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Abstract

Coumarins show biological activity and are widely exploited for their therapeutic effects. Although
a great number of coumarins substituted by heterocyclic moieties has been prepared, few studies
have been carried out on coumarins containing pyridine heterocycle, which is known to modulate
their physiological activities. We prepared and characterised three novel 3-(pyridin-2-yl)coumarins
and their corresponding copper(Il) complexes. We extended our investigations also to three known
similar coumarins, since no data about their biochemical activity was previously been reported. The
antiproliferative activity of the studied compounds was tested against human derived tumour cell
lines and one human normal cell line. The DNA binding constants were determined and docking
studies with DNA carried out. Selected Quantitative Structure-Activity Relationship (QSAR)
descriptors were calculated in order to relate a set of structural and topological descriptors of the

studied compounds to their DNA interaction and cytotoxic activity.

1. Introduction
Coumarins, belonging to the benzo-alfa-pyrones family [1], show biological activity and are studied
for their therapeutic effects. In nature, coumarins are found in higher plants like Rutaceae and
Umbelliferae [2]. Umbelliferone, esculetin and scopoletin are very common coumarins found in the
plant kingdom. Coumarins are also found in Streptomycin and Aspergillus microorganisms [3]. Due
to their biochemical and physical properties, coumarins are used as enhancing agents in cosmetic
products [4], fluorescent probes, markers for biological research [5] and as drugs [6] in medicine for
the treatment of various clinical conditions [7], including as anti-inflammatory [8,9], antimicrobial
[10], antioxidant [10,11], anticouagulant [12] and anticancer [8] drugs. As regards this last aspect,
coumarins and derivatives have been used in the treatment of solid [13-19] and liquid [20] cancers
to exploit their ability to act with different mechanisms related to their chemical structure [1]. In
fact, the biochemical, pharmacological and therapeutic properties of coumarins can be tuned by the

substitution or inclusion of a heterocyclic moiety as a substituent or as a fused component in the
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coumarin backbone [3]. Although a great number of coumarins substituted by heterocyclic moieties
has been prepared, few studies have been carried out on those containing a pyridine heterocycle
[21,22], known to modulate the physiological activities [23-25] of coumarins. In order to develop
effective and non-toxic new drugs, several metal-coumarin complexes have also been prepared [26-
29] and some show a biological activity higher than that of coumarin itself [30,31].

With the aim of preparing new drugs with anticancer activity, we prepared and characterised three
novel 3-(pyridin-2-yl)coumarins derived from substituted salicylaldehydes and 2-pyridylacetonitrile
(Fig. 1, L2-L4). We extended our study also to three known similar coumarins (Fig. 1, L1, L5, L6),
since no investigations about their biochemical activity have been reported. The crystal structures of
L1-HCIO4, L4 and L6 were solved by single crystal X-ray diffraction. Copper complexes with the
six coumarins were also prepared. Copper was chosen as several copper complexes show
antiproliferative activity [31-35].

The antiproliferative activity of all the compounds has been tested against human derived tumour
cell lines, i.e. human acute T-lymphoblastic leukaemia (CCRF-Cem), human acute B-lymphoblastic
leukaemia (CCRF-Sb), human lung carcinoma (Sk-Mes 1), human prostate carcinoma (Du 145),
human hepatocellular carcinoma (Hep-G2) and human normal foreskin (CRL 7065).

As DNA is an important target for several anticancer drugs, its binding constants have been
determined. Moreover, to understand the interactions of the prepared coumarins and complexes
with DNA and the orientation of these molecules at the active site of the DNA, docking studies
were carried out. Selected quantitative structure-activity relationship (QSAR) descriptors were
calculated in order to relate a set of structural and topological descriptors of the studied compounds
to their DNA interaction and biological activity.

2. Results and discussion

2.1 Synthesis and characterization of ligands



The derivatives of 3-(pyridin-2-yl)coumarins were prepared from substituted salicylaldehydes and
2-pyridylacetonitrile via Knoevenagel condensation [36]. The resulting 2-iminocoumarins were
converted to coumarins by acid hydrolysis of the imines (Scheme 1).

Ligands were characterized by 'H, *C NMR, elemental analysis, electrospray ionisation mass
spectrometry (ESI-MS), UV-visible (UV-vis) and infrared attenuated total reflection (IR-ATR)
spectroscopy. The parent peak in ESI-MS was due to the species [M+H]"; small amounts of
[M+Na]™ were also present. In the Supporting, the ESI-MS spectrum of L1 (Fig. S1) is reported. In
the IR spectra, the stretching of the carbonyl group was the principal signal, falling in the range
1717 — 1731 cm?, depending on the ligand. The IR spectra are reported in the Supporting
Information (Fig. S2A-S7A). In the electronic spectra of coumarins, the absorptivity of the ligands
varies in the 2500 — 16000 L mol* cm™ range. All the ligands show a narrow band at = 225 nm and
a broad band at = 300 nm with shoulders at higher and lower wavelengths. At = 300 nm the
absorptivity is in the order L1 > L4 > L2 > L6 = L3> L5, while at = 225 nm the order is L4 > L1 >

L2>L5>L6>L3.
2.1.1 Crystal structure of coumarins

Crystals of L4 and L6 suitable for X-ray structure determination were obtained. From the attempt to
crystallize C1, crystals of the L1-HCIOs compound were obtained. A summary of the crystal data
and structure determination procedures is reported in Table 1. In L4 and L6 four molecules are
located in the crystallographic cells, the cumarinic rings of two molecules are parallel in pairs and
the relative planes are tilted by 128.00° and 148.98°, respectively. No hydrogen bonds are formed.
The pyridinic rings of the molecules are located in four distinct planes but almost parallel (max
1.96°, distance 2.265 Angstrom) in L4 and parallel two by two in L6 (distances 5.375 and 5.183
Angstrom, 36.45°). In compound L1-HCIO4, we observe a conformation different from those
observed in L4 and L6, due to the pyridinic ring N-H--O5 intramolecular hydrogen bond and the N-
H--O1 intermolecular one with the perchlorate ion. The four ligand molecules lie in planes tilted by
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0.00, 2.80 and 4.29 degrees and the pyridinic rings are located in four distinct planes, parallel two
by two as in L6 (distances 4.567 and 6.787 Angstrom, 47.92°). ORTEP diagrams together with two
packing views for L1-HCIOg4, L4, and L6 are shown in Figs. 2A, 2B, and 2C, respectively.

X-ray crystallographic data in CIF format have been deposited with the Cambridge Crystallographic

Data Centre, CCDC no. 1561590-1561592.

2.2. Synthesis and characterization of copper complexes

By reacting ligands and copper(Il) perchlorate in a 2:1 ligand:metal molar ratio in aqueous solution,
green-brown complexes with general formula CulL2(H20)(ClO4). (C1-C6 for L = L1-L6) were
obtained. The stoichiometry of the complexes was proposed on the basis of the elemental analysis.
The synthesized complexes were air stable, fully soluble in CH3CN and DMSO, and slightly
soluble in water (at UM concentration). Complexes were characterized by elemental analysis, ESI-
MS, UV-vis and IR-ATR spectroscopy. In the IR-ATR spectra, the characteristic peaks of the CIO4
anion and coordinated carbonyl groups were present. The IR spectra are reported in the Supporting
Information (Fig. S2B-S7B). In the ESI-MS spectra, the peak of the species [CuL2(ClO4)]* was
found for all of the systems. The peak of [Cu'L2]* was also observed, due to the reduction of Cu(Il)
to Cu(l), common in the ESI phase for acetonitrile solution of copper(Il) complexes [34]. The ESI-
MS spectra of C1 is reported in the Supporting Information (Fig. S8) as an example. The UV-Vis
spectra of the Cu(ll) complexes were recorded in PIPES buffer solution (0.02 M) at pH 7.0 to
increase their water solubility. In the absorption spectra of the complexes, the same bands of the
ligands are present, but with absorptivity 2-4 times higher.

Since any attempt to obtain crystals suitable for X-ray analysis was unsuccessful, the coordination
mode around the metal ion as isolated cationic species [Cul2(H20)]** was assessed on the basis of
spectroscopic results and theoretical calculations. A trigonal bypiramidal geometry was obtained as
the most stable structure. The likely structure of the Cu(ll) complexes C2 is shown in Fig. 3 as an
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example. In the equatorial plane, the oxygen atoms of the carbonyl groups and water molecule are
located, while the axial positions are occupied by the nitrogen atoms of the pyridine rings. The two

ligands are arranged so as to minimize the steric hindrance.

2.3 DNA binding

Electronic absorption spectroscopy was employed to study the binding mode of the synthesized
ligands and complexes with DNA. All the ligands and the corresponding complexes were able to
interact with DNA, with binding constants ranging from 1.4 x 10% to 5.01 x 108 M (see Table 3).
Selected spectra recorded during the UV-Vis titrations of L4, L2 and their metal complexes with
DNA are reported in Fig. 4 as an example. With increasing DNA concentration, the absorption
bands of ligands and complexes showed decreases in molar absorptivity (hypochromism) while a
wide band was formed at ~ 260 nm (where DNA also absorbs). The presence of isosbestic points in
all the systems indicated the presence of two or more species in equilibrium. The number of linearly
independent absorbing species was obtained by linearization of the absorbance data matrix [37].
Three eigenvalues were obtained for all the systems, corresponding to the three species free ligand,
free DNA and the adduct Ligand-DNA (L-DNA). The DNA-binding constants (Table 2) were
obtained by using the Hyperguad 2006 program [38] . The DNA binding constants were in the order
L3>L4>L1>L6>L5>L2forligands and in the order C5> C1 > C4 > C3 >> C2 = C6 for the
complexes. As regards the ligands, the presence of chlorine and fluorine as substituents weaken the
interaction of the pyrido-coumarin moiety with DNA. On the other hand, the methoxy group
enhanced this interaction, in particular when present in the 6th position of the aromatic ring. As
regards the copper complexes, the presence of chlorine leads to the highest interaction with DNA,
while fluorine substituents weaken such interaction (10° vs 103).

The logarithm of the ratio of substituted and unsubstituted ligand binding constants can be
correlated with the Hammett ¢ parameter which accounts for the resonance and inductive effects of

the substituent in the benzene ring; the o parameters are tabulated [39,40]. A linear trend was



observed considering the derivatives with substituents in position 6 and 7, and the correlation was
greater for the molecules with a substituent in 6 (Fig. 5).

Substituents in the 6 and 7 positions are in the para and meta positions with respect to the carbon
atom 4a implicated in the carbonyl group. The linear trends evidenced in Fig. 5 suggest that the
interaction between the coumarins and the DNA actually involves the carbonyl group. This
hypothesis is supported by experimental evidence. In fact, the copper complexes, in which the
carbonyl group is involved in the metal coordination, interact with DNA to a lesser extent, and this
phenomenon is more relevant when the substituent is a methoxyl group. The experimental evidence

suggests that the substituents show a limited direct interaction with DNA via a hydrogen bond.

2.4 Molecular docking

To clarify the interaction and binding affinity between the ligands and complexes with DNA,
docking studies were performed on B-DNA (PDB ID: 1BNA) in presence of ligands or complexes.
In Fig. 6 the docked L3-DNA, L4-DNA, C3-DNA and C4-DNA systems are shown, respectively.
As shown by the docking studies, the ligands interact with DNA to a greater extent with respect to
the copper complexes, confirming the binding constants experimentally determined.The ligands are
able to enter the DNA grooves and form hydrogen bonds with carbonyl or lactonic oxygen, while
the corresponding complexes show only VVan der Waals interactions and a weak pi-pi stacking with
the DNA basis rings. The lower interaction with DNA shown by the complexes is probably due to
their steric hindrance that prevents the formation of hydrogen bonds with the carbonyl group.

The resulting minimum relative binding energy of the docked coumarin compounds L3- and L4-
DNA was found to be -7.8 -7.7 kcal mol™. In the case of L3, which shows the highest DNA binding
constant, two hydrogen bonds between i) the carbonyl oxygen and the DG10-NH2 protons (2.09
Angstrom) and ii) the lactonic oxygen and the DG10-NH2 protons (2.08 Angstrom) are present,

with bond angles O—H--O of 141° and 132° respectively. In both cases, the proton is oriented



towards the heteroatom lone pairs. L4 interacts with DG10-NH2 and shows similar distances and

angles bonding to the L3-DNA complex.

2.5 QSAR descriptors

To rationalize the DNA binding constants shown by the series of ligands and copper complexes,
some quantitative structure-activity relationship (QSAR) descriptors were calculated. The
parameters considered were: polar surface area, hydrogen-bond acceptor, polar area, accessible
polar area, polarizability, minimum value of the electrostatic potential (as mapped onto an electron
density surface), maximum value of the electrostatic potential (as mapped onto an electron density
surface), energy band gap, electronegativity, hardness, global softness, chemical potential, global
electrophilicity index, and dipole moment (Table 4). In the case of ligands, a linear correlation was
found between the log of K binding and the energy of the highest occupied molecular orbital
(HOMO) or with the dipole moments, while no correlation was found for the complexes (Fig. 7).
The calculated parameters were tentatively correlated also with the antiproliferative activity but no
trend was observed for ligands or complexes. This suggests that the cytotoxic activity of the

coumarin derivatives studied in this work is exerted on targets different from the DNA.

2.6  Antiproliferative activity

The antiproliferative activity of the ligands and complexes was tested against a series of human
derived tumoral cell lines and against one healthy cell line. The ICso, i.e. the concentration required
to inhibit the antiproliferative activity by 50%, are reported in Table 3.

The ligands are devoid of cytotoxic activity against the tumour cell lines DU-145, and practically,
HEP-G2 and against the healthy cell line CRL 7065. Pyridine-coumarine L1 and L4 are devoid of
cytotoxic activity against all the studied cell lines. The coumarin derivatives with fluorine, in
particular L2, show toxicity against CCRF-SB and SK-MES. The ligand L5 shows low activity

only towards CCRF-CEM and CCRF-SB. The L6 is active, even if only poorly, towards CCRF-SB.



The copper complexes are inactive against prostatic and practically also hepatic carcinoma,
showing activity against the leukemic cell lines and lung carcinoma. The complexes are also toxic
towards the healthy cell line, except for C1 and C5. These two complexes might be used as
antitumoral agents as they are active against tumoral cells and inactive against healthy cells. As
regards the ligands, only L2 shows moderate anti-tumoral activity and good selectivity. The other
ligands, while not presenting activity versus tumoral cells, are inactive also against the normal cells;
being fluorescent, they might find applications as sensors in biomedical fields, though this is

outside the scope of this work.

Conclusion

Novel 3-(pyridin-2-yl)coumarins derived from substituted salicylaldehydes and 2-
pyridylacetonitrile were prepared and characterized. Complexes with copper(Il) were prepared and
the study was extended to three other similar coumarins. The cytotoxic activities of the ligands and
complexes were studied against a series of human derived tumoral cell lines and one normal cell
line. Ligand L6 was active against leukemic cells and lung carcinoma and devoid of activity against
normal cells. The other ligands presented in general low activities. The copper complexes were
moderately active against the tested tumoral cell lines. In particular, L3 was active against leukemia
cells and lung carcinoma and was devoid of cytotoxic activities against normal cells. The 1Csg
values of the copper complexes were comparable with those reported in the literature for similar
compounds. The ligands and complexes were able to interact with DNA and the interaction was
greater for the former. This interaction involves the carbonyl group of the coumarin moiety, as
evidenced by the molecular docking and Hammet correlation. QSAR studies show that the DNA
binding constants were related to the molecular orbitals of the ligands, however no specific trend
was observable between the DNA binding constants and the 1Cso, suggesting that the biological

activity of the studied molecules is exerted by mechanisms other than the DNA interaction.



The linear correlation between the logarithm of the binding constants and the HOMO energy shows
that the interaction with DNA depends on the nucleophilicity of the coumarins. In this kind of
interaction, covalent bonds are not formed, and therefore, it is the formation of hydrogen bonds that

drives the DNA binding.

3. Experimental part

3.1 Materials and methods

Ethanol, methanol, perchloric acid, chloridric acid, anhydrous ethanol, calf-thymus DNA (ct-DNA),
piperazine-1,4-bis(2-ethanosulfonic) acid (PIPES) and piperidine were purchased from Aldrich
(Milan, lItaly). Salicylicaldehyde, salicylic aldehyde derivatives, and pyridine acetonitrile were
purchased from Alfa-Aesar. The commercial reagents were used as received, without any further
purification. Ultra-pure water obtained with MilliQ Millipore was used for mass spectrometry and
DNA interaction studies. Melting points were obtained on a Kofler hot stage microscope and are
uncorrected. NMR spectra were recorded in CDCls on a 400 Varian spectrometer at room
temperature with TMS as an internal standard. Chemical shifts, multiplicity and coupling constants
were all reported. Mass spectra were recorded on a triple quadruple QqQ Varian 310-MS mass
spectrometer using electrospray ionisation (ESI) technique. The mass spectra were recorded in
positive ion mode in the m/z 50-1000 range. The experimental conditions were: needle voltage
4500 V, shield voltage 800 V, housing temperature 60 °C, drying gas temperature 150 °C, nebuliser
gas pressure 40 PSI, drying gas pressure 40 PSI, and detector voltage 1650 V. Tandem MS-MS
experiments were performed with argon as the collision gas (1.8 PSI) using a needle voltage of
6000 V, shield voltage of 800 V, housing temperature of 60 °C, drying gas temperature of 150 °C,
nebuliser gas pressure of 40 PSI, drying gas pressure of 40 PSI, and a detector voltage of 2000 V.
The isotopic patterns of the measured peaks in the mass spectra were analysed using the mMass

5.5.0 software package [41,42]. The assignments were based on the copper-63 isotope. The sample
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solutions were infused directly into the ESI source using a programmable syringe pump at a flow
rate of 1.0 mL/h. A dwell time of 14 s was used and the spectra were accumulated for approx. 5 min

in order to increase the signal-to-noise ratio.

General procedure for the preparation of chromen-2-one derivatives.

Salicylaldehyde derivatives (0.0082 mol) and pyridine-2-acetonitrile (0.94 mL, 0.0082 mol) were
dissolved in 15 mL of anhydrous ethanol and cooled at 0 °C with an ice bath. Piperidine (0.3 mL)
was then added stepwise. The mixture was stirred for 20 h at room temperature, then treated with
HCI (50 mL, 3.5%) and refluxed for 10 h to hydrolyse the iminocoumarins. When the reaction was
finished, the acidic solution was basified with aqueous ammonia. The precipitate was filtered and

recrystallized from methanol to yield the desired product [36].

3-(pyridin-2-yl)-2H-chromen-2-one (L1).

Yield: 87%, mp 142-144 °C. Experimental data are consistent with those reported in the literature
[36]. IR-ATR (cm™): 1718 (C=0); ESI-MS (Calcd and found, m/z): 224.07 [L + H]; UV-Vis &302nm
= 12354 cm mol™ L (PIPES 0.02M pH 7.0).

6-fluoro-3-(pyridin-2-yl)-2H-chromen-2-one (L2)

Yield: 71%, mp 191 °C; 'H NMR (400 MHz, CDCls, 8, ppm): 7.26-7.38 (m, 4H), 7.80 (dt, 1H, J =
7.8 Hz, J = 1.8 Hz), 8.42 (d, 1H, J = 8.1 Hz), 8.69 (d, 1H, J = 4,7 Hz), 8.72 (s, 1H); 3C NMR (101
MHz, CDCI3, &, ppm): 113.6 (d, JCF = 24.2 Hz), 117.8 (d, JCF = 8.1 Hz), 119.4 (d, JCF = 25.3
Hz), 120.1 (d, JCF = 9.1 Hz), 123.7, 124.0, 126.3, 136.6, 141.2 (d, JCF = 3.0 Hz), 149.4, 150.0,
150.7, 158.6 (d, JCF = 245.4 Hz), 159.8; IR-ATR (cm™): 1718 (C=0); ESI-MS (Calcd, found, m/z):
242.06, 242.02 [L + H]*; UV-Vis £2720m = 8007 cm mol ™ L (PIPES 0.02 M pH 7.0).
7-methoxy-3-(pyridin-2-yl)-2H-chromen-2-one (L3)

Yield: 54%, mp 144 °C; 'H NMR (400 MHz, CDCls, 8, ppm): 3.90, (s, 3H), 6.87-6.90 (m, 2H),

7.25-7.28 (m, 1H), 7,54 (d, 1H, J = 8.4 Hz), 7.77 (brt, 1H, J = 7.8 Hz), 7.40 (d, 1H, J = 8.1 H2),
11



8.66 (d, 1H, J = 4.7 Hz), 8.73 (s, 1H); 3C NMR (400 MHz, CDCls, &, ppm): 55.79, 100.20, 113.06,
113.24, 121.80, 122.94, 123.42, 129.84, 136.55, 142.54, 149.23, 151.65, 155.83, 160.57, 163.27,
IR-ATR (cm™): 1734(C=0); ESI-MS (Calcd and found, m/z): 254.08 [L + H]*; UV-Vis €3420m =
2673 cm mol™? L (PIPES 0.02 M pH 7.0).

6-methoxy-3-(pyridin-2-yl)-2H-chromen-2-one (L4)

Yield: 76%, mp 166-167 °C; 'H NMR (500 MHz, CDCls, &, ppm): 3.84 (s, 3H, OCHs), 7.04 (d, 1H,
J=3Hz), 7.13 (dd, 1H, J = 9.0 Hz, J = 2.5 Hz), 7.27-7.30 (m, 2H), 7.77 (bt, 1H, J = 7.5 Hz), 8.42
(d, 1H, J = 7.5 Hz), 8.67 (d, 1H, J = 7.5 Hz), 8.71 (s, 1H); 3C NMR (400 MHz, CDCls, &, ppm):
56.00, 110.62, 117.55, 120.03, 120.37, 123.61, 124.25, 125.79, 136.81, 142.47, 148.64, 149.55,
151.54, 156.35, 160.61; IR-ATR (cm™): 1731 (C=0); ESI-MS (Calcd, found, m/z): 254.08, 254.09
[L + H]*; UV-Vis £2030m = 10560 cm mol™ L't (PIPES 0.02 M pH 7.0).
6-chloro-3-(pyridin-2-yl)-2H-chromen-2-one (L5).

Yield: 76%, mp 170 °C; 'H NMR data are consistent with those reported in the literature [43]; 13C
NMR (400 MHz, CDCls, o, ppm): 117.73, 120.47, 123.70, 124.04, 126.34, 127.79, 129.77, 131.92,
136.63, 140.94, 149.42, 150.67, 152.15, 159.57; IR-ATR (cm™): 1717 (C=0); ESI-MS (Calcd and
found, m/z): 258.03 [L + H]*; UV-Vis £204nm = 2349 cm mol™ L (PIPES 0.02 M pH 7.0).
7-fluoro-3-(pyridin-2-yl)-2H-chromen-2-one (L6)

Yield: 77%, mp. 159-161 °C: *H NMR (500 MHz, CDCls, &, ppm): 7.02-7.10 (m, 2H), 7.29 (dd,
1H, J =7.5 Hz, J =4.7 Hz), 7,62 (dd, 1H, J = 8.4 Hz, J = 6.1 Hz), 7.77 (t, 1H, J = 7.8 Hz), 8.38 (d,
1H, J = 8 Hz), 8,66 (d, 1H, J = 4.7 Hz), 8.74 (s, 1H); 3C NMR (101 MHz, CDCls, 8, ppm): 103.9
(d, JCF = 25.7 Hz), 112.8 (d, JCF = 23.1 Hz), 116.2, 123.4, 123.8, 124.0, 130.4 (d, JCF = 10.4 Hz),
136.6, 141.7, 149.3, 150.9, 154.9 (d, JCF = 13.0 Hz), 169.7, 164.7 (d, JCF = 254.7 Hz); IR-ATR

(cm™): 1723 (C=0); UV-Vis g326nm = 2770 cm mol™ L™* (PIPES 0.02 M pH 7.0).
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3.2  Synthesis of copper complexes CuLz(Hz20)(Cl04)z (C1-C6)

To an ethanolic solution of the ligand (0.1 g, 5 mL) an ethanolic solution of Cu(ClO4), (1:2
copper:ligand molar ratio) was added drop by drop. A solid product was formed. The mixture was
stirred for ten minutes, and the product was filtered, washed with water and dried at room
temperature. The obtained compounds were re-crystallised from methanol as microcrystalline
powder. The compounds were characterized by elemental analysis, mass spectrometry and IR-ATR.
Analytical results: C1 CuCzsH20N2013Cl> calc. C 46.35%, H 2.78%, N 3.86%, found C 46.18%, H
2.79%, N 3.85%; C2 CuC2sH18N2013F2Cl> calc. C 44.16%, H 2.38%, N 3.68%, found C 44.10%, H
2.37%, N 3.67%; C3 CuCszoH24N2015Cl> calc. C 45.86%, H 3.08%, N 3.57%, found C 45.82%, H
3.07%, N 3.58%; C4: CuCsoH24N2015Cl; calc. C 45.86%, H 3.08%, N 3.57%, found C 45.88%, H
3.09%, N 3.56%); C5 CuC2sH18N2013Cl4 calc. C 42.38%, H 2.29%, N 3.53%, found C 42.42%, H
2.30%, N 3.52%; C6 CuCagH1sN2013F2Cl> calc. C 44.16%, H 2.38%, N 3.68%, found C 44.05%, H
2.37%, N 3.69%;. ESI-MS [M-H20-ClO4]" C1 calc. m/z 607.96, found m/z 608.12, C2 m/z calc.
643.44 found m/z 644.17, C3 calc. m/z 667.96, found m/z 668.11, C4 calc. m/z 667.96, found m/z
668.31, C5 calc. m/z 675.87, found m/z 676.01, C6 calc. m/z 673.92, found m/z 673.85. UV-Vis:
C1 &306nm = 20964 cm mol™ L™, C2 g2940m = 23534 ¢cm mol™ L, C3 e338nm = 23305 cm mol™ L7,
C4 g296nm = 33448 ¢cm mol™* L%, C5 e2680m = 16263 cm mol™ L, C6 e3660m = 8868 cm mol™* L

(PIPES 0.02 M pH 7.0).

3.3 DNAINTERACTION

The binding constants (Kb) between ct-DNA and the coumarin ligands or copper-coumarin
complexes were determined at 25 °C by spectrophotometric titrations in PIPES buffer 0.02 M at pH
7.0. The UV-vis measurements were carried out on an Agilent Cary 60 spectrometer (1 cm path
length). The stock solution of ct-DNA in 0.02 M PIPES buffer at pH 7.0 was stored at 4 °C and
used within four days. The concentration of DNA per nucleotide was determined by UV absorption

at 260 nm using its molar absorption coefficient (6600 Mt cm™) [44]. The purity of the DNA was
13



checked by monitoring the ratio of the absorbance at 260 nm to that at 280 nm. A ratio higher than
1.8 indicated a DNA sufficiently protein free [45]. Thirty solutions containing a fixed amount of
ligand or metal complex (ranging from =~ 2.0 x 10™ to = 5.2 x 10" mmol, according to compound
absorptivity) and variable amounts of DNA (ranging from 0 to 2.6 x 10* mmol) were prepared and
stored in the dark at room temperature for 24 h before the absorbance measurements. Absorption
spectra were recorded in the 200-500 nm range. The necessary delay time for reaching the
equilibrium was assessed spectrophotometrically by determining the time after which changes in

UV-vis spectra were not observed (<20 h).

3.4 Theoretical calculations

Molecular docking studies on ligands and complexes were carried out using Vina Autodock [46]

and Python Molecular Viewer (PMV) [47]. Ligand and complex geometries were optimised with
SPARTAN’14 (Wavefunction Inc.) by using the density functional theory at the B3LYP level (6-
31G™ basis sets). The optimized molecules were exported as a pdb file and used with PMV. The

structure of B-DNA (PDB ID: 1BNA) was retrieved from the protein data bank

(http://www.rcsb.org./pdb) and pre-treated with PMV [48]. The docked molecules were visualized

with PMV. QSAR descriptors were obtained with SPARTAN’14 (Wavefunction Inc.) by using the

density functional theory at the B3LYP level (6-31G™* basis sets).

3.5 Cell cultures

In this study, the following human hematologic and solid tumour-derived cell lines were used: acute
T-lymphoblastic leukaemia (CCRF-CEM), acute B-lymphoblastic leukaemia (CCRF-SB), lung
squamous carcinoma (SK-MES-1), prostate carcinoma (DU-145), and hepatocellular carcinoma
(Hep-G2). The human foreskin cell line (CRL 7065) was used as a control of normal cells to
determine the degree of selectivity of test compounds towards cancer cells.

All cell lines were purchased from the American Type Culture Collection (ATCC, USA) and were
14



cultured in their specific conditions and media according to ATCC instructions (37 °C, 5% CO2,
with 5- 10% foetal bovine serum, antibiotic, and sodium pyruvate unless otherwise indicated). All
cell lines were maintained in exponential growth by periodically splitting high density suspension
cultures (i.e. 108/mL) of hematologic tumour-derived cell lines, or when solid tumour-derived cell
monolayers reached sub-confluence (70-90% confluence). Cell cultures were periodically tested for

the absence of mycoplasma with an N-GARDE Mycoplasma PCR Reagent kit (Euroclone).

3.6 Antiproliferative activity

The antiproliferative activity of compounds was evaluated against hematologic and solid tumour-
derived cells in exponentially growing cell cultures. Adherent cells were seeded at a density of 5 x
10% cells/mL in each well of 96-well flat bottomed plates. Cell cultures were incubated overnight
before the addition of 2 x the final concentrations of test compounds (four replicates/concentration).
Cell suspensions of non-adherent cells were seeded at a density of 1 x 10° cells/mL per well of 96-
well flat bottomed plates, and treated with 2x the final concentrations of each compound (four
replicates/concentration). Cell viability was determined after 96 h of incubation at 37 °C, 5% CO2,
by the 3-(4,5-dimethyl- thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) method [49]. Dose—
response curves and compound concentrations, required to reduce the cell proliferation by 50%
(ICs0) compared to untreated controls, were determined for each compound by non-linear curve

fitting. All data reported represent the mean values + SD of three to four independent experiments.

Table of Abbreviations

CCRF-Cem human acute T-lymphoblastic leukaemia; CCRF-Sb human acute B-lymphoblastic
leukaemia; Sk-Mes-1 human lung carcinoma; Du 145 human prostate carcinoma; Hep-G2 human
hepatocellular carcinoma; CRL 7065 human normal foresti; QSAR quantitative structure-activity

relationship; ESI-MS electrospray ionisation mass spectrometry; IR-ATR infrared attenuated total
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reflection spectroscopy; PIPES piperazine-1,4-bis(2-ethanosulfonic) acid ; DMSO

dimethylsulphoxide; HOMO highest occupied molecular orbital; ct-DNA calf-thymus.
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Figure legends:

Fig. 1. Molecular structure and acronyms of the coumarins studied in this work. L1 is 3-(pyridin-2-
yl)-2H-chromen-2-one, L2 is 6-fluoro-3-(pyridin-2-yl)-2H-chromen-2-one, L3 is 7-methoxy-3-
(pyridin-2-yl)-2H-chromen-2-one, L4 is 6-methoxy-3-(pyridin-2-yl)-2H-chromen-2-one, L5 is 6-
chloro-3-(pyridin-2-yl)-2H-chromen-2-one, L6 is 7-fluoro-3-(pyridin-2-yl)-2H-chromen-2-one.

Fig. 2. ORTEP drawing of L1-HCIO4 (A), L4 (B) and L6 (C). Ellipsoids drawn at 50% probability.

Fig. 3. Hypothesized structure of C2 [CuL2(OHy)]?* (DFT analysis, B3LYP theory level, 6-31 G*
basis set).
Fig. 4. Selected spectra recorded during titration of (A) L4 (5.2 x 10> mmol), (B) L2 (4.2 x 10°

mmol), (C) C4 (3.3 x 10° mmol) and (D) C2 (4.3 x 10°°> mmol), with DNA (4.22 x 10 M); PIPES
0.02 M, pH 7.0. Arrows indicate the absorbance changes due to DNA addition.

Fig. 5. Trend between the logarithm of the ratio of substituted (Kp™b) and unsubstituted (Kp"™)
ligand’s DNA binding constants and the Hammett ¢ parameter for derivatives with substituents in
position 6 and 7 (A) or in position 6 (B) (Ya =0.08 - 0.12X, R?=0.8571; Y = 1.410* -0.11X, R?
= 1.000).Fig. 6. Molecular docked model of L3 (A), L4 (B), C3 (C) and C4 (D) with DNA (PDB
ID: 1BNA).

Fig. 7. Correlation between the log of the binding constant and the energy of the highest occupied
molecular orbital (HOMO) (A) and with the dipole moments (B) for the ligands L1-L6 (Ya =9.1X

+61.4, R2=0.9162; Yg = 0.82X — 0.62, R? = 0.8229).

Scheme legend

Scheme 1. Synthesis of the studied coumarin derivatives (Y = H, 6-F, 7-F, 6-OCHs, 7-OCHg3, 6-ClI).
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Scheme 1
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Table 1. Crystallographic data and structure refinement details

Compound L1-HCIO4(1) L4(2) L6(3)
Formula C14H10CINOs C15H11NO3 C14HsFNO?
Crystal system monoclinic monoclinic monoclinic
Space group P2i/c (no. 14) P21/n (no. 14) P21/n (no. 14)
M.W. 323.68 253.25 241.21

alA 15.943(2) 3.872(1) 3.806(1)
b/A 6.864(1) 11.643(2) 12.203(2)
c/A 12.957(2) 26.223(5) 23.072(4)
al® 90 90 90

pl° 111.21(1)) 93.52(3) 93.30(1)

yl° 90 90 90

VA3 1321.9(3) 1179.8(4) 1069.6(3)

Z 4 4 4

D. /g/cm™3 1.626 1.426 1.498
pmm 0.321 0.101 0.113
Measurement Bruker APEX 11 Bruker APEX 11 Bruker APEX 11
Measured 13568 5391 10901
Unique reflections, 4148, 0.027- 1431, 0.060 3361, 0.026
Observed 2677 1047 2623
Absorption SADABS SADABS SADABS
Tmin, Tmax 0.875, 1.000 0.600, 1.000 0.787, 1.000
R 0.0484 0.0811 0.0625

wR2 [all data] 0.1464 0.2339 0.1827
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Table 2. DNA binding constants for ligands and complexes. Constants were determined at 25 °C, in

PIPES 0.02 M, pH 7.0 (in parenthesis the standard deviations on the last significant figure are

reported).

DNA binding constants

Ligands Kbinding (M) C()Crgg{zzf(rezs Kbinding (M)
L1 1.07(1) x 10° C1 3.55(1) x 10°
L2 1.4(1) x 10* C2 1.3(1) x 10°
L3 5.01(1) x 108 C3 1.91(1) x 10°
L4 1.58(1) x 108 C4 3.31(1) x 10°
L5 3.16(4) x 10* C5 4.17(1) x 10°
L6 4.0(3) x 10* C6 1.2(1) x 103
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Table 3. Antiproliferative activity of ligands and complexes against human derived cell lines.

o 2| Cso, uM

§_ Human derived tumour cell lines

§ PCCRF-CEM °‘CCRF-SB YSK-MES1 ¢DU145 TfHEP-G2 9CRL 7065
L1 >100 >100 >100 >100 >100 >100
L2 >100 20 79 >100 >100 >100
L3 >100 70 >100 >100 >100 >100
L4 >100 >100 >100 >100 >100 >100
L5 58 66 >100 >100 >100 >100
L6 >100 79 >100 >100 >100 >100
C1 96 20 62 >100 >100 >100
C2 41 17 55 >100 >100 52
C3 85 30 67 >100 >100 57
C4 76 19 57 >100 >100 84
C5 36 19 53 >100 >100 >100
C6 56 14 37 >100 79 11

4Compound concentration (uM) required to reduce cell proliferation by 50%, as determined by the
MTT method, under conditions allowing untreated controls to undergo at least three consecutive
rounds of multiplication; "human acute T-lymphoblastic leukaemia; human acute B-lymphoblastic
leukaemia; “human lung carcinoma, thuman prostate carcinoma; ‘human hepatocellular carcinoma;
%human normal foreskin.
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Table 4. QSAR descriptors calculated with Spartan’14 (density functional B3LYP, 6-31G*)

Acc. . 1 1
Are | Volu | PsA | Lo P | . MinEl | MaxEl | pey | jgm | BB e [T ] s | M DM
HB | Are P.A Pot Pot G 17
Cpd a me : g Are Mo?® o (e (ev wie
B | e | | e | AL R e |y ey [V g |y (et
) | ol) ol) ) V) V) ve)
L1 | 235. | 225 | 252 | 2. | 2 | 457 | 190. | 58. | - 9875 | -6.14 | -2.11 - -
59 | 72 | 17 | 45 3 | 21 | 73| 1873 40 | 2. | 2. | 24 | 4 | 42 | 44
2 3 |02]02]81 [13]2
L2 | 241 | 230. | 251 | 2. | 2 | 468 | 191 | 59. | - | 111.71 | -6.25 | -2.30 - - )5
22 | 28 | 89 | 61 2 | 26 | 12 | 1789 390 L | 1|25 |4 46|
8 5 |98 ]9 |32 (28] 3
L3 | 265 | 252. | 321 | 2. | 3 | 668 | 207. | 66. | - | 121.29 | -5.80 | -1.92 -
30 | 79 | 07 |32 4 | 49 | 84 | 1964 38 | 1. | 1|25 |3 |38]69
5 8 | 94| 94| 77 |8 | 4
L4 | 265 | 252. | 321 | 2. | 3 | 612 | 207. | 60. | - | 11450 | -5.86 | -2.07 - 55
35 | 84 | 56 | 32 7 | 71| 99 | 1940 37 | L | L |26 |3 |41
0 9 |90 ]9 |39 [97] 5
L5 | 251. | 239. | 252 | 3. | 2 | 476 | 201. | 59. | - | 11217 | -6.32 | -2.36 - )1
26 | 39 | 06 | o1 8 | 78 | 8 | 1740 39 | L | L |25 |4 |47 |5
9 6 | 98|98 | 25 [34] 6
L6 | 241. | 230. | 255 | 2. | 2 | 627 | 191 | 59. | - | 14694 | -6.14 | -213 -
85 | 70 | 77 | 61 0 | 57 | 14 | 2174 40 | 2. | 2. | 24| 4 | 42 | 43
3 1 o1 |01 |94 |14] 6 | 6
C1 | 480. | 473. | 630 | - | 7 | 441 | 335. | - | 3933 | 71542 | - | -791 - -
30 | 44 | 76 21 | 27 118 39 | 1| 1|25 |9 |24 ] 20
5 4 |97 |97 | 38 |8 | 78| 4
C2 | 489. | 482. | 626 | - | 7 | 450. | 338. | - | 2882 | 76889 | - | -7.99 -
74 | 33 | 04 21 | 58 4 117 37 | 1| 1|26 |9 |25 |44
4 5 |88 |8 | 67 |87 |9 | 2
C3 | 540. | 527. | 776 | - | 9 | 498. | 368. | - | 2714 | 70108 | - | -7.46 -
70 | 99 | 80 | 05 67 | 58 0 11.0 35 | 1| 1. |28 | 9 |24 | 23
0 4 |77 |77 | 25 | 23| 07 | 1
C4 | 540. | 527. | 772 | - | O | 498 | 369. | - | 2544 | 70567 | - | -7.69 - -
60 | 71 | 88 | 09 92 | 22 2 108 1| 1|3 |09 |2. |18
9 32 | 60 | 60 | 25 | 20| 97 | 9
C5 | 512 | 500. | 636 | - | 7 | 476. | 357. | - | 2969 | 72782 | - | -8.07 -
06 | 71 | 44 70 | 19 0 116 36 | 1. | 1 |27 |9 |27 |58
8 1 |81 |8 |70 |8 01| 7
C6 | 490. | 482. | 634 | - | 7 | 450. | 338. | - | 3074 | 74343 | - | -791 -
44 | 53 | 69 10 | 55 7 117 38 | 1| 1|26 |9 |25 |26
5 4 | 92|92 04 [83] 16| 1

1Polar Surface Area; :estimated according to [41]; sHydrogen-bond acceptor; spolar area; saccessible
polar area; spolarizability; 'minimum value of the electrostatic potential (as mapped onto an electron
density surface); smaximum value of the electrostatic potential (as mapped onto an electron density
surface), =energy band gap, =electronegativity, =hardness, »global softness (x10?), schemical

potential, «global electrophilicity index, »dipole moment.

31




Graphical abstract

Molecular docked model of 7-methoxy-3-(pyridin-2-yl)-2H-chromen-2-one with DNA (PDB ID:
1BNA).
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Highlights

e Novel 3-(pyridin-2-yl)coumarins and copper complexes are prepared and characterized

e 6-fluoro-3-(pyridin-2-yl)-2H-chromen-2-one is active versus leukemic cells and lung cancer
e The copper complexes are moderately active against the tested tumoral cell lines

e DNA binding constants of ligands and complexes were obtained

e Molecular docking shows that the carbonyl group of the coumarin moiety interacts with

DNA
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