (0.01 uM) as a
function of (a) the concentration of compound 10 alone (b) 10 uM of cisplatin in presence of 10
(¢) compound 12 alone (d) 10 uM of cisplatin in presence of 12. The insets show the fit to the
linear portions of the calibration curves.

Table 3: Analytical parameters for the fluorescence measurements of the studied compounds 10
and 12 with ctDNA mixtures in absence and presence of 10 uM cisplatin.

10+Cisplatin 12+Cisplatin

Parameter 10+dsDNA dsD‘fV " 12¢dsDNA dsD‘; N
Linear dynamic range (LM) 1.0-6.0 1.0 -10.0 1.0-6.0 1.0-5.0
Correlation coefficient (r) 0.991 0.998 0.976 0.977
Intercept (a) 7.45 x 107 6.86 x 107 7.07 x 107 6.43 x 107
Slope (b) -1.06 x 107 -6.73 x 107 -1.14x 107 -1.85x 107
LOD? (uM) 0.064 0.010 0.059 0.037
LOQ® (uM) 0.213 0.034 0.198 0.122

2LOD: Limit of detection, "LOQ: Limit of quantitation.
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3.2.4. DNA binding mode analysis

Molecular docking simulation of compounds 10 and 12 were carried out using Molecular Orbital
Environment [75] (MOE 2016.08.02) in order to gain perception about their potential binding mode
to the DNA and to validate the results obtained from the DNA binding studies. Both compounds
were docked in the DNA dodecamer obtained from the protein data bank (PDB code: 2DND) with
respect to the original ligand, distamycin. The preferred binding modes based on the structures with
the least binding energies were further explored for their 2D and 3D interactions (Fig. 12). The
calculated free energy of binding (AG) for 10 and 12 were found to be -10.17 and -10.02 Kcal/
mol, respectively in comparison to the original ligand (AG -8.30 Kcal/mol). The original ligand
showed hydrogen bond (H-bond) donor interaction concerning NH and thymidine base DT:B18
and n-H interaction between pyrrole ring and DT:B20 (Fig. 12a).

As seen from the figures of interactions, compounds 10 and 12 bind to DNA double strands, in
which 10 (Fig. 12b) showed key H-bond interaction between thymidine base DT:B20 and OH
group of one valine carboxylic side chain. Also, it displayed additional H-bond donor interactions
involving thymidine base pairs DT:A8 and DT:A9 with OH group of the other valine carboxylic
side chain and anilino N, respectively. Furthermore, two n-H interactions were observed; one
involving 4-chlorophenyl ring of chalcone moiety with DT:A7 and the other is between 1,3,5-
triazine core and DT:A9. Also, compound 12 (Fig. 12¢) revealed key H-bond donor interaction
with DNA dodecamer involving DT:B20 and OH of one phenylalanine carboxylic group. Another
H-bond donor interaction was detected involving DT:A8 and NH of the second phenylalanine
moiety. Again, two n-H interactions were seen, one between 4-chlorophenyl ring of chalcone
moiety and DT:21 while the other involved 1,3,5-triazine ring and DT:AS.

It could be concluded from the docking simulation study the following points:

a)  Both4-chlorophenyl of chalcone moiety and 1,3,5-triazine rings are responsible for the DNA
binding properties of 10 and 12 through strong n-H interactions. This confirms the
importance of our design of new chalcone based 1,3,5-triazine hybrids.

b)  Valine and phenylalanine residues in 10 and 12, respectively, provide two H-bond donor
interactions necessary for accurate DNA binding in comparison to the original ligand which
demonstrates only one H-bond donor interaction with DNA dodecamer.

c) 10 and 12 interact with both DNA strands. This is in consistence with DNA binding studies
which confirms occurrence of DNA double strand breaks as revealed from results of the
MALDI-TOF and fluorescence spectrometry experiments.

d) Both 10 and 12 selectively bind to thymidine base pairs similar to the original ligand. Also,
they interact with different thymidine base pairs, thus having different binding modes to the
DNA and emphasizes the obtained results of their different DNA damage kinetics study
results as well.
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©)

1g. 12. (a) 2D mteraction of distamycin (original ligand), (b) 2D and 3D interactions of compound
10 (cyan color) (C) 2D and 3D interactions of compound 12 (green color) all showing the key
binding interactions with DNA bases of DNA dodecamer (grey ribbon) (PDB code: 2DND).
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3.2.5.Detection of Apoptosis using Annexin V-FITC/Propidium iodide (Annexin V-FITC/ PI)
double staining

The anticancer effect of DNA binding agents relies on the induction of apoptosis as a consequence
of DNA damage [76]. Therefore, the apoptotic changes of cisplatin, 10 and 12 alone and combined
with cisplatin were assessed in A549 cancer cells using Annexin V-FITC/ PI double staining
method followed by flow cytometry measurement [77] in order to give qualitative insights about
the mechanism by which each compound and its combination with cisplatin affect apoptosis. Flow
cytometry technique differentiates between viable cells, early apoptotic cells, late apoptotic cells
and necrotic cells (Fig. 13). Cancer cells were treated with cisplatin (21.5 uM), compound 10 (24.5
uM) and 12 (17 uM) for 24 h and then stained by Annexin V-FITC followed by staining with
propidium iodide. As depicted in Figure 14, it was observed that cisplatin mainly induced around
21.96 % of the cells to enter early apoptosis while 2.69 % of the cells were in late apoptosis with
total number of dead cells reaching 42.08%. Whereas, compounds 10 and 12 induced early
apoptosis only in 2.47% and 1.90 % of the cells, respectively, with less number of total dead cells
in comparison to cisplatin. When cells were treated with a combination of cisplatin (21.5 uM) and
compound 10 (24.5 uM) or 12 (17 uM), more cells were detected in late apoptosis and necrosis in
comparison to cisplatin. Such results indicate that compounds 10 and 12 have a mechanism of
action different from cisplatin to affect cell viability. This emphasizes the later results obtained
from the DNA binding studies and molecular docking simulations, where compounds 10 and 12
probably take time to cause DNA double strand breaks thus mainly affect late apoptosis and
necrosis. On the other hand, cisplatin rapidly intercalates the DNA strands thus forcing more cells
into early apoptosis. This experiment provides evidence that combination of cisplatin with both
compounds 10 and 12 resulted in potentiation of the anticancer activity of cisplatin with total
number of dead cells reaching 43.68 % and 42.25 %, respectively. Further detailed concentration-
dependent and time-dependent investigations would be of interest in future work.
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Fig. 13. Dot plot representation of apoptosis analysis by flow cytometric analysis using Annexin
V-FITC/propidium iodide dual staining technique for cisplatin (21.5 pM), compound 10 (24.5
uM), compound 12 (17 pM) and their combination with cisplatin. Each histogram is divided into
4 quadrants; upper left quadrant represents necrotic cells, upper right quadrant shows late apoptotic
cells, lower left quadrant demonstrates viable cells, and lower right quadrant displays early
apoptotic cells. Data represented are the mean values £ SEM for three independent experiments.
Statistical significance was assess by two-way ANOVA test.
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Fig. 14. Graphical representation of the effect of cisplatin (21.5 uM), compound 10 (24.5 uM),
compound 12 (17 uM) and their combination with cisplatin when incubated 24 h with A549 cancer
cells on apoptotic stages and necrosis using Annexin V-FITC/PI assay by flow cytometry. Data
are presented as mean values + SEM for three independent experiments. Statistical significance
was assessed by two-way ANOVA test.

4. Conclusion
In summary, we have synthesized a new series of chalcone-tethered 1,3,5-triazines by structural

optimization of a previously reported lead compound. The new hybrids were characterized by IR,
'H and 3C NMR besides elemental analyses. Anticancer activity of these compounds were
evaluated in A549 lung cancer cells using MTT assay in absence and presence of cisplatin in order
to detect the potential hybrids that would improve the anticancer effect of cisplatin. Amongst all
the synthesized derivatives, compounds 10 and 12 displayed significant reduction in cell viability
in combination with cisplatin. Additional combinational analyses according to Chou-Talalay
method were performed, in which cisplatin combined with either 10 or 12 had CI =1 indicating
additive antitumor effect, while the combinations displayed CI >1 against normal human

fibroblasts suggesting antagonistic effect. Furthermore, compounds 10 and 12 were subjected to a
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detailed mechanistic study to reveal their mechanism of antitumor activity. DNA binding studies
were conducted employing MALDI-TOF MS and fluorescence spectroscopy where the results
showed that both 10 and 12 caused DNA double strand breaks more prominent in combination with
cisplatin. Besides, the damage kinetics of 10 and 12 proved that they both have different mode of
DNA interactions. These observations were further confirmed by analyzing their binding mode
with DNA dodecamer in a molecular docking simulation to understand their preferred orientation
with DNA. Finally, apoptosis induction assay of 10 and 12 in combination with cisplatin
emphasized that they possess a mechanism of action different from cisplatin to affect cell viability.
Taking into consideration the above-mentioned findings, this study signifies the exciting impact of
the anticancer potency of the newly synthesized 1,3,5-triazinyl chalcones 10 and 12 as adjuvant

agents to enhance the anticancer activity of cisplatin in human lung adenocarcinoma.

5.  Experimental section
5.1. Chemistry
5.1.1. Materials and measurements

All solvents and reagents were purchased from Sigma-Aldrich without further purification.
Reaction progress was monitored using thin layer chromatography (TLC) using aluminum-backed
Merck Silica Gel 60 F-254 plates applying ethyl acetate/ n-hexane (1:3) as eluent, where spots were
visualized by a Spectroline UV Lamp at 254 nm or I, vapor. An Agilent 1260 Infinity HPLC
system was used. The HPLC analysis was carried out with an Agilent Zorbax Eclipse XDB Cj;
reversed-phase column (250%4.6 mm, 5 um particle size) maintained at room temperature. Melting
points were measured in open capillary tubes using a MEL-Temp II melting point apparatus and
were uncorrected. Perkin-Elmer 1600 series Fourier transform instrument was used in recording
Infrared (IR) spectra in v, cm™! using KBr discs. 'H and 13C NMR spectra were recorded on JEOL
500 MHz spectrometer at ambient temperature operating at 500 and 125 MHz, respectively.
Chemical shifts were reported in parts per million (ppm) and are referenced relative to DMSO at
0 2.50 ppm for DMSO-dg using TMS as internal standard. Types of signals were designated by
one of these letter symbols: s = singlet, br.s = broad singlet and m = multiplet. Elemental analyses
were performed on a Perkin-Elmer 2400 elemental analyzer, and values obtained were found to be

within £0.4 % of the theoretical ones.
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5.1.1.1. General procedure for synthesis of precursors Sa-d

To an ice-cold mixture of 2,4,6-trichloro-1,3,5-triazine 1 (1.84 g, 10 mmol) and Na,COs (1.06 g,
10 mmol) in dioxane (20 mL), a solution of 4-aminoacetophenone 2 (1.35 g, 10 mmol) in dioxane
(20 mL), was added drop wise with stirring for 3 h. Subsequently, the selected a-amino acid 4a-d
(25 mmol) in Na,COj; solution (5.3 g, 20 mL) was added and the reaction mixture was heated under
reflux for 12 h. The reaction mixture was then cooled to room temperature and neutralized with 2N
HCI. The formed precipitate was filtered off, washed with water, dried and recrystallized from ethanol

to give the corresponding 1,3,5-triazinyl-acetophenone derivatives Sa-d.

5.1.1.1.1. 2,2'-{[6-(4-Acetylanilino)-1,3,5-triazine-2,4-diyl]diazanediyl}diacetic acid (5a).
White solid, yield: 77.2 %; m .p. 232-234°C; IR (KBr, cm™): 3600-2800 (br, OH, acid), 3383
(NH), 1703, 1641 (C=0); 'H-NMR (500 MHz, DMSO-dy): 6 2.47 (s, 3H, COCHj;), 3.91 (s, 4H, 2
a-CHy), 7.19-7.33 (m, 2H, 2NH, D,0 exchangeable), 7.82-7.93 (m, 4H, Ar-H), 9.42-9.47 (m, 1H,
NH, D,0 exchangeable); 3C-NMR (125 MHz, DMSO-dg): 5 26.82, 42.46,42.71, 116.39, 118.77,
129.68, 130.29, 145.78, 164.38, 166.12, 166.41, 172.61, 172.68, 197.00. Anal. calcd. for
Ci15H16N6Os (%): C, 50.00; H, 4.48; N, 23.32. Found: C, 49.85; H, 4.61; N, 23.44.

5.1.1.1.2. 2,2"-{[6-(4-Acetylanilino)- 1,3, 5-triazine-2,4-diyl]diazanediyl} bis(3-
methylbutanoic acid) (5b). White solid, yield: 55.9 % ; m.p. 202-205°C; IR (KBr, cm!): 3650-
3000 (br, OH, acid), 3410 (NH), 1722, 1661 (C=0); 'H-NMR (500 MHz, DMSO-dc): 5 0.93 (s,
12H, 4 Val-CH,), 2.13 (br.s., 2H, 2 Val-CH), 2.48 (s, 3H, COCH,), 4.32-4.44 (m, 2H, 2 a-CH),
6.87-6.96 (m, 2H, 2NH, D,0 exchangeable), 7.82-7.99 (m, 4H, Ar-H), 9.25-9.47 (m, 1H, NH, D,O
exchangeable), 12.33 (br.s., 2H, COOH, D,0 exchangeable); *C-NMR (125 MHz, DMSO-dy): 6
19.04, 19.76, 26.84, 30.35, 58.85, 59.31, 116.37, 118.94, 129.66, 145.76, 164.29, 166.12, 166.31,
174.32, 174.48, 196.85. Anal. calcd. for C,;HysN¢Os (%): C, 56.75; H, 6.35; N, 18.91. Found: C,
56.96; H, 6.13; N, 19.01.

5.1.1.1.3. 2,2'-{[6-(4-Acetylanilino)-1,3,5-triazine-2,4-diyl]diazanediyl} bis(3-

phenylpropanoic acid) (5¢). White solid, yield: 64.7 % ; m.p. 184-186°C; IR (KBr, cm™!): 3700-
2800 (br, OH, acid), 3304 (NH), 1727, 1660 (C=0); 'H-NMR (500 MHz, DMSO-dy): 6 2.47 (s,
3H, COCH3;), 3.00-3.11 (m, 4H, 2 Phe-CH,), 4.58-4.60 (m, 2H, 2 a-CH), 7.08-7.13 (m, 2H, 2NH,
D,0 exchangeable), 7.14-7.27 (m, 10H, Ar-H), 7.75-7.91 (m, 4H, Ar-H), 9.34-9.43 (m, 1H, NH,
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D,O exchangeable), 12.73 (br.s., 2H, COOH, D,O exchangeable); 3C-NMR (125 MHz, DMSO-
de): 0 26.82,39.74, 39.90, 55.30, 55.82, 118.89, 119.02, 126.88, 128.73, 129.68, 131.04, 138.57,
138.82, 145.48, 145.67, 164.15, 165.66, 165.89, 174.57, 196.95. Anal. calcd. for C,9HpsN4Os: C,
64.43; H, 5.22; N, 15.55. Found: C, 64.12; H, 5.37; N, 15.76.

5.1.1.14. 2,2 2" 2""-{[6-(4-acetylanilino)- 1,3, 5-triazine-2,4-diyl}bis(azanetriyl) [tetraacetic
acid (5d). White solid, yield: 69.2 %; m.p. 230-232°C; IR (KBr, cm): 3600-2800 (br, OH, acid),
3429 (NH), 1706, 1665 (C=0); 'H-NMR (500 MHz, DMSO-d¢): 6 2.47 (s, 3H, COCHj3), 4.03,
4.13 (2s, 8H, 4 a-CH,), 7.72-7.78 (m, 4H, Ar-H), 9.46 (s, 1H, NH, D,0 exchangeable); 3C-NMR
(125 MHz, DMSO-dg): & 26.86, 55.00, 116.43, 119.08, 129.65, 132.64, 145.78, 164.00, 164.09,
164.98, 173.48, 196.91. Anal. calcd. for C;9H,)N¢Oo (%): C, 47.90; H, 4.23; N, 17.64. Found: C,
47.64; H, 4.31; N, 17.81.

5.1.1.2. General procedure for the synthesis of the target 1,3,5-triazinyl chalcones 7-14

Potassium hydroxide solution (1g, 5 mL) was drop wisely added to an ice cold mixture of Sa-d (1
mmol) in ethanol (20 mL) and the appropriate aromatic aldehyde 6a or 6b (1 mmol). The reaction
mixture was stirred at room temperature overnight. After completion of the reaction, the mixture
was poured into ice water and neutralized with 1N HCI. The pure precipitated solid product was

washed with cold water, filtered and dried.

5.1.1.2.1. (E)-2,2"-{[6-(4-(3-Phenylprop-2-enoyl)anilino)- 1,3, 5-triazine-2,4-
diyl]diazanediyl}diacetic acid (7). Pale yellow solid, yield: 80.9 %; m.p.: 226-228°C; IR (KBr,
cm!): 3700-2650 (br, OH, acid), 3315 (NH), 1703 (C=0), 1650 (C=N); 'H-NMR (500 MHz,
DMSO-dy): 6 3.90 (s, 4H, 2a-CH,), 7.15-7.43 (m, SH, Ar-H), 7.68 (d, 1H, J = 15.3 Hz, ethylene
C-H), 7.85-7.92 (m, 5H, Ar-H & ethylene C-H), 8.01-8.05 (m, 2H, 2NH, D,0 exchangeable), 9.50
(s, 1H, NH, D,0 exchangeable); 3C-NMR (125 MHz, DMSO-d): 6 42.50,42.74,119.12, 119.45,
123.37, 129.42, 130.26, 130.96, 134.31, 135.41, 141.99, 145.95, 164.41, 165.20, 165.95, 166.20,
172.41, 187.85. Anal. calcd. for C,Hy0NgOs (%): C, 58.92; H, 4.50; N, 18.74. Found: C, 59.14; H,
4.39; N, 18.79.

5.1.1.2.2. (E)-2,2"-{[6-(4-(3-(4-Clorophenyl)prop-2-enoyl)anilino)- 1,3, 5-triazine-2,4-

diyl]diazanediyl}diacetic acid (8). Pale yellow solid, yield: 84.9 %; m.p. 244-246°C; IR (KBr, cm-
1): 3550-2750 (br, OH, acid), 3323 (NH), 1710 (C=0), 1635 (C=N); 'H-NMR (500 MHz, DMSO-
de): 0 3.91-3.93 (m, 4H, 20-CH,), 7.21-7.50 (m, 4H, Ar-H), 7.66 (d, 1H, J= 15.3 Hz, ethylene C-
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H), 7.81-8.00 (m, 5H, Ar-H & ethylene C-H), 8.04-8.06 (m, 2H, 2NH, D,O exchangeable), 9.50-
9.68 (m, 1H, NH, D,0 exchangeable), 12.50 (s, 2H, COOH, D,0 exchangeable); 3C-NMR (125
MHz, DMSO-dy): 6 42.48,42.73, 119.11, 119.42, 123.35, 129.47, 130.22, 130.96, 134.36, 135.41,
141.99, 145.94, 164.10, 165.20, 165.85, 166.20, 172.51, 187.77. Anal. calcd. for C,,H;9CIN¢O5
(%): C, 54.72; H, 3.97; N, 17.40. Found: C, 54.56; H, 4.05; N, 17.28.

5.1.1.2.3. (E)-2,2'-{[6-(4-(3-Phenylprop-2-enoyl)anilino)- 1,3, 5-triazine-2,4-
diyl]diazanediyl}bis(3-methylbutanoic acid) (9). Pale yellow solid, yield: 70.6 %; m.p. 206-208°C;
IR (KBr, cm): 3650-2850 (br, OH, acid), 3410 (NH), 1721 (C=0), 1656 (C=N); 'H-NMR (500
MHz, DMSO-ds): 6 0.94 (br.s., 12H, 4CH3), 2.13-2.15, 4.33-4.45 (2m, 4H, 40-CH), 6.90-7.42 (m,
5H, Ar-H), 7.68 (d, 1H, J = 15.3 Hz, ethylene C-H ), 7.84-8.00 (m, 5H, Ar-H & ethylene C-H),
8.01-8.07 (m, 2H, 2NH, D,0 exchangeable), 9.26-9.53 (m, 1H, NH, D,O exchangeable); '3C-
NMR (125 MHz, DMSO-dg): 6 19.02, 19.08, 19.78, 30.20, 30.39, 58.93, 59.37, 118.94, 119.13,
122.64, 129.26, 129.45, 130.18, 143.42, 145.69, 145.94, 164.31, 166.14, 166.33, 174.36, 174.55,
187.91. Anal. calcd. for C,gH3,N¢Os5 (%): C, 63.14; H, 6.06; N, 15.78. Found: C, 63.23; H, 6.17;
N, 15.54.

5.1.1.2.4. (E)-2,2'-{[6-(4-(3-(4-Clorophenyl)prop-2-enoyl)anilino)- 1,3, 5-triazine-2,4-
diyl]diazanediyl} bis(3-methylbutanoic acid) (10). Pale yellow solid, yield: 58.9 %; m.p. 236-
238°C; IR (KBr, cm!): 3750-2800 (br, OH, acid), 3406 (NH), 1721 (C=0), 1659 (C=N) cm!; 'H-
NMR (500 MHz, DMSO-dg): 8 0.93 (br.s., 12H, 4CHj3), 2.14 (br.s., 2H, 2CH), 4.33-4.43 (m, 2H,
20-CH), 6.92-7.49 (m, 4H, Ar-H), 7.66 (d, 1H, J = 13.8 Hz, ethylene C-H), 7.82-7.99 (m, 5H,
Ar-H & ethylene C-H), 8.07 (br.s., 2H, 2NH, D,O exchangeable), 9.27-9.52 (m, 1H, NH, D,O
exchangeable); 3C-NMR (125 MHz, DMSO-dy): 6 19.04, 19.23, 19.80, 30.45, 58.99, 59.42,
119.08, 129.47, 130.24, 130.96, 134.40, 141.91, 146.59, 159.18, 164.33, 164.40, 166.10, 166.29,
174.53, 174.69, 187.75. Anal. calcd. for CogH3,CINgOs (%): C, 59.31; H, 5.51; N, 14.82. Found:
C, 59.13; H, 5.72; N, 14.98.

5.1.1.2.5. (E)-2,2"-{[6-(4-(3-Phenylprop-2-enoyl)anilino)- 1,3, 5-triazine-2,4-

diyl]diazanediyl}bis(3-phenylpropanoic acid) (11). Pale yellow solid, yield: 88.4 %; m.p. 202-
205°C; IR (KBr, cm): 3700-2500 (br, OH, acid), 3303 (NH), 1724, 1660 (C=0) cm'!; 'H-NMR
(500 MHz, DMSO-d): 6 3.01-3.14 (m, 4H, 2CH,), 4.61 (br.s., 2H, 20-CH), 7.08-7.43 (m, 15H,
Ar-H), 7.70 (d, 1H, J = 14.5 Hz, ethylene C-H), 7.80-7.92 (m, 5H, Ar-H & ethylene C-H), 8.06
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(br.s., 2H, 2NH, D,0O exchangeable), 9.33-9.47 (m, 1H, NH-Ar, D,O exchangeable); 3*C-NMR
(125 MHz, DMSO-dg): 6 37.22, 55.49, 55.87, 119.06, 126.84, 128.69, 129.28, 129.45, 129.59,
129.71, 130.19, 130.93, 135.43, 138.91, 143.43, 145.91, 164.17, 165.90, 166.08, 174.66, 187.87.
Anal. calcd. for C54H3,NO5 (%): C, 68.78; H, 5.13; N, 13.37. Found: C, 69.01; H, 5.03; N, 13.46.

5.1.1.2.6. (E)-2,2'-{[6-(4-(3-(4-Clorophenyl)prop-2-enoyl)anilino)- 1,3, 5-triazine-2,4-

diyl]diazanediyl} bis(3-phenylpropanoic acid) (12). Pale yellow solid, yield: 75.7 %; m.p. 228-
230°C; IR (KBr, cm™): 3600-2700 (br, OH, acid), 3405 (NH), 1725, 1659 (C=0) cm™'; 'H-NMR
(500 MHz, DMSO-dg): 6 3.02-3.16 (m, 4H, 2CH,), 4.60 (br.s, 2H, 20-CH), 7.12-7.49 (m, 14H,
Ar-H), 7.67 (d, 1H, J = 13.8 Hz, ethylene C-H), 7.80-7.98 (m, 5SH, Ar-H & ethylene C-H), 8.07
(br.s, 2H, 2NH, D,0 exchangeable), 9.36-9.47 (m, 1H, NH, D,O exchangeable); '*C-NMR (125
MHz, DMSO-ds): 6 37.20, 55.65, 56.16, 117.25, 118.96, 123.38, 126.72, 128.57, 129.47, 129.75,
130.27, 131.01, 134.41, 135.37, 139.02, 141.98, 164.20, 164.36, 165.75, 174.97, 187.70. Anal.
caled. for C34H;3,CINgOs: C, 65.21; H, 4.71; N, 12.67. Found: C, 64.98; H, 4.63; N, 12.81.

5.1.1.2.7. (E)-2,2"-{[6-(4-(3-Phenylprop-2-enoyl)anilino)- 1,3,5-triazine-2,4
diyl}bis(azanetriyl)[tetraacetic acid (13). Pale yellow solid, yield: 53.1 %; m.p. > 300°C; IR (KBr,
cm!): 3700-2900 (br, OH, acid), 3408 (NH), 1723 (C=0), 1645 (C=N); 'H-NMR (500 MHz,
DMSO-dg): & 4.09-4.16 (m, 8H, 40-CH,), 6.91-7.43 (m, 5H, Ar-H), 7.68 (d, 1H, J = 15.3 Hz,
ethylene C-H), 7.76-8.03 (m, 5H, Ar-H & ethylene C-H), 9.48-9.58 (m, 1H, NH, D,O
exchangeable); 3C-NMR (125 MHz, DMSO-dy): 8 51.34, 51.55, 119.06, 119.27, 122.61, 128.86,
129.28, 129.47, 141.99, 164.14, 165.15, 172.99, 173.22, 187.51. Anal. calcd. for C,sH24NgOq (%):
C, 55.32; H, 4.29; N, 14.89. Found: C, 55.61; H, 4.08; N, 15.01.

5.1.1.2.8. (E)-2,2"-{[6-(4-(3-(4-Clorophenyl)prop-2-enoyl)anilino)-1, 3, 5-triazine-2,4-diyl]
bis(azanetriyl)Jtetraacetic acid (14). Pale yellow solid, yield: 45.4 %; m.p. > 300°C; IR (KBr, cm-
1:3650-2700 (br, OH, acid), 3400 (NH), 1729 (C=0), 1658 (C=N); 'H-NMR (500 MHz, DMSO-
dg): 6 4.14-4.23 (m, 8H, 4CH,), 6.91-7.50 (m, 4H, Ar-H), 7.68 (d, 1H, J=15.3 Hz, ethylene C-H),
7.79-8.05 (m, 5H, Ar-H, ethylene C-H), 9.49-9.61 (m, 1H, NH, D,0 exchangeable), 13.21 (m, 2H,
2COOH, D,O exchangeable); 3C-NMR (125 MHz, DMSO-dy): 8 51.56, 51.76, 119.25, 123.37,
129.47, 130.20, 130.99, 133.27, 134.40, 134.62, 135.37, 141.99, 163.93, 164.14, 165.24, 172.61,
172.68, 187.51. Anal. calcd. for Cy¢Hy3CINgOg (%): C, 52.14; H, 3.87; N, 14.03. Found: C, 51.97,
H, 4.01; N, 13.91.
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5.1.2. Chromatographic conditions

An Agilent 1260 Infinity HPLC system equipped with a quaternary pump, an autosampler, DAD
(Diode Array Detector), and an Agilent Chemstation data processing system was used for the
analysis. The HPLC analysis was carried out with an Agilent Zorbax Eclipse XDB C,g reversed-
phase column (250%4.6 mm, 5 pm particle size) maintained at room temperature. The injection
volume was 30 pL. The mobile phase consisted of 70%:30% acetonitrile: water. Total run time
was 8 minutes pumped at flow rate 1 mL/min. Compound Sc¢ was detected at 300 nm with a
retention time of 2.7 (93.8%) and 2.9 (6.2%) min. Compound 12 was detected at 320 nm with a
retention time of 6.2 (92.1%) and 6.5 (7.1%) min.

5.2.  Antitumor and Cytotoxicity evaluation by MTT assay
5.2.1. Percent cell viability determination

AS549 lung cancer cell line was purchased from the Medical Research Institute (MRI), Alexandria
University, Alexandria, Egypt. Cells were cultured in high glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) (with L-Glutamine) (Lonza, Belgium) containing 10% fetal bovine serum
(FBS) (Sigma, Germany) in 10 cm cell culture dishes. Incubation of cultures was carried out in
humidified CO, incubator (Shel Lab, USA) (5% CO,, 37°C). Experiments were performed with
cultures of 70-80% confluence with a maximum passage number of 20. Cells were seeded in 96-
well plates at a density of 10* cell/well and were supplemented with 200 uL. DMEM containing
10% FBS. After 24 h, the culture medium was aspirated and replaced with fresh complete medium
containing 500 uM of the tested compounds dissolved in DMSO using DMSO-treated cultures as
control. Also, combined treatment of each of the tested compounds with cisplatin (VANEX S.A.,
Greece) was prepared (10 pug/ml). After 48 h, wells were washed with phosphate buffered saline
(PBS) containing 2.5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (SERVA, Germany) in serum-free DMEM. After 2 h of incubation, excess MTT reagent
were carefully aspirated from the wells and 100 phL DMSO was added into each well for 15 min
to dissolve the MTT formazan. Absorbance readings were recorded at 540 nm using a microplate
reader. The following formula was used to calculate the percent of cell viability (%) = Absorbance

of treated cells/ Absorbance of control cells x 100. Data were expressed as mean + standard
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deviation (SE) of two independent repeats. Student’s #-test was applied for evaluating the data
significance using Microsoft Excel 2016. Results were considered statistically significant when p

value < 0.05.
5.2.2. ICsy determination

Lung adenocarcinoma cell line A549 was obtained from ATCC and cultured in DMEM high
glucose medium (4.5g/L) supplemented with 10% FBS and 1% Penicillin/Streptomycin at 37°C
and 5% CO,. Normal human fibroblasts isolated from the gingiva were obtained from CERRMA,
Faculty of Medicine, Alexandria University. They were cultured in DMEM low glucose medium
supplemented with 10% FBS and 1% Penicillin/Streptomycin. Cells were treated with either
cisplatin (3.33uM, 6.66 uM, 13.32 uM, 33.33 uM and 66.6 uM) or compound 10 (1.76 uM, 3.53 uM,
7.05 uM, 17.6 uM, and 35.27 uM) and 12 (1.51 uM, 3.02 uM, 6.03 uM, 15.08 uM, and 30.16 uM) and
seeded in 96-well plate at a seeding density of 1x10* cells/well. After 24 h, the medium was
replaced with another containing different concentrations of either cisplatin or the test compounds
for 48 h, respectively. The corresponding culture medium was used as an empty control. To
measure the cytotoxicity of the test compounds and cisplatin individually, 10 pl of 5 mg/mL 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Serva) solution was added to
each well and incubated for 4 h at 37 °C. The supernatant was then discarded from each well and
DMSO (100 pL) was added to dissolve the formazan crystals. Absorbance was measured at 570
nm with a microplate reader (Tecan, USA). The concentrations causing 50% inhibition of cell

viability (ICsy) were calculated form sigmoidal dose-response curve-fitting graphs.

5.2.3. Combined antitumor and cytotoxicity response of cisplatin with 10 and 12

The antitumor effects of all combinations were determined after 48 h incubation period using MTT
assay. Three different equipotent concentrations for each binary combination were tested in six
replicates. The CI was determined using the Chou-Talalay method. For the CI analysis, we
considered that both tested compounds have independent mechanism of action for the induction
of cell death. Calculation of the CI values were done to define the nature of compound interaction
using the following equation: CIx = (D1/Dx1)+(D2/Dx2), where Clx represents the CI value for
50% cell viability, Dx1 and Dx2 represent the doses of compounds 10 and 12 required to exert
50% eftect alone, and D1 and D2 represent the doses of 10 and 12 that elicit the same 50% effect
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in combination with cisplatin, respectively. In addition, the Dose Reduction Index (DRI) was
calculated and the dose-effect curve was constructed for each single drug utilizing the CompuSyn
software program (ComboSyn Inc., Paramus, NJ. U.S.A). Inhibitory concentration for 50% of the
cells (ICsy D,y,), the linear correlation coefficient (r) of each dose-effect curve and the sigmoidicity
coefficient (m) were calculated utilizing the same software program based on the Median-Effect
Equation. The effect of equipotent binary combinations of cisplatin with compound 10 or 12 on
the cell viability of normal human fibroblast cells were investigated in the same manner described

above.

5.3. DNA Binding studies

5.3.1. Materials

The synthetic dsDNA sequence, 5’—- GTC GCA CGG CAC GGA TAG GTA -3°,3>-CAG CGT
GCC GTG CCT ATC CAT- 5’ was obtained from Bio Basic Canada Inc. (Ontario, Canada) and
was purified by standard desalting. The calf thymus DNA (ctDNA) was obtained from Sigma-
Aldrich Canada Ltd. (Oakville, Ontario). The EvaGreen (EG) dye was purchased from Biotium
Inc. (Fremont, California), sodium chloride was obtained from EMD Chemicals Inc. (Gibbstown,
New Jersey), Tris was obtained from ICN Biomedicals, (Aurora, Ohio) and
ethylenediaminetetraacetic acid (EDTA) was purchased from BDH Inc. (Toronto, Ontario). All
chemicals were used as received. Synthetic dsDNA solutions were prepared in Tris buffer solution

(10 mM Tris, 10 mM NaCl, 1| mM EDTA, pH 7.5) at the concentrations indicated for each
experiment then gradually heated to a temperature of 85°C in a water bath and annealed at room

temperature (25 °C) in the dark for 24 h before use for all samples. Compounds 10 and 12 (500
uM) were dissolved in 50% DMSO: 50% H,O0.

5.3.2. MALDI-TOF mass spectrometry

Reaction mixtures of 50 uM of the dsDNA sequence with 500 uM of each of 10 and 12 ([dsDNA]:
[test compound] = 1:10), in absence and presence of cisplatin (10 pg/ml), were incubated at room
temperature for 24 h. After incubation, each reaction mixture was loaded onto a sample plate with
the matrix 9:1 (2,4,6-trihydroxyacetophenone/diammonium citrate) and measured by a MALDI-
TOF-Mass spec-Elite Voyager equipped with a nitrogen laser for ionization and desorption. The

nitrogen laser operated at 337 nm with 3 ns pulse delivered to a sample at 20 Hz.
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5.3.3. Fluorescence measurements

For measuring the rate of DNA damage induced by 10 and 12 in absence and presence of cisplatin,
0.2 uM of the synthetic dsDNA was mixed separately with 0.3 uM EG dye using buffer (10 mM
Tris, 10 mM NaCl, ImM EDTA, pH 7.5) in different 96-well microplates. The microplates were

incubated at 37 °C for 20 min in the dark and left to cool for 1 h at room temperature, then 10 uM
of 10 and 20 were added separately to dsSDNA-EG mixture in separate wells. For measuring the
DNA damaging effect in presence of cisplatin, cisplatin was added to the specified wells to reach
a final concentration of 0.2 pM dsDNA, 0.3uM EG, 10 uM of 10 or 12 and 5 puM cisplatin in
buffer (10mM Tris, 10mM NaCl, 1 mM EDTA, pH 7.5). Room temperature fluorescence
intensities were recorded every minute for a period of 24 h using the Safire fluorescence plate
reader with an excitation wavelength of 490 nm and an emission wavelength of 530 nm.

For calf thymus DNA (ctDNA) experiment, 0.01 uM ctDNA was mixed with different
concentrations of each chemical compound 10 and 12 (0 — 100 uM). After incubation with 2.0
uM EG dye using buffer (10 mM Tris, 10 mM NaCl, ImM EDTA, pH 7.5) in different 96-well

microplates at 37 °C for 20 min in the dark and left to cool for 1 h at room temperature. The
fluorescence spectra between 500 and 650 nm with excitation at 490 nm were measured. For
measuring the DNA damaging effect in presence of cisplatin, 10 uM cisplatin was added to other

aliquots, and the same procedure was repeated.

5.4. Binding mode analysis (Molecular docking)

The three dimentional structure of DNA dodecamer co-crystallized with its original ligand

distamycin was obtained from the protein databank, PDB ID: 2DND (https://www.rcsb.org/).

Molecular Orbital Environment software (MOE version 2016.08.02) was employed to prepare the
raw DNA by deleting the crystallized free water molecules and adjusting missing loops. Structure
integrity was checked and the active pocket was fixed using Active Site Finder tool to be further
used for the docking study. Validation was done by redocking of distamycin in the active pocket
with RMSD < 2A. Test compounds were energy minimized and docked employing the MOE dock
tool into the active binding site using induced fit sampling. Triangular matcher algorithm was set
as the ligand placement method while London dG was the default scoring function to generate the

top five non-redundant poses for each ligand. Based on the energy binding score, the best-docked
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structure for each ligand was determined and inspection of the 2D and 3D ligand interactions were

performed in reference to the original ligand.
5.5.  Apoptosis assay by flow cytometry

The type of cell death (apoptosis/necrosis) induced by the test compounds was determined using
Annexin V-FITC/ PI double staining. Briefly, A549 cells (3x10°/well) were plated in 6-well plates
and cultured overnight. Subsequently, cells were treated with cisplatin (21.5 uM) alone or in
combination with either compounds 10 (24.5 uM) or 12 (17 uM). Cells were harvested after 24 h
incubation with the compounds and untreated cells were used as control. For Annexin V-FITC/ PI
apoptosis analysis, the cells were suspended in 500 pL of binding buffer and adjusted to 1x10%/mL.
Staining solutions containing 5 pL Annexin V-fluorescein isothiocyanate (FITC) and 5 pL
propidium iodide (PI) (BD Biosciences) were added to the cells and then incubated at a
temperature of 2-8°C for 15 min in the dark. Finally, cells were analyzed using a FACS Calibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). The percent of viable, early
apoptotic, late apoptotic and necrotic cells were evaluated using CellQuest software version 5.1
(BD Biosciences, San Jose, CA, USA). Results were presented as dot plots. Data represented are
the mean values + SEM for three independent experiments. Statistical significance was assessed

by two-way ANOVA test.
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Highlights

Optimization strategy led to design and synthesis of new 1,3,5-triazinyl chalcone hybrids.
Combination of cisplatin with the synthesized compounds resulted in significant inhibition
of A549 cancer cells viability with hybrids 10 and 12.

Mechanism of induced DNA damage by 10 and 12 and their combination with cisplatin
was studied using analytical and apoptosis induction assays.

Molecular docking simulations were conducted to evaluate the binding mode of 10 and 12
to DNA dodecamer.

Results confirmed the successful impact of 10 and 12 to potentiate the anticancer effect of

cisplatin in A549 cells.
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