>
*

Vs
f
X

Y

(@]

r——

(¢0]
AN\
(& X

u A Y
.0

<

-

R%
S
RS
O

hemPubSoc
Europe

O
Ju
~
Ju
Vo'

(@)
(-
o
—
O
(V]
—
Q
n
>
(-
iy
.2
£
(]
N e
o
3

REPRINT

WILEY-VCH




Chemistry

Full Papers Europe
doi.org/10.1002/slct.202002670

European Chemical
Societies Publishing

ChemistrySelect

Inorganic Chemistry

Ruthenium(ll) Complexes of Isothiazole Ligands: Crystal
Structure, HSA/DNA Interactions, Cytotoxic Activity and
Molecular Docking Simulations

Maja B. Djuki¢,”” Marija S. Jeremi¢,” Ignjat P. Filipovi¢,” Olivera R. Klisuri¢,™
Ratomir M. Jeli¢,'? Suzana Popovi¢,'? Sanja Mati¢,"¥ Valentina Onnis,' and

Zoran D. Matovi¢*

Two new neutral ruthenium(ll) complexes [Ru(®-p-cymene)
Cly(M1 (3) and [Ru(n®-p-cymene)Cl,(2)] (4) (1 =5-(phenylamino)-
3-pyrrolidin-1-ylisothiazole-4-carbonitrile; 2=3-morpholin-4-yl-
5-(phenylamino)isothiazole-4-carbonitrile) have been synthe-
sized and characterized using elemental analysis, IR, UV-Vis and
NMR spectroscopy. The crystal structure was confirmed for
complex 3 and both ligands. Examination of the interactions of
ligands and complexes with CT-DNA (Calf Thymus DNA), as
well as with HSA (Human Serum Albumin) revealed that ligands
and complexes could interact with CT-DNA through intercala-

1. Introduction

Some platinum drugs, such as Cisplatin, Oxaliplatin, and
Carboplatin represent the best antitumor drugs of the last
45 years."™ However, they show many side-effects including
the risk of infection, dehydration, kidney toxicity, and many
other abnormalities.”! Also, many tumors show resistance to
said drugs. That is why many research groups around the world
have focused their research on syntheses of metal complexes
that will show better antitumor activity with as few undesirable
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tion and could bind strongly with HSA. Docking experiments
toward DNA dodecamer indicate excellent accordance with
experimental AG values. The cytotoxic activity of ligands and
complexes was evaluated by MTT assay against HCT116 and
Hela tumoral cells. The complexes 3 and 4 showed good
activity and selectivity on HCT116 cells. Neither of the tested
compounds shows cytotoxic activity against a healthy MRC-
5 cell line. Flow cytometry analysis showed the apoptotic death
of the HCT116 cells with a cell cycle arrest in the S-phase.

effects as possible. The experience of last decades indicates
ruthenium(ll)-p-cymene complexes with various ligands as
possible alternatives.”® Ruthenium(ll) complexes are usually
generally less toxic in comparison to Cisplatin so they have
better potential as anticancer drugs.*'® Half-sandwich piano
stool Ru" complexes have attracted great interest in recent
years for their antimetastatic and anticancer properties. How-
ever, two of them are examined in more detail: RAED—C ([Ru
(7°-p-cymene)(en)Cl] ¥, where en = ethylenediamine) which is as
cytotoxic as cisplatin targeting the DNA of chromatin"” and
RAPTA—C ([Ru(%-p-cymene)(PTA)ICl,], where PTA=1,3,5-triaza-
7-phosphaadamantane) which is anti-metastatic and anti-
angiogenic agent able to form adducts with histone proteins."?
Isothiazoles, on the other hand, represent an important class of
aromatic organic ligands with nitrogen and sulfur in the
adjacent position (Figure 1). These two electronegative heter-
oatoms allow very easy coordination of the five-membered
aromatic heterocycle for different metal ions." Isothiazole was

S1
R3—s57 \Nz

N\
43

/

AN

Figure 1. Structure of substituted isothiazole (R1, R2 and R3 =various atomic
groups which may be part of the substituted isothiazole).

© 2020 Wiley-VCH GmbH



Chemistry

Full Papers Europe
doi.org/10.1002/slct.202002670

European Chemical
Societies Publishing

ChemistrySelect

first synthesized in 1956"¥ and since then its chemical and
physical properties have been extensively studied, as well as its
derivatives.">'® They showed a wide range of useful properties
which led researchers to study the synthesis and chemical
transformations of its derivatives. Isothiazole derivatives are
widely used in medicine mainly as antiviral, antimicrobial, and
fungicidal agents,*""'¥ while data on antitumor activity is
very scarce.””*' Among isothiazoles, aminoisothiazole deriva-
tives have been reported for their biological activity. Different
molecules bearing the aminoisothiazole moiety demonstrate
activity against cancer cell proliferation as antimitotic agents,*”
cyclin-dependent kinases” and ATP-competitive inhibitors of
kinases.”

Herein, crystal structures of the two synthesized isothiazole
ligands 1 and 2 have been described. Also, two new structurally
similar piano-stool ruthenium(ll)-p-cymene complexes, [Ru(#°-p-
cymene)Cly(1)] (3) (1=>5-(phenylamino)-3-pyrrolidin-1-ylisothia-
zole-4-carbonitrile) and [Ru(;7%-p-cymene)Cl,(2)] (4) (2=3-mor-
pholin-4-yl-5-(phenylamino)isothiazole-4-carbonitrile) have
been synthesized, characterized using spectroscopic methods
and systematically investigated for their biological reactivity.
The crystal structure was confirmed only for complex 3, as well
as for both ligands. Additionally, the results of in vitro
cytotoxicity for the two ligands and the two complexes against
two cancer cell lines and one non-cancer cell are reported.
Also, we examined the in vitro interaction of the ligands and
their complexes with calf thymus DNA (CT-DNA), as well as the
in vitro affinity of the ligands and their complexes for human
serum albumin (HSA) by UV-Vis spectroscopy and fluorescence
emission spectroscopy. Furthermore, docking simulations to-
ward DNA dodecamer have been done to establish binding
energies of the Ligand-DNA system.

N=C=$§

NC N NG R
MeCN _ NC Br,/CHCI,
| + —_— N —_— S / \!
rt.0.5h H rt.1h N s’N
R”NH R H

2 NH,
1or2
®
R= N N
\ \
1 2
Scheme 1. Synthetic route for ligands 1 and 2.
Y
c =N
H /N:C \ é
®a &
Ru™, toluene, reflux 3h 110 °C o N

\ +L
ci—RY O
¢l
a0
Y= N ()
N
/ /
3 4

Scheme 2. Synthetic route for complexes 3 and 4.
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2. Results and Discussion
2.1. Synthesis and spectral characterization

The 3,5-diaminoisothiazole derivatives 1 and 2 were prepared
in excellent yields by our previously reported protocol
(Scheme 1).1'*"!

These ligands 1 and 2 were used for synthesis with the [Ru-
(7°-p-cymene)Cl,], in the presence of toluene under reflux
(Scheme 2). The corresponding ruthenium(ll) complexes were
obtained as orange microcrystalline solid of [Ru(;7°-p-cymene)
Cly(1)] (3) suitable for X-ray analysis and as orange powder of
[Ru(;7°-p-cymene)Cl,(2)] (4). The complexes were also charac-
terized by elemental analysis, IR, UV-Vis, and NMR spectroscopy
(Figure 2 and Figures S1-S6 in the Supporting Information). The
IR spectra show that the coordination of the ligands for
ruthenium(ll)-ion was achieved via the -C=N group. This band
is located at a higher frequency relative to the same band in
the spectra of the uncoordinated ligands (Figure 2). UV-Vis
spectra for both complexes were recorder from 200-800 nm in
methanol and show a single strong peak at 429 nm (complex
3) and 431 nm (complex 4). These peaks could be assigned to
the metal to ligand (dm-rt*) charge transfer (MLCT) transition
from the filled 4d orbital to the empty mt* orbital, similar to the
MLCT observed in other reported Ru(ll)-arene complexes.”” The
NMR spectra were recorded in CDCl; to confirm the bonding of
the ligand to the ruthenium(ll) ion. In the '"HNMR spectra of
both complexes, a multiplet appeared at the region 7.08-
7.40 ppm (complex 3) and 7.11-7.42 ppm (complex 4) has
been assigned to a phenyl group. The complex 3 shows two
multiplets originating from protons belonging to pyrrolidine
(0=1.97-2.04 ppm and 0=3.62-3.69 ppm), while complex 4
show two triplets at 3.56 ppm and 3.82 ppm which is derived
from morpholine protons. All the other signals belong to
ruthenium-p-cymene. >CNMR spectra show the corresponding
number of signals relative to the structure of the compound.

(1) 1 (3)

- 12235.8
# -c= N_>Ru 160242

2400 2000 1800 1600 1400 2400 2000 1800 1600 1400

Figure 2. IR spectra of ligand 1 (left) and complex 3 (right).
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2.2. Crystal structures

A perspective view of the molecular structure of complex 3
with an adopted atom-numbering scheme is shown in Figure 3.
Selected bond lengths, bond angles, and torsion angles are
listed in Table 1.

Complex 3 crystallizes in the triclinic crystal system and P~ 1
space group where each asymmetric unit consists of the one
neutral form of Ru-p-cymene-complex. In the crystal structure

Figure 3. MERCURY™® drawing of the molecular structure of the complex 3.

of the complex 3 the Ru" ion is coordinated by two Cl~ ions
and nitrogen donor atom of ligand 1 with the Ru1-N1 bond
distance of 2.059 (2) A and Ru1-Ar ¢ bond distance (rt bond)
with the value of 1.664 A. The crystal structure of the complex
3 is stabilized by intramolecular hydrogen bond involving NH
group and (CI2)” ion (Table S1 in the Supporting Information).

The molecular structures of ligands 1 and 2 are presented
in Figure 4 while the selected bond lengths and bond angles
are presented in Table 2. Both ligands crystallize in the
monoclinic crystal system where 1 in P2,/n and 2 in P2,/c space
group. Validation of the conformation of ligand structures
through the values of dihedral angles (Table 2) is showing that
the isothiazole-4-carbonitrile part in ligands 1 and 2 can be
considered almost perfectly planar. On the other hand, the
angles between ring planes C2-C3-S1-N2-N4 and C9-C10-C11-
C12-C13-C14 in 1 (7.22°) and 2 (27.08°) are showing that the
molecular structure of ligand 2 deviates from planarity
decidedly more compared to the structure of ligand 1.
Pyrrolidine and morpholine part in 1 and 2, respectively, gives
rise to conformational differences since five-membered pyrroli-
dine in 1 has twist conformation with puckering parameters
G,=0.330(2) A, ¢,= —130.7(4)° while the morpholine in 2 is
adopting the chair conformation where the puckering parame-
ters are: QT =0.5598(18) A, 8,=2.12(17)°. The crystal packing of
ligand 1 consists of doubly N-H--N hydrogen-bonded dimmers
forming layers along b axis (Figure 5, Table S1 in the Support-
ing Information) while the molecules of 2 in the crystal
structure are connected in a head-to-tail manner by intermo-
lecular N-H--O hydrogen bonds (Figure 5, Table ST in the
Supporting Information).

Table 1. Selected geometric parameters for complex 3.
Bond length [A]
Ru1-N1 2.059 (2) S1-N1 1.655 (3)
Ru1-C18 2.150 (3) S1-C3 1.722 (3)
Ru1-C20 2.159 (3) N1-C1 1.134 (3)
Ru1-C19 2.176 (3) N4-C3 1.357 (4)
Ru1-C21 2.190 (3) N4-C9 1.392 (4)
Ru1-C17 2.195 (3) N2-C4 1.325 (4)
Ru1-C16 2211 (3) N3-C4 1.341 (5)
Ru1-CI1 2.409 (8) N3-C8 1.448 (5)
Ru1-CI2 2428 (8) N3-C5 1.462 (4)
Bond angles [°]
Cl1-Ru1-CI2 88.57 (3) C3-C2-C1 118.26 (3)
N1-Ru1-Cl1 86.00 (7) C3-C2-C4 11242 (3)
N1-Ru1-Cl2 82.60 (7) C1-C2-C4 129.42 (3)
N1-Ru1-C18 89.78 (1) N2-C4-N3 120.64 (3)
N1-Ru1-C20 145.75 (1) N2-C4-C2 114.08 (3)
N1-Ru1-C21 165.08 (1) N3-C4-C2 125.27 (3)
C19-Ru1-Ch 94.06 (8) N4-C3-C2 125.27 (3)
C21-Ru1-CI 108.75 (8) N4-C3-S1 127.33 (3)
C18-Ru1-Cl2 143.89 (9) C2-C3-S1 107.30 (2)
Torsion angles [°]
Ru1-C21-C16-C17 545 (2) N1-C1-C2-C3 -1.0 (2) « (]
Ru1-C21-C16-C15 —123.6(3) N1-C1-C2-C4 1784 (2) . @« e g
Ru1-C19-C18-C17 —54.9 (2) S1-N2-C4-N3 -177.9 (3)
Ru1-C18-C17-C16 —525(2) S1-N2-C4-C2 0.6 (4) (1
Ru1-C19-C22-C24 —58.7 (4) (C8-N3-C4-N2 -169.8 (3)
Ru1-C19-C22-C23 176.8 (3) C5-N3-C4-N2 -0.6 (6)
Ru1-C16-C17-C18 513 (2) C8-N3-C4-C2 11.8 (6) Figure 4. MERCURY"® drawings of the molecular structure of ligands: A) 1
C5-N3-C4-C2 —178.9 (4) and B) 2 with labeled non-H atoms.
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2.3.1. Electronic absorption spectra

UV-Vis absorption measurement is a very simple but effective
method that is used to investigate mode of interaction
between metal complexes and DNA.P? Interaction of metal
complexes with base pairs of the DNA is usually followed by
hypo- or hyperchromic shift with a small red/blue shift.?" The
extent of the hyperchromism in the absorption band is
generally consistent with the strength of intercalative binding/
interaction.®” The absorption spectra of complexes in the
absence and presence of CT-DNA are given in Figure 6 and

ChemistrySelect 2020, 5, 11489-11502 Wiley Online Library
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Table 2. Selected geometric parameters for ligands 1 and 2.
Bond length [A]
1 2
S1-N2 1.658 (2) 1.656 (2)
S1-C3 1.720 (2) 1719 (2)
N4-C3 1.357 (3) 1.346 (2)
N4-C9 1.393 (3) 1410 (2)
N3-C4 1.345 (3) 1383 (2)
N3-C8 1.456 (3) 1.460 (2)
N3-C5 1.461 (3) 1.467 (2)
N2-C4 1.324 (2) 1313 (2)
N1-C1 1.144 (2) 1.140 (2)
01-C7 / 1413 (2)
01-Cé / 1429 (2)
Bond angles [°]
N2-51-C3 95.70 (9) 95.08 (8)
C3-N4-C9 131.08 (2) 128.44 (2)
C4-N3-C8 125.23 (2) 117.32 (1)
C4-N3-C5 120.30 (2) 114.86 (2) Figure 5. The crystal packing of ligand 1 viewed along the b-axis. Hydrogen
C8-N3-C5 111.77 (2) 110.84 (1) bonds are shown as black dashed lines. The molecules of 1 are connected in
C4-N2-51 110.28 (1) 110.65 (1) dimmers by N4-H4--N1 [-x+2, —y+1, —z+ 1] hydrogen bond (A). Dimmer
C3-C2-C1 120.80 (2) 122.04 (2) associated with close contacts of N-H atoms originated from different
C3-C2-C4 111.62 (2) 110.94 (2) molecules (B). The crystal packing of ligand 2 viewed along the a-axis.
C1-C2-C4 127.55 (2) 126.89 (2) Hydrogen bonds are shown as black dashed lines. The molecules of 2 are
N2-C4-N3 120.20 (2) 119.72 (2) connected in a head-to-tail manner by N4-H4--01 [1-x,1/2 +y, 3/2-Z]
C7-01-C6 / 109.18 (2) hydrogen bond (C). Dimmer associated with close contacts of N-S atoms
01-C6-C5 / 111.92 (2) originated from different molecules (D).
Torsion angles [°]
C3-S1-N2-C4 0.8 (2) 0.6 (2)
S1-N2-C4-N3 1783 (2) 1786 (1) 10 g 80
$1-N2-C4-C2 -1.8(2) 0.0 (2) i X .
C8-N3-C4-N2 ~1625 (2) 1358 (2) v : /
C5-N3-C4-N2 -2.7(3) 3.0(2) ' z
C8-N3-C4-C2 177 3) —457 (3) g o7 = A
C5-N3-C4-C2 177.42) ~1786 (2) E 08 AEAT
C3-C2-C4-N2 22(3) —07(Q2) E o5
C1-C2-C4-N2 —175.8 (2) 175.3 (2) e .
C7-01-C6-C5 / 59.1(2) <
N3-C5-C6-01 / ~56.8 (2) o .
02 ™~
0,1
0,0
. . . 240 250 260 270 280 200 300 310 320 330 340
2.3. DNA binding experiments Wavelength (nm)
1,0 w BO
The determination of the interactions between small molecules i = //
and DNA is important in pharmacology when evaluating the 0’9 g:f: e
potential of new antitumor complexes,”” and therefore inter- g D'T gsfow —
actions between DNA and the synthesized complexes should c [PNA]x 105 M
be investigated. The mode and strength for the binding of the g o
synthesized ligands and their complexes with ruthenium(ll) to & 04
CT-DNA were studied with UV-Vis and fluorescence spectro- . o
scopic methods. o
0,1

0,0 . . . . R
240 250 260 270 280 290 300 310 320 330 340

Wavelength (nm)

Figure 6. Electronic absorption spectra of complexes 3 (up) and 4 (down) in
Tris-HCI buffer upon the addition of CT-DNA. [Complex] =40 um, [DNA]=0-
40.3 um. The arrow shows the absorption intensities increase upon
increasing DNA concentration. Inset: plot of [DNA]/(e,—€,) vs. [DNA].

Figures S7 and S8 in the Supporting Information. The absorp-
tion intensities increase upon increasing DNA concentration in

11492 © 2020 Wiley-VCH GmbH
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the investigated complexes, the absorption band of complexes
at 290 nm exhibited hyperchromism with blue shifts of 3 to
5 nm. These results indicate that the observed spectral changes
may be explained by the intercalative binding of the complex
to DNA.B?

In order to further compare the binding strength of the
ruthenium(ll) complexes, their intrinsic binding constants (K,)

were determined from the following Equation (1):*%

[DNA] [DNA] 1
= +
Eq— & & — & Ky(ep — &)

(M

where [DNA] is the concentration of DNA in base pairs, the
apparent absorption coefficients ¢, ¢ and g, correspond to
Agpsa/[complex], the extinction coefficient for the free complex
and the extinction coefficient for the complex in the fully
bound form, respectively. The intrinsic binding constant (K.)
values were 8.28x10*M™' (R=0.935) and 4.54x10*m~' (R=
0.993), for complexes 3 and 4, and 3.18x10°m™' (R=0.919)
and 3.70x10* m™' (R=0.987), for ligands 1 and 2 respectively
(Table 3). From the results obtained, it has been found that
complex 3 binds more strongly with CT-DNA compared to the
complex 4.

2.3.2 Ethidium bromide (EB) displacement studies

Absorption results show that the complexes bind to DNA. In
order to examine the ability of the ligands and their complexes
to displace EB from the EB-DNA complex, competitive EB
binding studies were carried out with fluorescence measure-
ments. The compounds competing with EB to intercalate with
DNA will induce the displacement of the bound EB, decreasing
the fluorescence intensity. EB is a typical indicator of
intercalation that forms soluble complexes with nucleic acids
and emits intense fluorescence in the presence of CT DNA.BY
The emission spectra of EB bound to CT-DNA in the absence
and presence of compounds were recorded and are shown in
Figure7 and FigureS9 in the Supporting Information.
Fluorescence intensity of EB bound to DNA at 613 nm shows
decreasing trend with the increasing concentration of the
compound.

The observed decrease in the fluorescence intensity
indicates that the EB molecules are displaced from their DNA
binding sites and were replaced by the compounds tested. The

Table 3. The DNA binding constants (K,), calculated from UV spectra and
the Stern-Volmer constants (K,,), and Quenching constant (K) calculated
from fluorometric spectra.

In the absence of EB In the presence of EB

Compd. K, R Ko, Kq[c] RE

1 3.18x10* 0.919 3.02x10* 3.02x10™ 0.997
2 3.70x10" 0.987 3.41x10° 3.41x10" 0.982
3 8.28x10" 0.935 3.57x10" 3.57x10" 0.949
4 4.54%10" 0.993 3.78x10" 3.78x10" 0.912

[a]l m~". [b] R is the correlation coefficient. [c] m~'s™".
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Figure 7. Fluorescence emission spectra (A, =520 nm) of ethidium bromide
bound to DNA: ligand 1 (up) and complex 3 (down). [DNA] =22 pm,

[EB] =20 um, and [compound] =0-13 pum. Arrow shows the emission inten-
sity changes upon increasing complex concentration. x represents 13 um
compound only. Inset: plot of Fo/F vs. [compound].

quenching parameter can be analyzed according to the Stern-
Volmer equation:®®

P 1 kymal] = 1+ KolQ) = 1+ Ky [Q) @

of the diagram F/F versus [Q]. The K, values were obtained
from the slope in the plot of Fy/F versus [Q] (see inset in
Figure 7 and Figure S9 in the Supporting Information). The
obtained K, constants in presence of compounds were 3.57 x
10* M~ (R=0.949) for complex 3 and 3.78x10*M~' (R=0.912)
for complex 4 and 3.02x10*m™' (R=0.997) for ligand 1 and
341x10°m™" (R=0.982) for ligand 2. The ligand 1 and
corresponding complex 3 exhibit a lower K, value than the
ligand 2 and corresponding complex 4 and have a lower ability
to displace EB from CT DNA-EB complex. The values of K,
(3.57x10” m~' for 3 and 3.78x 10> m~' for 4 and 3.02x 10 m~"
for 1 and 3.41x10* m™' for 2) were greater than 10" m™" s/,
indicating that the quenching mechanism, as a result of the
formation of the CT DNA-EB-complex, is a static quenching
process.

© 2020 Wiley-VCH GmbH
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2.4. Interaction of the ligands and complexes with albumin

It has been proved that the most important role of the serum
albumins is the transportation of metal ions and metal
complexes as well as other biologically active compounds in
the blood. The investigation of binding interactions between
the potentially active compounds and HSA can be important in
exploring their potential biological activity and application. In
order to investigate the structural changes in HSA caused by
the addition of ligand or complex and determine the quench-
ing constants (k,), the binding constant (K) and the number of
binding sites (n) for the complex formed between ligand or
complex and HSA, absorption and fluorescence spectra were
measured.

HSA solutions exhibit a strong fluorescence emission with a
peak at about 350 nm, due to the tryptophan residues, when
excited at 295 nm.”” The fluorescence spectra of HSA with
different concentrations of ligands 1 and 2, and complexes 3
and 4 were recorded and are shown representatively for
complex 3 in Figure 8 (others are shown in Figures S10-512 in
the Supporting Information). As shown in Figures 8 and S10-
S$12, adding complex to the HSA solution, the fluorescence
intensity of HSA decreased gradually with an increase in
complex concentration. This result suggests that complex can
interact with HSA and quench its intrinsic fluorescence.
Furthermore, fluorescence quenching data were analyzed with
the Stern-Volmer equation (Equation (2)), similarly as described
above for DNA binding experiments. From the plot of F,/F
versus [Q] the K, and the quenching constants (k;) can be
calculated (see inset in Figure 8 and Figures S10-S12 in the
Supporting Information), where the fluorescence lifetime of
tryptophan in HSA was taken as 7,=107%s.

If it is assumed that the binding of compounds with HSA
occurs at equilibrium, the equilibrium binding constant (K) and
the binding stoichiometry (n) of HSA—compounds system can
be estimated by the following Equation (3)®? using the
fluorescence intensity data:

25 - 30
J 20 4 /
20 7 1.0

0.0

FolF

00 02 04 06 08 1.0

[l, (105 mol/L)

15

Emission intensity

300 325 350 375 400 425 450
Wavelenght (nm)

Figure 8. Fluorescence emission spectra of HSA in the presence of various
concentrations of complex 3 (T=298 K, pH 7.4). [HSA]=2.0 um. [com-
plex]=0-16 um. Curve x shows the emission spectrum of complex 3 only.
The arrow shows the intensity change upon the increase of the complex
concentration. Inset: plot of Fy/F vs. [complex].

ChemistrySelect 2020, 5, 11489-11502 Wiley Online Library

Fo—F

log = logK + nlog[Q] (3)

The values of K and n were obtained from the intercept and
slope of the plots of log (F,— F)/F versus log [Q] (Figure 9 and
Figure S13 in the Supporting Information).

Fluorescence intensities were corrected for the absorption
of exciting light and reabsorption of the emitted light to
decrease the inner filter effect using the Equation (4):¢

A +Aem

Fcor:FobsX1O ’ (4)

where F,, and F,, represent the corrected and observed
fluorescence intensities, and A, and A, are the absorbance of
protein and ligand at the excitation and emission wavelengths,
respectively.

The calculated Ky, k,, K, and n values are given in Table 4.
As seen in Table 4, the quenching constants (>10"” M 's™") are
higher than diverse kinds of quenchers for biopolymers
fluorescence (10" m~'s™"), suggesting that the interaction of
the ligands and complexes with the albumins takes place via a
static quenching mechanism, which indicates the formation of
a new conjugate between each complex and HSA.®®

The calculated value of n is around one for all the
compounds, indicating the existence of just a single binding
site in HSA for all the compounds. From the values of Ky, and K,
it is inferred that complex 3 interacts with HSA more strongly
than the rest of the compounds. The binding constant (K) of
complexes 3 and 4 (see Table 4) showed that there is a good

-1.0 +

-0.8 4

-0.6 o

-0.4 4

-0.2 4

log [(Fo-F)/F]

0.0 +

0.2 4

04 T T T T T
-5.00 -5.20 -3.40 -5.60 -5.80 -6.00

log [Q]

-6.20

Figure 9. Plots of log (Fy-F)/F versus log [Q] for complex 3.

Table 4. The HSA binding constants and parameters (Ksy, k,, K, n) for the
ligands 1 and 2, and complexes 3 and 4.

Compd. Ky kq[b] R2d K n R2d

1 552x10°  552x10"  0.991 6.32x10° 121 0.996
2 1.92x10*  1.92x10"”  0.981 574x10*  1.09  0.991
3 2.15%10°  2.15x10”  0.985 3.62x10° 125 0.994
4 1.24x10°  1.24x10® 0982 1.04x10° 1.19  0.992

[a]l m~". [b] m~" s7". [c] R is the correlation coefficient.
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binding force between complex and HSA, which implies that
HSA can enable transfer complex towards potential bio-targets.
As shown in Table 4, ligands have a lower binding affinity for
albumin in relation to their complexes.

A simple method to investigate structural changes of HSA
in the presence of the complex, as well as to determine the
type of quenching is UV-Vis absorption spectroscopy. Quench-
ing usually occurs either by the dynamic or static mechanism.
Collisional (dynamic) quenching only affects the excited states
of the fluorophores and, thus, no changes in the absorption
spectra. In contrast, the ground state complex formation will
frequently result in perturbation of the absorption spectrum of
the fluorophore.®® In the present study, the change in the UV-
Vis absorption spectra of the HSA-complex system (Figure 10
and Figure S14 in the Supporting Information) was measured
under simulated physiological conditions. HSA has a weak
absorption peak at about 280 nm because of the cumulative
absorption of three aromatic amino acid residues (Trp, Tyr, and
Phe). The absorption intensity at 280 nm increased progres-
sively (Figure 10 and Figure S14 in the Supporting Information)
with the addition of complexes 3 and 4 and ligands 1 and 2,
suggesting that the complex was formed between ligand or
complex and HSA and that there exists a static interaction

Absorbance

390 440
Wavelenght (nm)

Figure 10. Absorption spectra of HSA (2.0 um), with various amounts of the
complex 3 (0-16 2.0 um) at room temperature.

Table 5. Bond length X-Ray vs. DFT for complex 3.” and bond length DFT
of complex 4.7
Complex 3 Complex 4
X-Ray DFT DFT

Ru1-N1 2.059 (2) Ru1-N5 2.059 (1) Ru1-N5 2.058 (1)
Ru1-C18 2.150 (3) Ru1-C12 2.152 (1) Ru1-C12 2.157 (1)
Ru1-C20 2.159 (3) Ru1-C15 2.164 (1) Ru1-C15 2.167 (1)
Ru1-C19 2.176 (3) Ru1-C11 2211 (1) Ru1-C10 2.183 (1)
Ru1-C21 2.190 (3) Ru1-C7 2.181 (1) Ru1-C7 2.179 (1)
Ru1-C17 2.195 (3) Ru1-C10 2.183 (1) Ru1-C18 2.186 (1)
Ru1-C16 2211 (3) Ru1-C18 2.190 (1) Ru1-C11 2.208 (1)
Ru1-Ch 2.409 (8) Ru1-Cl2 2.439 (1) Ru1-Cl2 2.439 (1)
Ru1-Cl2 2.428 (8) Ru1-ClI3 2.464 (1) Ru1-ClI3 2.464 (1)
S1-N2 1.655 (3) S4-N8 1.655 (1) S4-N8 1.656 (1)
[a] [AL.
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between HSA and the added compounds due to the formation
of the ground state complex of the type of HSA compound.

2.5. Computational chemistry
2.5.1 Quantum mechanics

We have optimized geometries of each isothiazole ligand and
corresponding ruthenium(ll) complex. To search for global
minima, we have chosen the M06 method®™ and def2-TZVP“”
basis set as implemented in Gaussian09.*"” Ligands and
complexes were left for full optimizations without restrictions
(symmetry, restrains or constrains). Structural features (bonds,
angles, and torsions) of the structures optimized are in good
agreement with the experimental ones (Table 5). DFT opti-
mized structure of the X-ray non-resolved complex 4 is given in
Figure 11, showing structural resemblance with structure 3.

2.5.2. TD-DFT

Electronic spectra of the complexes exhibit wide absorption
band that originates from d-d transitions and the intense
bands coming from ligand to metal charge-transfer. The UV-Vis
spectra of the complexes are similar and show d-d bands in
the ranges 420-500 nm and 300-350 nm attributed to
'A,—'A,, 'A,—'B,, and 'A,—'B, transitions in pseudo-octahe-
dral geometry of these complexes (Figure 12, Table S2 in the
Supporting Information).

For these complexes, the nature of the transitions observed
in the UV-Vis spectra have been studied by the time-depend-
ent density functional (TD-DFT) method based on the opti-
mized geometries, without any symmetry restrictions, in the
singlet states. The IEFPCM solvent model was used in the
Gaussian calculations with methanol as the solvent. The
experimental spectrum of complex 3 with the calculated

Figure 11. MERCURY"® drawing of M06/def2-TZVP optimized structure of the
complex 4.

© 2020 Wiley-VCH GmbH
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Figure 12. Experimental and TD-DFT UV spectra of the complex 3: A) experimental UV-Vis spectra; B) calculated TD-DFT spectra; C) contribution of One-

electron transitions.

transitions is presented in Figure 12 (Table S2 in the Supporting
Information). The electronic transitions were calculated with
use of M06/def2-TZVP method/bs. The assignments of the
calculated transitions to the experimental bands are based on
the criteria of their energies and oscillator strengths. Only the
main components of the molecular orbitals are taken into
consideration.

The experimental bands in the range 300-500 nm are
assigned to the transitions between the frontier HOMO +n (see
Figure 12) and LUMO molecular orbitals. As most of the highest
occupied and lowest virtual molecular orbitals are composed of
the d ruthenium orbitals the transitions are described by
Ligand Field type (d—d). Only transitions No. 7, 9 and 10
involve mainly pure HOMO MO that, in addition, has a ligand
character, and as a whole have metal-ligand charge transfer
character.

2.5.3. Molecular docking

A number of different processes, including ligand substitution
and formation of aqua complexes, appear to determine the
fate of the metal complex in vivo. Like cisplatin, ruthenium(ll)-
arene complexes remain predominantly in their less reactive
chloride form at high chloride concentrations (such as in the
human bloodstream). At low chloride concentrations (e.g.

ChemistrySelect 2020, 5, 11489-11502 Wiley Online Library
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inside a human cell) hydrolysis of complexes Cl<H,0 is
expected,”? activating them toward reactions with DNA."® For
the same type of complexes, [Ru(1°-p-cymene)(PTA)Cl,] Scolaro
etal. established that [Ru(n®-p-cymene)(PTA)CI(H,0)]* hydro-
lytic product was the most abundant one.*? Therefore, we
decided that our modeling and simulation research is based on
aqua species of ruthenium(ll) complexes with isothiazoles 1
and 2.

In this paper, we used AutoDock™" and AutoDock Vina™!
software for the docking of ruthenium complexes on DNA
molecule which structure is already determined by means of
crystallography (PDB code 1AIO). For the purpose of docking
run, we have chosen centers of minor and major grooves for
the grid box and left ligands and ruthenium(ll) complexes to
dock on the rigid DNA. In our case, the ruthenium(ll) complexes
exerted much lower minor groove AG binding energies than
that was the case with major groove only the results of the
best hits of docking simulation are given in Table 6.

We may see that a kind of consistency between Vina and
AutoDock results occurs but our validation study which was
done on several DNA-Ru" complexes (Figure S15 in the
Supporting Information) indicates AutoDock as a method of
choice. It is to be pointed out that predicted and experimental
AGyging Vvalues in case of bis-aqua complexes (AG was
calculated using experimentally determined K, Table 3) are in

© 2020 Wiley-VCH GmbH
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Table 6. Docking results of ligands and corresponding [Ru(n®-p-cymene)
X,(L)] (X= H,0) or [Ru(;7°-p-cymene)XY(L)] (X = H,0 and Y=CI) complexes

toward DNA.

AutoDock Vina Exp.
Compound AGE K Affinity® AGE
1 -3.79 1.67 9 —6.80 —6.14
2 —-3.71 1.90 ¢ —6.90 —6.23
[Ru(y®-p-cymene)(1)(H,0),’*  —6.82  10.06 —8.00 —6.71
[Ru(n®-p-cymene)Cl(1)(H,0)]*  —5.38 11350  —7.00 /
[Ru(®-p-cymene)(2)(H,0),1** —6.06 36.41 —8.10 —6.35
[Ru(®p-cymene)Cl(2)(H,0)1"  —5.02 21026  —7.60 /

[a] kcal mol™. [b] um. [c] mm.

very good agreement (Table 6). We have investigated the
nature of docked interactions between DNA and the best hits
of ligands and complexes as well (Figure 13).

Interactions of the investigated compounds with the DNA
(Figure 14, Table S3 in the Supporting Information) were
determined using Discovery Studio Visualizer.“® All the inves-
tigated compounds were found to interact with the deoxythy-

Figure 13. The best hit (AutoDock) of hydrolyzed complex 3 docked on DNA
(left) and basic DNA-Complex 3 interactions (right).

Figure 14. DNA—L interactions by ligand’s binding within major groove.

ChemistrySelect 2020, 5, 11489-11502 Wiley Online Library

midine 5 (DT5) from the A chain and with deoxycytidine 18
(DC18) in the B chain of the DNA. Carbonyl group in thymine of
DT5 acts as a proton acceptor in a hydrogen bond with a
hydrogen atom on nitrogen from phenylamino group in case
of 1, 3, and 4, but in the case of 2, same carbonyl group
interacts with an equatorial hydrogen atom on carbon that is
adjacent to oxygen of the morpholine group. That allows
phenylamino group in 2 to act as a hydrogen donor in a
hydrogen bond with phosphate of deoxyadenosine 17 (DA17).
Cytosine amino group of DC18 interacts as a hydrogen donor
with 7 electrons of phenyl group that is connected to
isothiazole via nitrogen in the case of 3 and 4. In the case of 2
same amino group acts as a hydrogen donor in interaction
with the carbonitrile group, while it does not interact in any
way with 1. Ligand 1 is instead positioned to interacts with =
electrons of cytosine in DC18 via sulfur. That position allows 1's
carbonitrile group to act as a hydrogen acceptor in a hydrogen
bond with guanine from deoxyguanosine 6 (DG6). In both 3
and 4, one of the coordinated water molecules interacts with
phosphate of DT5 and phosphate of deoxycytidine 4 (DC4)
forming two hydrogen bonds.

2.6. Biological tests
2.6.1 In vitro cytotoxic activity of ligands and complexes

The cytotoxic activity of ligands and complexes was examined
on Hela and HCT116 tumor cell lines and non-tumor MRC-5
cells line using MTT assay (Table 7). Because of the possible
coordination of S atoms from DMSO with the ruthenium,*”
before biological experiments we tested the chemical stability
of the complexes in DMSO using 'HNMR spectroscopy.
Compared with the 'HNMR spectra in CDCl;, the proton
chemical shifts of ruthenium complexes in DMSO-d, are slightly

Table 7. IC;, (um) values determined by MTT assay for ligands 1 and 2 and
complexes 3 and 4 after 24 h and 48 h treatment of HelLa, HCT116 and
MRC-5 cells and Sl values.”!

24 h SI 48h S|
ICs Hela
1 135.25+44.7 167 83.59+18.18 2.71
2 77.434+14.11 3.24 100.74 +14.95 249
3 194.48 +45.39 235 103.20 + 14.87 413
4 200.5 +46.36 0.76 98.6+3.4 1.30
cisPt 14.506 + 4.068 / 14.391 +£2.750 /
HCT116
1 2431.94+342.8 0.09 106.7 £ 19.6 1.93
2 175.39+10.20 1.43 60.98+10.11 1.87
3 59.12+5.2 7.72 33.96+12.1 12.55
4 9591445 1.58 5445493 237
cisPt 39.37240.591 / 20.480 4 6.984 /
MRC-5
1 226.45+42.03 / 206.45+52.4 /
2 250.64+16.4 / 113.90 +20.08 /
3 456.68+101.83 / 426.15+64.18 /
4 151.70+37.33 / 129.11+11.05 /
cisPt 4937 +£10.064 / 16.270 +£6.265 /

[a] ICs, values (um) expressed as the X+ SD. [b] Sl-selectivity index.
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moved due to the different polarity of solvent (Figure S16 in
the Supporting Information). These data indicated that the
structure of examined Ru" complexes remains stable in DMSO
solution for at least 48 h. MTT test results showed that all
tested compounds decreased cell viability in all three cell lines
in a dose-dependent manner (Figure S17 in the Supporting
Information). Obtained data were used to calculate ICy, values
for each compound after 24 and 48 h incubation. As shown in
Table 7, both ligands and complexes showed weak cytotoxic
activity against healthy MRC-5 cells and to some extent
stronger cytotoxic activity against Hela cells, but on both cell
lines I1C;, values for tested compounds were high. Many
isothiazole derivatives were tested for their cytotoxic activity in
different tumor cell lines. They displayed diverse effects, from
low to high cytotoxicity and various selectivity, depending on
its structure and tested cell line”*" Isothiazole ligands
investigated in this study did not show notable cytotoxicity
against both tumor cell lines. Although ligands 1 and 2 showed
good selectivity for HelLa cells, their ICs, values in this cell line
were high. On the other hand, HCT116 cells, sparingly sensitive
to ligands, were susceptible to complexes 3 and 4, as indicated

7-AAD
7-AAD

Complex (3)

by moderate IC;, values (33.96 pm and 54.45 pm, respectively,
after 48 h incubation). However, the action of complex 4 was
selective (SI after 48 h was 2.37), while complex 3 was highly
selective for HCT116 cells (SI=12.55), in contrast to low
selectivity of cisPt for the same cell line. It is obvious that the
Ru" complexes have more biological activity than the free
ligands, which can be explained by the coordination effect.
Platinum-based drugs, although efficacious in the therapy of
many types of tumors show a number of side-effects. Thus,
metal complexes that have strong and selective cytotoxic
activity against tumor cells are the subject of many inves-
tigations. Based on these two criteria, we choose complexes 3
and 4 for further examination on the HCT116 cell line.

2.6.2. Complexes 3 and 4induce apoptosis in HCT116 cells

Flow cytometric analysis of Annexin V-FITC/7-AAD stained cells
showed that both complex 3 and 4 induce apoptosis in
HCT116 cells (Figure 15). After 48 h treatment, the majority of
cells were early apoptotic (22.98% and 24.82%, respectively),

Complex (4)

7-AAD

m
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Figure 15. Flow cytometric analysis of Annexin V-FITC/7-AAD staining. (A) Dot plots presenting the percentage of viable (lower left quadrant), early apoptotic
(lower right quadrant), late apoptotic (upper right quadrant) and necrotic cells (upper left quadrant). (B) Graph showing the percent of early apoptotic (EA),
late apoptotic (LA) and necrotic cells (N) in untreated (control) and complex 3 and complex 4-treated HCT116 cells. Results are presented as an average of

three independent experiments.
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while only a small percent of cells was late apoptotic or
necrotic.

Necrosis is characterized as passive, accidental cell death
that is accompanied by cell lysis and release of cellular content
into extracellular surroundings, which consequently induce
inflammation of adjacent tissue. On the other hand, apoptosis
is an orderly type of cell death. Cell membrane remains intact,
there is no induction of inflammation so that cells dying by
apoptosis are not a threat for neighboring cells. For that
reason, the induction of apoptosis is the desirable mechanism
of action for cancer therapeutics.

2.6.3. Complexes 3 and 4 arrest cell cycle in S-phase

Exploring the mechanisms of action of complexes 3 and 4 we
analyzed their effect on cell cycle progression (Figure 16). Our
results showed that both tested complexes arrested HCT116
cells in S-phase of the cell cycle (control: 12.25%; complex 3:
62.05%; complex 4: 49.77 %).

Consequently, percent of cells in other phases of the cell
cycle, especially in the G2/M phase, decreased. These data
indicate a failure of proper chromosome replication, presum-
ably because of DNA damage. Importantly, the increased
number of polyploid (>4 N) cells was observed in cells treated
with complex 4, indicating unsuccessful chromosome segrega-

A) Control

Complex (3)

tion, defined as mitotic catastrophe.”® It is well known that the
primary target of platinum-based drugs is DNA. These agents
cause crosslinking of DNA that results in arresting cell cycle and
activating repair mechanisms. If the DNA damage cannot be
repaired, cells undergo apoptosis. In addition, Puig etal.
showed that cisplatin may stop the mitotic activity of tumor
cells, but without inhibition of DNA replication, engendering
the appearance of giant polyploid cells.*” Mitotic catastrophe
restrains cell proliferation, leading to senescence, or affects
survival, leading to apoptotic cell death. Cells undergoing
mitotic catastrophe were detected by fluorescent microscopy
after treatment of HCT116 cells with complex 4 as giant
multinucleated cells (Figure 17).

It seems that mechanism of action of ruthenium(ll)
complexes shows similarity with platinum drugs, at least both
arrest cell cycle in S-phase.

2.6.4. Complexes 3 and 4induce autophagy in HCT116 cells

Autophagy is a natural mechanism for removing unnecessary
or damaged cytoplasmic contents. As an adaptive response to
stress, it promotes survival, but excessive autophagy can trigger
cell death. Autophagy is characterized by the formation of
autophagosomes which contain cellular components destined
for degradation. These vesicles articulate with lysosomes to

Complex (4)
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Figure 16. Cell cycle analysis. (A) Histograms and (B) graph presenting cell cycle distribution in untreated HCT116 cells (control) and cells treated with complex
3 and complex 4. Results are presented as an average of three independent experiments.
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Figure 17. Representative images of AO stained HCT116 cells: untreated, treated with complex 3 and complex 4.

form autophagolysosomes where hydrolases degradate auto-
phagic content. Autophagy can be detected by microscopy
using cell-permeable fluorescent dye acridine orange (AO). At
neutral pH, in cytoplasm and nucleus, AO emits green
fluorescence, but within acidic vesicles (AVOs) it emits bright
red fluorescence. In order to detect the induction of autophagy,
HCT116 cells were treated with tested complexes and stained
with AO. Fluorescent microscopy showed an extensive amount
of red AVOs in both complex 3 and complex 4-treated cells, in
contrast to untreated control with very few AVO-positive cells
(Figure 16). This result indicates that the induction of autoph-
agy is involved in mechanisms of action of both tested
complexes.

3. Conclusion

In summary, two new neutral complexes were prepared from
[Ru(n6-p-cymene)CI2]2 and 3,5-diaminoisothiazole derivatives
ligands: [Ru(n6-p-cymene)CI2(1)] (3) and [Ru(n6-p-cymene CI2
(2)] (4), where 1=5-(phenylamino)-3-pyrrolidin-1-ylisothiazole-
4-carbonitrile; 2 =3-morpholin-4-yl-5-(phenylamino)isothiazole-
4-carbonitrile. Both complexes were characterized by spectro-
scopic (IR, UV-Vis, and NMR), but the crystal structure was
confirmed only for complex 3. Besides, the structures of two
early synthesized ligands 1 and 2 were confirmed. The DNA
interaction and protein binding properties of the new com-
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plexes were evaluated by absorption and fluorescence spec-
troscopies. The present study of interaction with CT-DNA shows
that ruthenium(ll) complexes bind well intercalatively to CT-
DNA. Too, all the ligands and the complexes show a good
binding affinity to HSA protein giving relatively high binding
constants. The complex 3 exhibits the highest K values among
the compounds tested. Docking experiments toward DNA
dodecamer have been done indicating an excellent accordance
with experimental AG values.

The isothiazole ligands 1 and 2 did not show significant
cytotoxicity to both tumor cell lines versus the corresponding
complexes which can be explained by the coordination effect.
Complex 3 is highly selective for HCT116 cells relative to
complex 4. Flow cytometric analysis of Annexin V-FITC/7-AAD
stained cells showed that both complexes induce apoptosis in
HCT116 cells with a cell cycle arrest in the S-phase. It seems
that mechanism of action of ruthenium(ll) complexes shows
similarity with platinum drugs, at least both arrest cell cycle in
S-phase. Mitotic catastrophe restrains cell proliferation, leading
to senescence, or affects survival, leading to apoptotic cell
death. Cells undergoing mitotic catastrophe were detected by
fluorescent microscopy after treatment of HCT116 cells with
complex 4 as giant multinucleated cells. Also, the induction of
autophagy is involved in mechanisms of action of both tested
complexes.
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Deposition Numbers CCDC_1985935 (for 1), CCDC_1985936
(for 2) and CCDC_1985937 (for 3) contains the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre www.ccdc.cam.ac.uk/structures.

Supporting Information Summary

The general experimental section including detailed synthetic
procedure, analytical data, 'HNMR, *CNMR, FT-IR and UV-Vis
spectra, computational chemistry, as well as biological exper-
imental procedures are provided in the Supporting Information.
Also, crystal data and experimental details of the structure’s
determination for ligands 1 and 2, and complex 3 are included.
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