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ABSTRACT

(E)-2-((4-hydroxybenzylidene)amino)phenol (iminophenol a) reacted with Pd(OAc), giving place to com-
pound 1a, in which the iminophenol was bonded to palladium(Il) in a &3-Cyho,N,O0rho tridentate chelat-
ing mode. Thus, 1a was formed by neutral mononuclear units of schematic formula Pd(C,N,0), consisting
of two fused five-membered metallacycles. Self-assembly of the Pd(C,N,O) units gave place to the polynu-
clear structure of 1a. Treatment of 1a with PPhs or PPh,CH,CH,PPh, in molar ratio Pd(Il)/PPh; = 1/1 or
Pd(II)/PPh,CH,CH,PPh; = 2/1 produced the mononuclear or dinuclear compound of schematic formula
[Pd(C,N,0)(PPh3)] (2a) or {[Pd(C,N,0)],(u2-PPh,CH,CH;,PPh;)} (3a), respectively. Compounds a were char-
acterized by elemental analysis, high resolution ESI-(+) mass spectrometry, IR, and NMR. In addition, the
crystal structure of the adducts 2a.2(CH,CI-CH,Cl) and 3a-5(dmso) was determined by single crystal X-
ray diffraction analysis. Most compounds a were noncytotoxic or poorly cytotoxic. Nonetheless, 2a was
moderately cytotoxic against the MCF-7 breast and HCT-116 colon human cancer cell lines, and presented
very low cytotoxicity towards normal skin human B]J cells. Compounds a showed moderate antibacterial
activity against some Gram-positive (B. subtilis and S. aureus) and Gram-negative (E. coli) bacterial strains,
and displayed also moderate antioxidant activity, producing 3a the best antioxidant activity. 1a changed
the electrophoretic mobility of the pBluescript SK+ plasmid DNA. This change followed the pattern of
cisplatin, but it started at a concentration twenty times higher than with cisplatin. Moreover, compounds
1a - 3a inhibited topoisomerase Il at concentrations of 10, 50 and 25 pM, respectively.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

compounds cisplatin, carboplatin and oxaliplatin nowadays in clini-
cal use worldwide for the treatment of different cancers in humans

Potential applications of palladium(Il) compounds in pharma-
cology have been extensively studied in recent years [1-6]. This is
because there is a great interest for finding new metallodrugs ca-
pable of overcoming the issues of toxicity and intrinsic or acquired
resistance produced by the coordination square-planar platinum(Il)
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[7-8], and also because several palladium(Il) compounds present in
vivo, using mice as models, good profiles as anticancer [9-23], an-
tiparasitic [24-26] and anticonvulsant agents [27].

Most of the palladium(ll) compounds with good pharmaco-
logical activities in vivo are mononuclear [9,12,21,26] or din-
uclear [14,16,18-19,22-25,27] palladium(Il) cyclometallated com-
pounds, and in this latter case, bridging diphosphane [14,16,18-
19,22-24], acetato [27], chlorido [27] or azido [25] ligands connect
the palladium(II) centres. Furthermore, these in vivo pharmacologi-
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cal active palladium(Il) cyclometallated compounds present biden-
tate k2-C,N [12,14,16,18-19,21-27] or tridentate k3-C,N,N [9] chelat-
ing ligands, which form five-membered metallacycles and present
an ortho-palladated carbon atom, and other ligands, such as
acetato [27], chlorido [14,16,18-19,22-24,27], azido [25], diphos-
phanes [12,14,16,18-19,21-24,26] or a heterocyclic carbene [9],
complete the coordination sphere of the palladium(Il) centres. In
addition, a k'-C,,-phenylpalladium(Il) compound with a chelat-
ing diphosphane ligand and a terminal N-thiocyanato ligand [20],
and a few ionic or neutral mononuclear palladium(II) coordination
compounds containing k3-N,N,N [10-11,17], k2-N,N [13] or k2-0,0
[15] chelating ligands also present a good anticancer activity in
vivo. In these latter compounds, the chelating ligands form very
stable five- or six-membered metallacycles.

These reports reinforce the original idea that palladium(Il)
compounds presenting chelating ligands, forming five- or six-
membered metallacycles, good sigma donor or m-acceptors lig-
ands, and steric hindrance around of palladium(Il) centres, are suf-
ficiently stable in the biological medium in relation to substitution
reactions, and therefore they can enter quite unaltered inside the
cancer cells, parasites or microbes and produce their pharmacolog-
ical effect [28].

The studies on the mechanism of the anticancer activity of pal-
ladium(II) compounds point to their permeabilization effect over
the mitochondria and lysosome membranes, as the main event
that triggers a series of processes that ultimate end with the death
of the cancer cells, in many cases, by apoptosis [12,16,21,29-30].
Furthermore, some of these compounds are efficient inhibitors of
the cysteine protease cathepsin B [31] and strongly bind to CT-DNA
[32]. These results suggest that they could present antimetastatic
activity [31] and that the nuclear DNA could be a primary tar-
get for them [32]. The topoisomerase 1B inhibitory effect or the
antioxidant activity displayed by some of these compounds has
also been related with their antiparasitic [25] or anticancer activity
[33], respectively.

In previous articles [34-39], we studied the anticancer activity
in vitro of palladium(Il) cyclometallated compounds derived from
benzophenone imines (first series) [35,38-39], diimines (second
series) [36], primary amines (third series) [37] and imine masked
primary amines (fourth series) [34]. The effect of the compounds
on the electrophoretic mobility of the pBluescript SK+ plasmid
DNA was also analysed. In addition, and for some selected com-
pounds, we tested their inhibitory effect over topoisomerase I
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[35,36] and cathepsin B [34,38], and their antibacterial and antiox-
idant activity [34,38].

The results in relation to the preceding studies are summa-
rized in Table 1 . Compounds A and B were the palladium(II) cy-
clometallated compounds studied in our research group with the
best profile as anticancer drugs in vitro [35,38-39]. In the three
first series studied, a clear relationship was established between
the lipophilicity of the compounds and their anticancer activity
[35-37], and several compounds from the first, third and fourth
series showed moderate antibacterial and antioxidant activity
[34,38]. Furthermore, none of the compounds interacted strongly
with the pBluescript SK+ plasmid DNA at a concentration in which
a strong binding to the pBluescript SK+ plasmid DNA was observed
for cisplatin, a strong covalent binder to DNA, or ethidium bromide,
a strong intercalator binder to DNA, according to electrophoretic
mobility experiments. These results suggested that DNA was not
the primary target for the tested compounds [34-39]. Furthermore,
for a few selected compounds, their inhibitory effect on topoiso-
merase I and cathepsin B was analysed, and they were neither ef-
ficient cathepsin B inhibitors (compounds A, B, I, J and K) [34,38]
nor topoisomerase I inhibitors (compounds L, M and N) [35,36].

Following the preceding studies [34-39], we describe here the
preparation of a new series of palladium(Il) cyclometallated com-
pounds containing a k3-Cyy¢ho,N,00reno iminophenol chelating ligand,
and their anticancer, antibacterial, and antioxidant activity. Fur-
thermore, the interaction of the compounds with the pBluescript
SK+ plasmid DNA, and their ability to inhibit the topoisomerases I
or llae by electrophoretic experiments are also addressed.

It should be noted that the palladium(Il) compounds described
here, once their target biomolecules could be coordinated to their
palladium(Il) centres, could establish secondary hydrogen bonds
with them through their phenoxido and phenol functions. This
could give place to stronger and more selective interactions with
their target biomolecules and therefore an improvement of their
pharmacological activities.

2. Results and discussion
2.1. Synthesis and characterization of the compounds
Scheme 1 shows the preparation method and numbering of the

compounds under study, together with the numbering of their aro-
matic protons, for the discussion that follows.
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Scheme 1. i) Ethanol, reflux, 4 h, ii) Pd(OAc),, HOAc, 24 h, 60 °C, iii) PPhs, acetone, rt, 1 h, molar ratio 1a(n

1a(n = 1)/PPh,CH,CH,PPh, = 2.

= 1)/PPh3 = 1, iv) PPh,CH,CH,PPh,, acetone, rt, 1 h, molar ratio
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Table 1
In vitro pharmacological activities of palladium(II) cyclometallated compounds reported by our research group [34-39].

Compound In vitro pharmacological activity %3

a) A and B were four times more cytotoxic than cisplatin against the MDA-MB-231 and the MCF-7 breast human cancer cell lines
[39]. A was three times less cytotoxic towards quiescent healthy HUVEC cells than cisplatin [35].

b) C and D were noncytotoxic towards the MDA-MB-231 and the MCF-7 breast human cancer cell lines [35].

c) B presented moderate antibacterial and antioxidant activity compared with the commercial antibiotic cefixime, and the natural
N—F’IG—PPhS antioxidant ascorbic acid, respectively [38].

5

Hli
X
A (X = OAc), B (X = Cl)

N—"Pd=PPh,
X

C (X = OAc), D (X = Cl)

Cl
. — a) E presented similar cytotoxicity to cisplatin against MDA-MB-231 and MCF-7 breast and
Cl HCT-116 colon human cancer cell lines, but F was noncytotoxic against these cancer cell lines
[36].
I
N—P|d—
Cl=— |
_._p'o_
_C':| Cl—
—Pd—
|
Cl
e i
F

a) G, H, and I were very cytotoxic toward different cancer cell lines [34,37] and G and H produced the death of the A549 human
lung cancer cells mainly by early apoptosis [34].

b) I was extremely cytotoxic towards normal skin human BJ cells, and presented moderate antibacterial and antioxidant activity
[34].

G (X = OAc)
H(X=cl)
I(X =Br)

a) J (an imine masked form of I) afforded a similar cytotoxicity to cisplatin for the HCT-116 human colon cancer cell line, but it
was almost noncytotoxic for the normal skin human B]J cells, and produced moderate antibacterial and antioxidant activity [34].

J
a) K (a structural isomer of J) was almost noncytotoxic, but it presented moderate antibacterial and antioxidant activity [34].
-PPh
), -Pd 3
Br
Ph
K

(continued on next page)
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Table 1 (continued)
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Compound In vitro pharmacological activity %3
Cl
a) L, M and N were not efficient inhibitors of topoisomerase I
O O [35-36)
N.—F'd— ] !
fx MGTN—PF— | 2 N—Pd-PPhg
pn O E Cl

-

o—/_o

1 The precursor imine of J and K of formula (E)-2,4,6-Me3CsH,-CH=N-2-PhCgH, displayed strong antibacterial and antioxidant activity [34].
2 A - N were not efficient covalent or intercalator binders for the pBluescript SK+ plasmid DNA [34-39].

3 A, B, 1,J and K were not efficient inhibitors of cathepsin B [34,38].

Iminophenol a and compounds 1a - 3a were obtained by
an adaptation of known procedures [40]. Thus, iminophenol
a was synthesized by a condensation reaction between 4-
hydroxybenzaldehyde and 2-aminophenol, 1a by concatenation in
acetic acid of cyclopalladation and ortho phenol deprotonation re-
actions between iminophenol a and Pd(OAc),, and 2a and 3a by
splitting reactions in acetone at room temperature between com-
pound 1a and the phosphanes PPh; or PPh,CH,CH,PPh,, respec-
tively.

Compounds a were yellowish (iminophenol a), brownish (1a)
and reddish (2a and 3a) solids, which afforded satisfactory elemen-
tal analysis. Iminophenol a, and compounds 2a and 3a, were sol-
uble in dmso, and compound 1a in acetone. Therefore, the NMR
experiments for the iminophenol a, and compounds 2a and 3a
were recorded in dmso-dg, and in acetone-dg for compound 1a.
Iminophenol a protons were assigned by bidimensional 'H - 1H
COSY and NOESY experiments. The same bidimensional experi-
ments were used for the proton assignation of the x3-Cyyn0.N,Oorno
coordinated iminophenol of 1a and 2a. Furthermore, the proton
assignation of the «3-Cyyo,N,Oorno coordinated iminophenol of 2a
served as a guide for the assignation of these protons for 3a.

Mono- and bidimensional "H NMR experiments for 1a - 3a
were consistent with the lack of the proton in ortho position of
the phenyl group bonded to the iminic carbon, and the deprotona-
tion of the ortho phenol function of the coordinated iminophenol.
Furthermore, the shift of the iminic proton of 1a - 3a to a lower
chemical shift in relation to the free iminophenol by 0.98 ppm for
1a, 0.26 ppm for 2a, and 0.25 ppm for 3a, was consistent with the
coordination of the iminic nitrogen to the palladium(Il) centre and
an endo structure [40]. Thus, iminophenol a was bonded to the pal-
ladium(1l) centre in an endo-k3-C,p,,N,O4riho cOOrdination mode in
1a - 3a. It should be noted that for an iminophenol coordinated
to palladium(Il) in an exo-k3-Cyype.N,0grno Ccoordination mode, its
iminic proton appeared shifted to a higher chemical shift in rela-
tion to its precursor ligand by 0.11 ppm [41]. The precedent endo
and exo descriptors refer to compounds having the iminic function
inside (endo compounds) or outside (exo compounds) of the met-
allacycle containing the Pd-C bond [42].

In addition, the iminic proton appeared as a doublet with a
4J4p coupling constant of 12 Hz for 2a, which agreed with the
trans arrangement between the iminic proton and the phospho-

rus atom in this compound [40]. Furthermore, the iminic pro-
tons and the phosphorus atoms of 3a produced an apparent AA’XX’
(A=A = 'H and X = X' = 3P) spin system, which afforded
an apparent triplet for the iminic protons. Similarly, the CH, pro-

tons of 3a were part of an apparent A,A»XX (A = A’ = 'H and
X = X' = 3IP) spin sizstem, which afforded a somewhat broad ap-
parent singlet at 2.74 ppm for them. These results agreed with an
apparent high symmetry for 3a in dmso solution due to a fast ro-
tation through its single bonds. The 3'P{'H} NMR of 2a and 3a in
dmso-dg solution afforded a singlet at 34.06 and 34.33 ppm, re-
spectively. Similar spin systems to that observed for 3a have been
previously reported in our research group [43]. The above dis-
cussed NMR experiments are given in the Supplementary Material
(Figures S1 - S12).

It is worth to note that the nuclearity of compound 1a is not
known at present, and that the attempts to grow single crystals of
1a to determine its nuclearity by X-Ray diffraction analysis were
unsuccessful. Similar compounds to 1a, which are formed by neu-
tral Pd(C,N,O) units derived from an iminophenol and whose crys-
tal structure has been determined, presented in the selected crys-
tals for the X-ray diffraction analysis, a tetranuclear structure with
the phenoxido functions bridging the palladium(Il) centres, see for
instance references [44-45]. In addition, these tetranuclear com-
pounds with phenoxido bridges in dmso solution experience split-
ting reactions, which convert them into mononuclear compounds
of general formula [Pd(C,N,0)(dmso)], in which the dmso ligand is
located in trans position to the iminic nitrogen [46].

In the IR, iminophenol a produced a broad band at 3212 and
a medium sharp signal at 1623 cm~!, which were assigned to the
stretching of its phenol and iminic functions, respectively. In the IR
of compounds 1a - 3a, a broad band at 3260 for 1a, 3227 for 2a or
3212 cm~! for 3a, and a medium sharp band at 1579 for 1a, 1586
for 2a or 1586 cm~! for 3a were assigned to the stretching of their
phenol and iminic functions, respectively [46]. Furthermore, 2a or
3a presented in the IR a sharp medium band at 1098 or 1107 cm~1,
respectively, which was assigned to the q X-sensitive band of the
coordinated phosphane ligand [43].

In the high-resolution ESI-(+) mass spectrum, iminophenol a
afforded an intense peak at 214.0862 m/z, which was assigned to
[Ma + HT] (calc. 214.0862). M represents the mass of the most
abundant isotopologue of the cation under discussion. Compound
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A (C43H1oNO,Pd")
m/z = 317.9746
(calc. 317.9741)

B (C43H1oN30,Pd*)
m/z = 345.9802
(calc. 345.9802)

C (C45H13N0,Pd*)
m/z = 359.0008
(calc. 359.0006)

D (C31HpsNO,PPd*)
m/z = 580.0666
(calc. 580.0670)

E (CggH34NO,PoPd"*)
m/z =716.1100
(calc. 716.1095)

Fig. 1. Proposed structures for the most intense cations A - E observed in the ESI-(+) experiments. Cations A - C derived from 1a, cation D from 2a and cation E from 3a.
The observed and calculated m/z values correspond to the most abundant isotopologue.

1a produced a quite complex high-resolution ESI-(+) mass spec-
trum with intense signals for the cations [Myan = 1) + H*] (A)
at m/z 317.9746 (calc. 317.9741), [Mya(n = 1) + N2 + HF] at m/z
345.9802 (calc. 345.9802) (B) and [Myan = 1) + MeCN + H*] at
m/z = 359.0008 (calc. 359.0006) (C). The precedent cations were
formed in the ionization process in the ESI experiment since a
mixture of water and acetonitrile was used for transporting the
sample to the spray needle and N, was utilized as drying gas.
Furthermore, the high-resolution ESI-(+) mass spectrum of 1a pro-
duced signals of low intensity, containing two and four palladium
atoms, but their molecular formula could not be assigned unam-
biguously. In the high-resolution ESI-(+) mass spectrum, 2a pro-
duced an intense signal corresponding to the cation [Mj, + H']
(D) at m/z 580.0666 (calc. 580.0670), while 3a produced an intense
signal for the cation [Myan = 1y + PPhyCHCH,PPhy + HF] at m/z
716.1100 (calc. 716.1095) (E). Fig. 1 gives the proposed structures
for the cations A - E.

2.2. Crystal structures of the adducts 2a-2(CH,CIl-CH,Cl) and
3a-5(dmso)

Single crystals for the X-ray diffraction analysis of the adducts
2a-2(CH,Cl-CH,Cl) and 3a-5(dmso) were obtained by slow evap-
oration of the solvents of a solution of 2a in acetone and 1,2-
dichloroethane, and by diffusion of 1,2-dichloroethane into a so-
lution of 3a in dmso, respectively. Details on the crystal data
and structure refinement of the adducts 2a-2(CH,CI-CH,Cl) and
3a.5(dmso) are given in the Supplementary Material (Tables S1
and S2). The adducts commented above constituted the asymmet-
ric residue units of the studied single crystals.

The adducts 2a-2(CH,Cl-CH,Cl) and 3a-5(dmso) crystalized in
the orthorhombic space groups Pbca with Z = 8 and Pca2; with
Z = 4, respectively. The phenol and the phenoxido functions of
neighbouring molecules of 2a in the crystal of 2a.2(CH,CIl-CH,Cl)
were bonded by hydrogen bond. This hydrogen bond gave place
to a chain in the direction [100] in the crystal of the adduct
2a.2(CH,CI-CH,Cl). In the crystal of the adduct 3a.5(dmso), two
hydrogen bonds per molecule of 3a were observed, each one
formed by a phenol function and the corresponding neighbouring
dmso molecule.

Figs. 2 and 3 show the X-ray molecular structure of 2a and 3a,
together with some selected bond distances and angles. The X-ray
molecular structure of 2a and 3a confirmed their proposed struc-
ture by NMR spectroscopy. Thus, iminophenol a was bonded to the
palladium(ll) centres of 2a and 3a in an endo-«3-Coypo.N,0preno €O-
ordination mode. Furthermore, the phosphorous atom of the PPhs
ligand in 2a and those of the PPh,CH,CH,PPh, ligand in 3a, were
located in trans position to the iminic nitrogen of the Pd(C,N,0)
units. Moreover, the PPh,CH,CH,PPh, ligand acted as a bridging
ligand between the Pd(C,N,0) units of 3a. The distances and angles
around of the palladium(II) centres and for the atoms determining

Fig. 2. Crystal structure of 2a. Solvent molecules and hydrogen atoms have
been omitted for clarity. Selected bond distances (A) and angles (°): Pd(1)-
C(1) = 2.004(3), Pd(1)-N(1) = 2.026(2), Pd(1)-0(2) = 2.1210(18), Pd(1)
P(1) = 2.2529(7), C(1)-Pd(1)-N(1) = 82.54(10), C(1)-Pd(1)-0(2) = 162.50(9), N(1)
Pd(1)-0(2) = 80.21(8), C(1)-Pd(1)-P(1) = 95.85(8), N(1)-Pd(1)-P(1) = 177.91(6),
0(2)-Pd(1)-P(1) = 101.46(5).

Fig. 3. Crystal structure of 3a. Solvent molecules and hydrogen atoms have
been omitted for clarity. Selected bond distances (A) and angles (°): Pd(1)-
C(13) = 1.992(10), Pd(1)-N(1) = 2.013(8), Pd(1)-O(1) = 2.087(7), Pd(1)-
P(1) = 2.254(2), C(13)-Pd(1)-N(1) = 82.4(4), C(13)-Pd(1)-0(1) = 163.5(3), N(1)-
Pd(1)-0(1) = 81.2(3), C(13)-Pd(1)-P(1) = 97.6(3), N(1)-Pd(1)-P(1) = 177.8(2), O(1)-
Pd(1)-P(1) = 98.90(19).

the two fused five-membered metallacycles were in the usual in-
tervals for this type of molecules [44-46]. It should be noted that
the two halves of the molecule of 3a were not equivalent in the
crystal of the adduct 3a.5(dmso). Therefore, small differences in
their bond distances and angles were observed between them.
The two fused five-membered metallacycles formed by
iminophenol a bonded in an endo-«3-Coupo.N,Oppno  COordina-
tion mode to the palladium(Il) centre of 2a were almost planar.
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Table 2
ICs0 (uM) cell viability. Data are shown as the mean values of two experiments
performed in triplicate with the corresponding standard deviation.

Compound  Trial  MDA-MB-231 MCF-7 HCT-116 BJ

a 1 > 100 64 + nd > 100 > 100
1a 1 > 100 > 100 > 100 > 100
2a 1 29 + nd 78 £17 3145 86 + nd
cisplatin® 1 44 £+ 0.5 3.6 £ 1.7 19+ 2 3 +nd
3a 2 > 100 > 100 2245 15+6
cisplatin® 2 13+£3 13+£2 36+£05 53407

@ cis-[PtCl,(NH3), ] is taken as a reference anticancer compound.

The maximum deviated atoms from the planar metallacycles were
C(13) = 0.023(3) A for the metallacycle Pd(1)-N(1)-C(8)-C(13)-0(2)
(plane 1) and N(1) = —0.025(2) A for the metallacycle Pd(1)-C(1)-
C(6)-C(7)-N(1) (plane 2). The angle between planes 1 and 2 for 2a
was 2.74(11) °. Furthermore for 2a, the angles of the coordination
plane, which is formed by the atoms directly bonded to the
palladium(II) centre, with planes 1 and 2 were 2.13(9) and 2.19(10)
°, respectively. Thus, the coordination plane and the two fused
five-membered metallacycles of 2a were almost co-planar. In spite
of this, the coordination sphere of the palladium(Il) centre in 2a
was quite distorted due to the chelate bite angles of its two fused
five-membered metallacycles, which were 82.54(10) and 80.21(8)
° for C(1)-Pd(1)-N(1) and N(1)-Pd(1)-O(2), respectively. This gave
place to an angle C(1)-Pd(1)-O(2) of 162.50(9) ° for 2a, quite far
from 180 ° that should be expected for an ideal square-planar
geometry of coordination. Similar arguments can be applied to
describe the structure of the molecule of 3a and in this case the
angles C(13)-Pd(1)-0(1) and C(26)-Pd(2)-0(3) were 163.5(3) and
162.8(3) °, respectively.

2.3. Biological studies

2.3.1. Cytotoxic activity

Table 2 shows the results of the cell viability assay regarding
the cell lines MDA-MB-231 and MCF-7 breast and HCT-116 colon
human cancer cell lines, and the normal skin human B]J cells. The
effects of the assayed compounds a on the selected cell lines were
assessed after 72 h and the tabulated ICsqy values are the average
of two experiments. Cisplatin was incorporated in the trials as a
reference anticancer drug.

The results of the cell viability assay showed that most com-
pounds a were noncytotoxic or poorly cytotoxic against the cell
lines studied. For instance, iminophenol a and compound 1a were
noncytotoxic at concentrations of 100 pM for most of the cell
lines studied. Nonetheless, iminophenol a was somewhat cytotoxic
against the MCF-7 cell line (ICsg = 64 puM). It should be noted
that in the same trial and cell lines, cisplatin presented ICsy val-
ues in the interval between 3 and 19 pM. 3a was noncytotoxic
as well for the MDA-MB-231 and MCF-7 breast cancer cell lines,
and poorly cytotoxic towards the HCT-116 colon cancer cell line
(ICsp = 22 4+ 5 pM). In fact, 3a was six times less cytotoxic than
cisplatin against the HCT-116 colon cancer cell line. Furthermore,
3a was a nonselective compound since it was more cytotoxic to-
wards the normal human skin BJ cells (ICsg = 15 + 6) than for the
HCT-116 cancer cells (ICsg = 22 £+ 5 pM).

Compound 2a displayed the best profile as anticancer drug.
Thus, 2a was moderately cytotoxic against the MCF-7 breast
(ICsp = 7.8 £ 1.7 pM) and HCT-116 colon (ICsg = 31 + 5 pM) hu-
man cancer cell lines, and presented very low cytotoxicity towards
normal skin human BJ cells (ICso = 86 4+ nd uM). Therefore, 2a
was approximately two times less cytotoxic than cisplatin against
the MCF-7 breast and HCT-116 colon human cancer cell lines, but
it was almost noncytotoxic against the normal skin human B]J cells.
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The results obtained on the cell viability assay for 1a - 3a are in
agreement with previous findings in our research group about the
relationship between the lipophilicity of palladium(Il) cyclomet-
allated compounds derived from imines or primary amines and
their cytotoxicity [35-37]. The phenol functions of the iminophe-
nol a or the phenol and phenoxido functions of compound 1a
could explain their noncytotoxic or low cytotoxic character against
the cell lines studied due to the high hydrophilic character that
these functions impart to them. Therefore, their transport by pas-
sive diffusion inside the cells could not be efficient due to their
non-well-balanced lipophilicity. In compound 2a, the PPhs ligand
increases the lipophilia, and this could allow a better passive trans-
port of this compound through the cell membrane, explaining its
better profile as anticancer drug in relation to iminophenol a and
compound 1a. Ongoing from compound 2a to compound 3a, two
phenyl groups are formally replaced by a CH,-CH, group. This
should increase the hydrophilic character of compound 3a and dif-
ficult its passive transport inside the cells in relation to 2a. There-
fore, the cytotoxic activity of compound 3a should decrease in re-
lation to that of compound 2a, which is in fact what it is observed.

2.3.2. Antibacterial activity

Table 3 summarizes the results obtained in the antibacterial as-
say for iminophenol a and compounds 1a - 3a by the disk diffusion
method. Interestingly, 1a - 3a presented a moderate antibacterial
activity towards the gram positive B. subtilis and S. aureus and the
gram negative E. Coli bacterial strains. The palladium(Il) cyclomet-
allated imine compounds J and K in Table 1 presented a somewhat
better antibacterial activity than compounds 1a - 3a. Moreover,
J and K were active against all the antibacterial strains given in
Table 3 [34]. In addition, a benzophenone imine palladium(Il) cy-
clometallated compound (B in Table 1) afforded also moderate an-
tibacterial activity in relation to the commercial antibiotic cefixime
against the gram positive B. subtilis and the gram negative E. are-
ogenes bacterial strains [38]. Futhermore, a palladium(Il) cyclomet-
allated primary amine quite related to J (compound I in Table 1)
produced a somewhat higher antibacterial activity and greater se-
lectivity than J [34].

Iminophenol a was the most active antibacterial compound a.
In a similar way, the precursor imine of compounds J and K of
formula (E)-2,4,6-Me3CgH,—CH=N-2-PhCgH4 was also more active
than them, regarding its antibacterial activity. Noteworthy, this lat-
ter imine presented an antibacterial activity approaching that of
the commercial antibiotics cefixime and ciprofloxacin for several
bacterial strains [34]. Surprisingly, the iminophenol a or the imine
(E)-2,4,6-Me3CgH,—CH=N-2-PhCgH,4 presented the same antibac-
terial selectivity than compounds 1a - 3a or compounds J and K,
respectively.

The antibacterial activity of palladium(Il) organometallic or co-
ordination compounds has not been extensively studied [47]. Nev-
ertheless, related with the antibacterial activity of the palladium(II)
cyclometallated compounds discussed in this section, a & 1-Cypo
iminophenylpalladium(Il) compound displayed a high antitubercu-
lar activity [48], and one palladium(Il) cyclometallated compound
containing a «3-PCP diphosphane chelating ligand, a high an-
tibacterial activity [49].

2.3.3. Antioxidant activity

Table 4 shows the results of the DPPH radical scavenging assay
for iminophenol a and compounds 1a - 3a. In previous works, we
studied the antioxidant activity of: 1) a few palladium(II) cyclomet-
allated compounds derived from benzophenone imine, including
compound B in Table 1 [38], 2) the palladium(Il) cyclometallated
compound I derived from the primary amine 2-phenylaniline [34],
and 3) compounds J and K derived from the imine (E)-2,4,6-
Me;3CgH,-CH=N-2-PhCgH, [34]. The structural formula of com-
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Table 3

Antibacterial activity (in vitro) given as inhibition zone (mm).
Compound B. subtilis? S. aureus? S. pyogenes? E. coli® P. aeruginosa® S. typhi®
a 24+ 15 26 + 0.5 - 22 £ 05 - 20 +£ 1
1a 22 +1 18 £1 - 19+1 - 18 £1
2a 18 £ 0.5 20 £ 0.5 - 21 +15 - -
3a 20 +£ 0.5 16 £ 1.5 - 16 + 1.25 - -
cefixime 33+15 31+1 35+ 15 29 +£ 0.5 36 + 1.25 31+2

5 - 10 mm = activity. 11 - 25 mm = moderate activity. 26 - 40 mm = strong activity [50].
2 Gram-positive.
b Gram-negative. - = No activity.

Table 4

Antioxidant activity expressed as the % + sd of DPPH free radical scavenging.
Compound 2007 100° 401 207 10¢ 5¢ 1Cs50° ICso”
a 79 +£1 67+1 58+1 39 +2 25+1 16+1 32+1 0.15
1a 73 +£1 60 +£1 48 + 1 36 +1 23 +1 10 £ 1 50 £1 0.16
2a 66 + 1 524+2 41+2 30+ 2 201 5+1 87 +1 0.15
3a 81 +1 73+2 64+1 50 + 1 33+£1 20+1 821 0.08
ascorbic acid 87 +05 84+1 80+025 70+£05 56+1 35+1 875+05 005
? pg/mL.
b mM.

pounds B, I, J and K is given in Table 1. The antioxidant activity in
the DPPH radical scavenging assay for these latter compounds can
be classified as moderate with ICsq values in the interval between
0.22 and 0.13 mM related to the ascorbic acid (ICsy = 0.05 mM).
Ascorbic acid was used as a reference antioxidant agent in these
experiments. The antioxidant activity of 1a and 2a was also in
the interval 0.22 and 0.13 mM. 3a was the compound a with the
best antioxidant activity (ICsq = 0.08 mM), approaching that of the
ascorbic acid.

It should be noted that the precursor imine of compounds J and
K presented a strong antioxidant activity (ICsg = 0.06 mM) quite
similar to that of the ascorbic acid (ICsyg = 0.05 mM) [34], while
the iminophenol a was only a moderate antioxidant compound.

The antioxidant activity of the precedent palladium(Il) com-
pounds could be related with the redox properties of their palla-
dium(II) centre. Thus, an accessible Pd(IIl) oxidation state for these
compounds could explain the reduction of the DPPH radicals when
they are used as scavengers in this assay [51]. Then, the dinuclear
structure of compound 3a could explain its better antioxidant ac-
tivity in relation to compound 2a, with a mononuclear structure.
Moreover, the presence of HN-Pd(II) bonds in compounds B or I
or the phenol function in compounds 1a or 2a did not increase
their antioxidant activity in relation to the palladium(Il) imine cy-
clometallated compounds J or K without N-H or O-H bonds in
their structure. These results suggest that the transference of a hy-
drogen atom from compounds B, I, 1a, 2a and 3a to the DPPH radi-
cal could not be their main mechanism for the scavenging of DPPH
radicals [52].

2.3.4. Electrophoretic DNA migration

The results of the electrophoretic gel mobility shift assay of the
pBluescript SK+ plasmid DNA incubated with iminophenol a or
compounds 1a - 3a are presented in Fig. 4. In this assay, cisplatin
and ethidium bromide were included as positive controls for an
alkylating and intercalator agent for DNA, respectively. 1a was the
unique compound of the series that changed the electrophoretic
mobility of the pBluescript SK+ plasmid DNA. This change fol-
lowed the pattern of cisplatin, but it started to take place at a con-
centration twenty times higher than that of cisplatin. In addition,
a comparison with ethidium bromide, revealed that none of the
compounds a, including iminophenol a, acted as a DNA intercala-
tor since no retardation in the mobility of pBluescript SK+ plas-
mid DNA bands was observed when the pBluescript SK+ plasmid

DNA was incubated with compounds a, contrary to what was ob-
served with ethidium bromide. These results suggest that the ge-
nomic DNA is not the primary target for iminophenol a or com-
pounds 1a - 3a. Similar results have been obtained in the other
series of palladium(Il) cyclometallated compounds studied in our
research group [34-39].

2.3.5. Topoisomerase I inhibition

To evaluate the ability of iminophenol a or compounds 1a - 3a
to inhibit topoisomerase I activity, pBluescript SK+ plasmid DNA
was incubated with topoisomerase I in the presence of compounds
a at a concentration of 100 uM. Then, the incubated samples were
subjected to agarose gel electrophoresis to evaluate the extent of
relaxed DNA. The results are presented in Fig. 5 and show that
none of the compounds a prevented the unwinding of DNA by
the action of the topoisomerase 1. Therefore, these results indicated
that compounds a were not topoisomerase I inhibitors, thus point-
ing out to another biological target for them.

2.3.6. Topoisomerase Il inhibition

To test the putative inhibitory activity of iminophenol a or com-
pounds 1a - 3a on the topoisomerase llo, pBluescript SK+ plasmid
DNA was incubated at 37 °C with topoisomerase Il in the pres-
ence of increasing concentrations of the preceding compounds. The
results are presented in Fig. 6 and show that 1a - 3a were able to
inhibit topoisomerase Il activity. Compound 1a was the most ac-
tive since inhibition of topoisomerase Il was observed at 10 ©M,
while 2a and 3a produced the inhibition of the topoisomerase Il
at 50 and 25 uM, respectively. The inhibition in vitro of topoiso-
merase Il by compounds 1a - 3a suggest that topoisomerase Il
could be a biological target for them.

Topoisomerases I and Il are important enzymes, which are in-
volved in the mechanism of DNA replication, and have been iden-
tified as the primary target for drugs in clinical use for the treat-
ment of cancer. Other Ru(Il), Pd(II), Pt(II), Cu(Il), Au(Ill) and Zn(II),
between other metallic centres, coordination or organometallic
compounds have been reported to be very efficient inhibitors of
topoisomerases I or II [53].

3. Final remarks

Although the pharmacological activities reported in this work
are in most cases, low or moderate, they can be useful to un-
derstand the relationship between the structure of palladium(Il)
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a 1a 2a

1678910 16 78 910 16 78 910 1 6 78 910
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3a cisplatin EB
14 5 7 15789

Fig. 4. Interaction of pBluescript SK+ plasmid DNA (0.8 pg). 1: DNA (0.8 pg). 4: 1 + 2.5 uM of the tested compound. 5: 1 + 5 M of the tested compound. 6: 1 + 10 uM
of the tested compound. 7: 1 + 25 uM of the tested compound. 8: 1 + 50 uM of the tested compound. 9: 1 + 100 uM of the tested compound. 10: 1 + 200 uM of the

tested compound. sc = supercoiled closed circular DNA; oc = open circular DNA.

a 1a 2a 3a
2 3 4

Fig. 5. Analysis of the compounds as topoisomerase I inhibitors. D: supercoiled
pBluescript SK+ DNA (0.8 ug). T: D + topoisomerase I (3 units). 1: T + 100 uM
of a. 2: T + 100 uM of 1a. 3: T + 100 uM of 2a. 4: T + 100 uM of 3a.

molecular compounds and their pharmacological properties. Accu-
mulated data suggest a clear relationship between the cytotoxicity
of these compounds and their lipophilicity. Thus, a well-balanced
lipophilicity seems to be crucial for their incorporation by passive
transport inside the cancer cells, parasites, or microbes to produce
then their pharmacological activities [[35-37], 54 and this work].
In addition, the antioxidant activity of 3a and the inhibitory effect
of 1a on the topoisomerase Il reported in this work are remark-
able.

4. Experimental part

C, H, N microanalyses were performed with a Carlo-Erba EA
1108 instrument. High resolution ESI(+) mass spectra were ac-
quired with an LC/MSD-TOF mass spectrometer using H,O/CH3CN
(1:1) as eluent. IR spectra were collected with a Nicolet Avatar 300
FT-IR spectrometer using KBr discs. 'H and 3'P{'H} NMR spectra
were recorded in a Varian Mercury 400 and Bruker 400 Avance
IlI, respectively. Chemical shifts were measured relative to SiMey
for 'H and to trimethylphosphate (§ = 2.39 ppm) for 3!P Chemical
shifts are reported in ppm and coupling constants in Hz. Chemical
compounds were commercial and were used as received.

The crystal structures of the adducts 2a.2(CH,CI-CH,Cl) and
3a-5(dmso) have been deposited at The Cambridge Crystallographic

a 1a

D T 12 345 1

Fig. 6. Analysis of compounds as topoisomerase Iler inhibitors.

2 3405

Data Centre (CCDC) and they have been assigned with the deposi-
tion numbers: CCDC 2,192,023 and CCDC 2,192,024, respectively.

4.1. Preparation of compounds

a: A suspension formed by 2442 g (20 mmol) of 4-
hydroxybenzaldehde, 2.182 g (20 mmol) of 2-aminophenol and
20 mL of ethanol was stirred under reflux for 4 h. The solution
was concentrated in vacuum and 5 mL of ethanol was added to
the residue. Then, the suspension was stirred at room temperature
for 1 h, and the yellow solid was filtered and dried in vacuum.
Yield: 3.436 g (82%). Anal. Calc. for C43H;{NO, (%): C, 73.23; H,
5.20; N, 6.57. Found: C, 73.2; H, 5.3; N, 6.5. High resolution ESI-(+)
(m/z): 214.0862 (calculated for C;3H{3NO, = 214.0862) [M, + H]™ .
IR (cm~!): 3212 (st OH), 1623 (st C = N). 'H NMR (400 MHz,
dmso-dg): 10.03 (br s, OH), 8.72 (br s, OH), 8.54 (s, 1H, CH=N),
7.86 (d, 3Jyy = 8, 2H, 1 and 4), 7.15 (dd, 3Jyy = 8, 4Juy = 2, 1H, 5),
7.04 (td, 3Jyy = 8, Yuy = 2, 1H, 7), 6.88 (d, 3Jyy = 8, 2H, 2 and 3),
6.87 (dd, 3Jyy = 8, 4Jyn = 2, 1H, 8), 6.81 (td, 3Jyy = 8, *Jun = 2,
1H, 6).

1a: A suspension formed by 0.250 g (1.113 mmol) of palla-
dium(II) acetate, 0.237 g (1.113 mmol) of iminophenol a and 5 mL
of acetic acid was stirred at 60 °C for 24 h. The solution was
concentrated in vacuum and the residue was purified by column
chromatography, using silica gel-60 as the stationary phase and
ethyl acetate as the mobile phase. The red band was collected
and concentrated in vacuum. Addition of 7 mL of CH,Cl, to the
residue and stirring for 1 h afforded a reddish solid, which was
filtered and dried in vacuum. Yield: 0.230 g (65%). Anal. Calc. for
C13HgNO,Pd (%): C, 49.16; H, 2.86; N, 4.41. Found: C, 49.2; H,
2.9; N, 4.4. High resolution ESI-(+) (m/z): 317.9746 (calculated for
C]gH]oNOde = 317974]) [Mla(ﬂ =1 + H+], 345.9802 (calcu-
lated for C13H10N302Pd = 3459802) [Mla(n =1) + N2 + H+],
359.0008 (calculated for CysHi3N,O0,Pd =  359.0006)
[Miagn = 1) + MeCN + H*]. IR (cm~!): 3260 (st OH), 1579
(st C = N). "TH NMR (400 MHz, acetone-dg): 7.92 (s, OH), 7.56 (s,
1H, CH=N), 7.32 (dd, 3Jyy = 8, 4Jyn = 2, 1H, 8), 7.00 (d, 3]y = 6.9,
1H, 4), 6.85 (td, 3Jyy = 8, 4y = 2, 1H, 7), 6.69 (dd, 3Jyy = 8,

2a 3a
2 3 45

12 345 1

D: supercoiled pBluescript DNA (0.3 pg). T: D + Topoisomerase Il (4 units). 1: T + 5 pM of tested compound.

2: T + 10 uM of tested compound. 3: T + 25 pM of tested compound. 4: T + 50 uM of tested compound. 5: T + 100 pM of tested compound.
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4yn = 2, 1H, 5), 6.29 (td, 3Jyy = 8, YJuyu = 2, 1H, 6), 6.25 (dd,
3y = 8, YJun = 2, 1H, 3), 5.80 (d, 4Jyy = 2, 1H, 2).

2a: A suspension formed by 0.100 g (0.314 mmol) of 1a, 0.082 g
(0.314 mmol) of PPh; and 5 mL acetone was stirred at room tem-
perature for 1 h. The garnet solid was filtered, washed with 5 mL
of acetone and dried in vacuum. Yield: 0.130 g (73%). Anal. Calc.
for C31Hy4NO,PPd (%): C, 64.20; H, 4.05; N, 2.42. Found: C, 64.2;
H, 4.2; N, 2.5. High resolution ESI-(+) (m/z): 580.0666 (calculated
580.0670 for C3;Hy5NO,PPd) [My, + H*]. IR (cm~1): 3227 (st OH),
1586 (st C = N), 1098 (q X-sensitive of PPh3). 'TH NMR (400 MHz,
dmso-dg): 9.45 (br, OH), 8.28 (d, #Jyp = 12, CH=N), 7.63 - 7.55 (m,
6H, o-pH), 7.54 - 7.50 (m, 9H, p- and m-pH), 7.23 (d, 3Jyy = 8, 1H,
5), 7.04 (d, 3Jyy = 8, 1H, 4), 6.78 (t, 3Jyy = 8, 1H, 6), 6.27 - 6.17 (m,
3H, 7, 3, and 8), 5.51 (s, 1H, 2). 3'P{'H} NMR (162 MHz, dmso-dg):
34.06 (s).

3a: A suspension formed by 0.100 g (0.317 mmol) of com-
pound 1a, 0.062 g, (0.157 mmol) of PPh,CH,CH,PPh, and 5 mL
of acetone was stirred at room temperature for 2 h. The gar-
net solid formed was filtered, washed with 5 mL of acetone and
dried in vacuum. Yield: 0.144 g (89%). Anal. Calc. for (%): C, 60.42;
H, 4.10; N, 2.71. Found: C, 60.4; H, 4.2; N, 2.8. High resolution
ESI-(+) (m/z): 716.1100 (calculated 716.1095 for C3qH34NO,P,Pd)
[Myacn = 1) + PPhyCHCH,PPh; + HYL IR (cm~1): 3213 (st OH),
1582 (st C = N), 1107 (q X-sensitive of PPh,CH,CH,PPh;). 'H
NMR (400 MHz, dmso-dg): 8.29 (apparent triplet, 2H, CH=N), 7.97-
7.94 (m, 8H, o-pH), 7.48-7.44 (m, 12H, m-pH and p-pH), 7.26 (d,
3Juu = 8, 2H, 5), 7.05 (d, 3Jyy = 8, 2H, 4), 6.89 (t, 3Jyy = 8, 2H, 6),
6.38-6.19 (m, 6H, 3, 7 and 8), 5.49(s, 2H, 2), 2.74 (br s, 4H, CH,P).
31p{1H} NMR (162 MHz, dmso-dg): 34.33 (s).

4.2. Cell culture

MBA-MD-231 and MCF-7 breast, and HCT-116 colon human
cancer cells and primary normal fibroblasts human BJ cells were
grown as a monolayer culture in Dulbecco’s Modified Eagle
Medium-High Glucose (450 mM) (DMEM-HG), with L-glutamine
and without sodium pyruvate, in presence of 10% heat-inactivated
foetal calf serum, and 0.1% streptomycin/penicillin, in standard cul-
ture conditions (humidified air with 5% CO, at 37 °C).

4.3. Cell viability assay

A stock solution (50 mM) of each tested compound was pre-
pared in high purity DMSO. Serial dilutions were made with
DMSO/DMEM-HG (1:1) and finally a 1:500 dilution on culture
medium was prepared. The final assay concentration of DMSO was
0.2% in all experiments. In the case of cisplatin, a stock solution
in water of cisplatin (1 mg/mL) was diluted with water until fi-
nal assay concentrations. The assay was performed as described
[55]. MDA-MB-231, MCF-7, and HCT-116 cells were plated at 5000
cells/well and BJ cells at 10,000 cells/well in 100 pL media in tissue
culture 96-well plates. After 24 h, the media was replaced by 100
uL/well of drug serial dilutions. Control wells did not contain the
compounds under study. Each point concentration was run in trip-
licate. Reagent blanks, containing media and colorimetric reagent
without cells were run on each plate. Blank values were subtracted
from test values and were routinely 5 - 10% of the control val-
ues. Plates were incubated for 72 h. Hexosaminidase activity was
measured according to the following protocol. The media were re-
moved, and cells were washed once with PBS. 60 pL of substrate
solution p-nitrophenol-N-acetyl-8- D-glucosamide 7.5 mM, sodium
citrate 0.1 M at pH 5.0, and 0.25% Triton X-100 was added to each
well and incubated at 37 °C for 1 - 2 h. After this incubation
time, a bright yellow appeared. Then, the plates were developed
by adding 90 pL of developer solution (Glycine 50 mM, pH 10.4;
EDTA 5 mM) and the absorbence was recorded at 410 nm.
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4.4. Antibacterial assay

Tested compounds were screened to determine their antibacte-
rial activity against six bacterial strains, three gram positive Bacil-
lus subtilis, Staphylococcus aureus and Streptococcus pyogenes, and
three gram negative Escherichia coli, Pseudomonas aeruginosa, and
Salmonella typhi by using the disc diffusion method [56-57]. The
organisms were cultured in nutrient broth at 37 °C for 24 h. One
per cent broth culture containing approx. 106 colony-forming units
(CFU/mL) of test strain were added to nutrient agar medium at
45 °C and poured into sterile petri plates. The medium was al-
lowed to solidify. Five microliters of the test compound (10 mg/mL
in DMSO) were poured on 4-mm diameter sterile paper disks and
placed on nutrient agar plates respectively. In each plate, 5 micro-
liters of DMSO served as negative control and 50 microliters of
standard antibacterial drug cefixime (1 mg/mL) served as a posi-
tive control. Triplicate plates of each bacterial strain were prepared.
The plates were incubated at 37 °C for 24 h. The antibacterial activ-
ity was determined by measuring the diameter of zones showing
complete inhibition (mm).

4.5. DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging assay

The scavenging activity of tested compounds for DPPH radicals
was determined according to the method reported earlier with mi-
nor modifications [58]. A stock solution (5 mg/mL) of each tested
compound was prepared in DMSO. Serial dilutions were carried
out to obtain concentrations of 200, 100, 40, 20, 10 and 5 pg/mL.
15 pL of each test sample or DMSO in the case of the negative
control was mixed with 2985 pL of 0.1 mM methanolic solution of
DPPH in glass vials so that the final volume was 3 mL. The vials
were capped, and the reaction mixture was incubated for 30 min
at 37 °C in dark. After incubation the change in colour (from deep-
violet to light-yellow) of DPPH solution was measured by taking
absorbence of reaction mixtures at 517 nm on a PDA (photo diode
array) spectrophotometer (Agilent 8453). A mixture of 2985 pL of
methanol and 15 pL of DMSO was used as a blank for spectropho-
tometric measurements. Each concentration was assayed in tripli-
cate. Ascorbic acid was used as a reference standard and dissolved
in distilled water to make the stock solution with the same con-
centration (5 mg/mL). A control was prepared containing the same
volume without any test solution and reference ascorbic acid. The
antioxidant activity of the synthesized compounds is expressed
comparing with standard ascorbic acid. Lower absorbence of the
reaction mixture indicates higher free radical scavenging activity.
The % scavenging of the DPPH radical was calculated by using the
following formula:

% scavenging activity
absorbance of control — absorbance of test sample
= X

absorbance of control 100

4.6. DNA migration studies

All compounds under study were prepared at 10 mM concen-
tration in DMSO and afterwards, serial dilutions in MilliQ water
(1:1) were made. For DNA interaction studies, plasmid pBluescript
SK+ (Stratagene) was used at a concentration of 40 pg/mL. Plas-
mid DNA (0.8 ug) was incubated with different concentrations of
compounds ranging from 0 to 200 uM at 37 °C for 24 h in a final
reaction volume of 20 uL. The final DMSO concentration in the re-
actions was always lower than 1%. DNA-drug interaction was anal-
ysed by agarose gel electrophoresis following a modification of the
method described [59]. Cisplatin (1-10 M) was used as a refer-
ence control. The gel was stained at the end of the electrophoretic
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process with ethidium bromide at 0.5 mg/mL for 1 hour and DNA
bands were visualized under UV light.

4.7. Topoisomerase I inhibition assay

Topoisomerase 1 assay was performed as previously described
[60]. Supercoiled pBluescript DNA was treated with topoisomerase
I in the absence or presence of the compounds under analysis. As-
say mixtures contained supercoiled pBluescript DNA (0.8 ug), calf
thymus topoisomerase I (3 units), and the compounds under anal-
ysis at 100 uM in 20 L of relaxation buffer Tris-HCIl buffer (pH
7.5), containing 175 mM KCl, 5 mM MgCl, and 0.1 mM EDTA. Re-
actions were incubated for 30 min at 37 °C and stopped by the
addition of 2 uL of agarose gel loading buffer. Samples were then
subjected to electrophoresis and DNA bands stained with ethidium
bromide as described in the DNA migration studies experimental
part.

4.8. Topoisomerase Il inhibition assay

Topoisomerase Il inhibitory activity was measured as previ-
ously described [60]. Briefly, pBluescript DNA was incubated with
topoisomerase Il in the absence or presence of compounds under
analysis. Assay mixtures contained supercoiled pBluescript DNA
(0.3 ug), tested compounds at concentrations 5 - 100 M in 20
uL of Topo II reaction buffer and Topoisomerase Il (4 units). Re-
actions were incubated for 45 min at 37 °C and stopped by the
addition of 2 uL of agarose gel loading buffer. After agarose gel
electrophoresis, DNA bands were visualized by ethidium bromide
staining as described in the DNA migration studies experimental
part.
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