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In recent years, there has been an increasing interest in the study of Ag() coordination compounds as
potent antibacterial and anticancer agents. Herein, a series of Ag()) complexes bearing phosphines and
heterocyclic thioamide ligands with highly electronegative NH,- and CFz-group substituents, i.e. [AgCl
(atdztH)(xantphos)] (1), [Ag(p-atdztH)(DPEphos)l»(NOs), (2), [Ag(atdzt)(PPhs)s] (3), [Ag(p-atdzt)(DPEphos)l,
(4), and [Ag(p-mtft)(DPEphos)l; (5), where atdztH = 5-amino-1,3,4-thiadiazole-2-thiol, mtftH = 4-methyl-
5-(trifluoromethyl)-1,2,4-triazol-3-thiol, xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene,
and DPEphos = bis(2-diphenylphosphino-phenyl)ether, were synthesized, and their in vitro antibacterial
and anticancer properties were evaluated. Complexes 1-4 bearing the NH,-substituted thioamide exhibi-
ted moderate-to-high activity against S. aureus, B. subtilis, B. cereus and E. coli bacterial strains. A high
antiproliferative activity was also observed for 1-3 against SKOV-3, Hup-T3, DMS114 and PC3 cancer cell
lines (ICsq = 4.0-11.7 pM), as well as some degree of selectivity against MRC-5 normal cells. Interestingly,
5 bearing the CFz-substituted thioamide is completely inactive in all bioactivity studies. Binding of 1-3 to
drug-carrier proteins BSA and HSA is reasonably strong for their uptake and subsequent release to poss-
ible target sites. The three complexes show a significant in vitro antioxidant ability for scavenging free rad-
icals, suggesting likely implication of this property in the mechanism of their bioactivity, but a low poten-
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tial to destroy the double-strand structure of CT-DNA by intercalation. Complementary insights into
possible bioactivity mechanisms were provided by molecular docking calculations, exploring the ability of
complexes to bind to bacterial DNA gyrase, and to the overexpressed in the aforementioned cancer cells

rsc.li/dalton Fibroblast Growth Factor Receptor 1, affecting their functionalities.

efficacy, these compounds frequently cause a number of side
effects, imposing limits in their clinical use.>” Nevertheless,

1. Introduction

The introduction of platinum-based drugs in the treatment of
cancer in the late 1980s marked the beginning of a new era in
cancer therapies, establishing transition metal complexes as
feasible therapeutic agents." However, despite their high
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the continuing and strong interest for the discovery of novel
and low toxicity metal-based therapeutic agents led to the
development of a large number of coordination compounds
with chemotherapeutic potential, some of which have already
been under clinical trials or approved for clinical use.®”

Ag(1) coordination compounds are currently attracting sig-
nificant attention, owing to their recently recognized effective
anticancer activity.® > Moreover, antiseptic and antibacterial
properties of Ag(i) compounds have been known since ancient
times.'®™" In general, the bioactivity potential of Ag(i) com-
pounds is suggested to arise from their unique mechanisms of
action. In particular, the mechanism of their antiproliferative
activity differs from that of the DNA-targeting Pt-based drugs,
as it is suggested to involve their interaction with the mito-

This journal is © The Royal Society of Chemistry 2022
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chondrial membrane and inhibition of thioredoxin reductase,’
leading to mitochondria initiated programmed cell death.*!">?
Regarding their antimicrobial activity, the proposed mechanism
of action involves their initial binding onto the membrane of
the cells, followed by membrane damage and entrance into the
cell (either in the form of Ag(1) complexes or solvated Ag(i) ions),
and finally disruption of cell metabolism via interaction with
cell enzymes or binding to subcellular components.>*>® Other
attractive characteristics of Ag() complexes that stimulate
research in this field include their low toxicity (compared to
coordination compounds of other medicinally relevant metals),
selectivity effects they occasionally exhibit,>® as well as their
ability to overcome antibiotic drug resistance.*® Furthermore,
considering that Ag(i) coordination compounds can be photolu-
minescent (in the presence of appropriate ligands), bioactive Ag
(1) complexes can also be used for both therapeutic and imaging
applications, as theranostic agents.>

The biological efficacy of Ag(1) complexes is strongly associ-
ated with their solubility, thermodynamic and kinetic stability,
lipophilicity, redox properties, and ability to release Ag(1) ions.
These properties are determined, and can appropriately be
tuned, by the set of ligands embracing the metal center.
Specifically, the employment of ligands with steric and elec-
tronic properties that allow strong coordination to the Ag(i)
ions - therefore providing sufficient stability and protection
(e.g., avoiding their precipitation in the presence of free Cl~
ions) and ensuring their slow release into the cells - is of great
importance as drug designing strategy towards the discovery of
efficient Ag(1)-based pharmaceuticals.

Among the different types of ligands used for the synthesis
of bioactive Ag(1) complexes, phosphines appear to be an inter-
esting case, as they have resulted in a number of cases that
exhibit significant in vitro activity against several types of
microbes and cancers.*"** Their favorable coordination to the
soft Lewis acid Ag(1) ions, in combination with their intermedi-
ate lipophilicity, properly adjusts the kinetic stability and the
hydrophilicity/lipophilicity balance of the complexes, resulting
in enhanced antibacterial and cytotoxic efficiency, as well as,
sometimes, selectivity towards specific cancer cells and patho-
gens.*® For example, [Ag(d3pype),]NO; where d3pype = 1,2-bis
(di-3-pyridylphosphino)ethane was found to exert a strong
cytotoxic effect against carcinoma (41M and 41McisR) cells
due to its enhanced lipophilic character, whereas the more
hydrophilic complex [Ag(PTA),]JPFs showed an improved
activity towards adenocarcinoma cells (e.g. MCF-7, SKOV-3)
compared to carcinoma and lymphoma cells.***> Apart from
phosphines, heterocyclic thioamides, which can coordinate to
the Ag(r) ions through their exocyclic soft S donor atom, consti-
tute another family of ligands that have also resulted in a
number of biologically active Ag(1) complexes. Recent studies
on the in vitro biological potential of some thioamide-contain-
ing Ag(i) complexes revealed a high efficiency against a variety
of bacterial strains as well as high anticancer activity — even
higher than that of cisplatin - against certain tumors.**° For
example, the water soluble cluster compound {[Age(ps-
Hmna),(ps-mna),|[(EtsNH)],-(DMSO),-(H,0)} (Hymna = 2-mer-
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capto-nicotinic acid) was found to be effective disinfectants
against P. aeruginosa and S. aureus bacterial strains in contact
lenses and showed in vitro toxicity against HEC T human
corneal epithelial cells.*®*!

Considering the above, mixed ligand phosphine/heterocyclic
thioamide Ag(1) complexes appear to be an interesting class of
compounds for investigation of their bioactivity, as they provide
the opportunity to combine the beneficial properties of both
types of ligands. Indeed, recent literature reports confirm the
high bioactivity potential of complexes of this type. For example,
Ag(1) complexes comprising PPh; and N-substituted imidazoli-
dine-2-thiones were found to exhibit moderate to high anti-
microbial activity against a series of Gram-(+) and Gram-(—) bac-
terial strains, while showing ICs, values in the range of 6-33 pM
against MG63 human osteosarcoma cells.”” In another case, cat-
ionic  complex [Ag,(totp)(3-benzyl-1,3-thiazolidine-2-thione),]
(NO3),, where totp = tris(o-tolyl)phosphine, was found to inhibit
the in vitro growth of MDA-MD-231 breast cancer cells but not
HT-29 human colorectal adenocarcinoma cells.*® We also
recently reported a number of heteroleptic Ag(i) complexes
bearing the thioamides 5-methyl-1,3,4-thiadiazole-2(3H)-thione
(mtdztH), 2-pyrimidinethiol (pymtH), 4-phenyl-imidazole-2-
thione (phimtH) and 2,2,5,5-tetramethyl-imidazolidine-4-thione
(tmimdtH) in combination with different phosphines, such as
PPh;, bis[(2-diphenylphosphino)phenyl]ether (DPEphos), 4,5-bis
(diphenylphosphino)-9,9-dimethylxanthene (xantphos), and 1,2-
bis(diphenylphosphino)ethane (dppe), which showed moderate-
to-high antibacterial properties and cytotoxicity, and revealed the
impact of the thioamide nature on the observed bioactivity.*>**

Aiming to extend our studies in this field, herein we
present a series of Ag(1) complexes bearing a phosphine ligand
in combination with a small size heterocyclic ring thioamide
with highly electronegative substituents, ie. 5-amino-1,3,4-
thiadiazole-2(3H)-thione (atdztH) and 4-methyl-5-(trifluoro-
methyl)-1,2,4-triazol-3-thiol (mtftH), and their in vitro antibac-
terial and anticancer activity assessment. The choice of the
particular thioamides was based on previously made obser-
vations that ligands with high-electronegativity substituents,
such as NH, and CF; groups, have a significant impact on the
biological properties of their complexes. In particular, it has
been suggested that this type of functional groups promote the
development of strong intermolecular interactions with several
biological entities, such as cell membrane and enzyme active
sites, augmenting the bioactivity of their complexes.**™*°
Moreover, analogues of atdztH have been found to demon-
strate significant in vitro and in vivo antitumor activity against
a variety of tumor cells.>>>" The selection of mtftH was based
on reports on the high potential of F-substituted organic com-
pounds as efficient antimicrobial, anticancer, analgesic and
antipyretic agents.>* In fact, the introduction of CF5-group sub-
stituents into the molecular structures of ligands of coordi-
nation compounds has been a popular strategy in medicinal
inorganic chemistry, as it often enhances the biological
efficacy of the complexes,”*™> by promoting the development
of favorable electrostatic interactions, improving permeability
of cell membrane, and affecting the metabolic profile of the
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complexes.’® Nevertheless, it should also be noted that there
are reports that describe the effect of the CF; group substi-
tution as controversial.>’ Finally, the use of phosphine co-
ligands in these thioamide-containing complexes is antici-
pated to improve their kinetic stability in biological environ-
ments, while providing a balanced lipophilic/hydrophilic char-
acter, which is essential for efficient biological activity. The
in vitro antibacterial activity of the complexes was evaluated
against a series of Gram-(+) and Gram-(—) bacterial strains,
while their in vitro cytotoxicity was explored against the well-
established human cancer ovarian, cell lung cancer, prostate
adenocarcinoma, and pancreatic adenocarcinoma cells.
Finally, in silico molecular docking calculations on the crystal
structures of E. coli and S. aureus DNA gyrases, as well as on
the overexpressed in the aforementioned cancer cells
Fibroblast Growth Factor Receptor 1 (FGFR1) were employed in
order to shed light into the possible mechanism of antibacter-
ial and anticancer activity of the complexes.

2. Results and discussion
2.1 Synthesis and characterization

For heteroleptic phosphine/heterocyclic thioamide Ag(i) com-
plexes, the electronic and steric properties of the ligands, the
protonation state of the thioamide as well as the coordinating
ability of the X~ anion of the AgX salts (used as starting
materials for their syntheses) play important roles in the deter-
mination of their structural characteristics (e.g. metal coordi-
nation number/geometry and nuclearity), which, in turn, have
a significant impact on their biological activity. Aiming to
investigate potential structure/bioactivity relations within this
family of complexes, in this work we focus in Ag(i) complexes
with small-size heterocyclic ring thioamide ligands bearing
high electronegativity substituents. In particular, by
employing reactions of AgX salts (X = CI7, NO;™) with the
heterocyclic thioamides atdztH and mtftH (having NH,- and
CF;-group substituents, respectively), either in their neutral or
deprotonated form, in the presence of different phosphines,
we synthesized the series of neutral or cationic, mono-
and binuclear heteroleptic Ag(r) complexes 1-5 shown in
Scheme 1.

All complexes were synthesized following a one-pot/two-
step experimental procedure that included treatment of an
appropriate AgX salt with a phosphine in a suitable solvent,
followed by addition of the corresponding thioamide or thioa-
midate (see S1.1 in ESIt for detailed synthetic procedures). In
brief, addition of the neutral heterocyclic thioamide atdztH to
a mixture of equimolar amounts of AgCl and xantphos in
MeOH/CH;CN, followed by reflux for 2 h, afforded the neutral
mononuclear complex [AgCl(atdztH)(xantphos)] (1). Using
AgNO; instead of AgCl in an analogous reaction with atdztH
and DPEphos at room temperature, the dicationic binuclear
complex [Ag(p-atdztH)(DPEphos)],(NOs), (2) was isolated.
Addition of 1 equiv. of K'atdzt™ to a mixture of equimolar
amounts of AgNO; and DPEphos in CH,Cl, gave [Ag(u-atdzt)
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(DPEphos)], (4), a neutral binuclear complex with the same
structural motif as the cation of 2. When K'mtft™ was used in
a similar reaction, the structurally homologous complex [Ag(p-
mtft)(DPEphos)], (5) was obtained. Finally, addition of 1 equiv.
of K'atdzt™ to a mixture of AgNO; in the presence of 3 equiv.
of PPh; resulted in the mononuclear complex [Ag(atdzt)(PPh;)s]
(3). All complexes were isolated in the form of white or off-white
microcrystalline solids in good yields (50-65%) after filtration of
the corresponding reaction mixtures and subsequent crystalliza-
tion from the respective filtrates. Compounds 1-5 are stable in
air, both in the solid state and in solutions in organic solvents,
for long periods of time. In addition, all compounds are ther-
mally stable up to ca. 155-220 °C, while above this temperature
range they decompose.

The structures of the complexes in the solid state were
determined by single crystal X-ray diffraction (see Table S17 for
details of the relevant crystal data). Views of their molecular
structures are depicted in Fig. 1 and Fig. S1-S5,T while selected
geometrical parameters are summarized in Tables S2 and S37
(the crystal structure of 3 was reported in one of our earlier
works®® and it is not discussed herein).

Complex 1 comprises a tetrahedrally coordinated Ag(i) ion
surrounded by the P atoms of a chelating xantphos, the exocyc-
lic S atom of a terminally bound atdztH, and a Cl”~ ion. Bond
angles around the metal center, falling between 99.97(5)° and
123.44(5)°, indicate distortions from the ideal tetrahedral geo-
metry. The Ag-P bond lengths are slightly different from each
other, at 2.471(1) A and 2.517(2) A. The Ag-S bond length was
found to be 2.647(1) A, while the Ag-Cl bond length is at 2.612
(2) A. Analogous bond lengths and angles are observed in
similar Ag(r) complexes that have been reported in the
literature.*®**° The molecular structure of 1 is stabilized by
an intramolecular hydrogen-bonding interaction between the
halogen atom and the NH group of the heterocyclic ring of
atdztH, which is evidenced by the relative orientation of thioa-
mide ligand with respect to the halogen atom and the short
NH---Cl distance (ca. 2.240 A).

Complex 2 is a dicationic centrosymmetric dimer with two
Ag(1) ions doubly bridged by the exocyclic S atoms of two neu-
trally charged thioamide ligands atdztH, forming a central
Ag,(p-S), core. The coordination sphere of each metal center is
completed by the P atoms of a chelating DPEphos ligand.
Significant distortions from the ideal tetrahedral coordination
geometry are observed for both metal centers, as revealed by
the relevant bond angles, e.g. P1-Ag1-S1' = 87.97(4)° and P2-
Ag1-S1' = 132.83(5)°. The Ag-P bond lengths are equal to 2.465
(1) A and 2.536(1) A and they are similar to those observed in
1. The Ag-S bond lengths are equal to 2.612(2) A and 2.683(1) A
and, therefore, lead to a distorted rhombic Ag,(p-S), core, with
pairs of equal Ag-S bond lengths at opposite sides and angles
of 83° and 97°. Noticeably, the Ag,(p-S), unit is perfectly
planar with the thioamide rings in a trans orientation to each
other. The Ag---Ag separation of 3.513 A is larger than the sum
of the van der Waals radii for two neighboring Ag(i) ions
(~3.40 A) and therefore the existence of argentophilic inter-
actions between the two closed-shell metal ions is excluded.

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Syntheses of 1-5. (a) CH,Cl, 50 °C for 2 h, (b) CHsCN/CHsOH
CH,Cl,/MeOH, 22 °C, 2 h.

The two NO;~ counter ions are held in close proximity to the
bridging thioamide ligands through hydrogen-bonding inter-
actions, developed between one of their O atoms and the NH
groups of the thioamides (with NH---O distances of ca. 1.936 A
and 2.143 A).

Complexes 4 and 5 are neutral centrosymmetric dimers, iso-
structural to the cationic part of 2, both having two Ag(i) ions
bridged by the exocyclic S atoms of two thioamidate ligands,
atdzt™ and mtft™, respectively. Each Ag(i) ion is surrounded by
a set of P,S, donors in distorted tetrahedral coordination
environments with the relevant bond angles falling in the
ranges of 95.00(4)°-121.10(4)° for 4 and 96.57(4)°-122.21(4)°
for 5. The Ag-P bond angles of the two complexes do not differ
significantly from each other and they are similar to those of
the dicationic complex 2. However, their Ag-S bond distances
are shorter than the corresponding distances in 2 (at 2.580(1)
A and 2.620(1) A for 4, 2.587(1) A and 2.679(2) A for 5), appar-
ently due to the anionic nature of their S-bound thioamidate
ligands compared to the neutral thioamide ligand in 2. As a
result, the central Ag,(p-S), cores of the two complexes display

This journal is © The Royal Society of Chemistry 2022

70 °C for 2 h (c) CHsCN/MeOH, 65 °C for 2 h, (d) CH,Cl,, 22 °C for 2 h, (e)

distorted rhombic geometries and planar conformations with
Ag---Ag interatomic distances at 3.514(1) A and 3.341(1) A,
respectively, indicating the presence of weak intermetallic
interactions in the latter.

As a general comment on the molecular structures of the
complexes presented herein, one should mention a tendency
for the formation of binuclear structural motifs. This should
be mainly attributed to the steric properties of the ligands
and, in particular, the flexibility of the DPEphos backbone
(due to the presence of a single O atom at a pivotal position)
and the small size of the five-membered heterocyclic ring of
the thioamides. Analogous dimeric structures have also been
reported for Ag() complexes with DPEphos and other thioa-
mides of similar size.®® Noticeably, when a diphosphine with a
more rigid backbone, such as xantphos, was used in similar
reactions, mononuclear complexes with three- or four-coordi-
nate Ag(1) ions were obtained.***'

Examination of the solid-state structures of the complexes
reveals the presence of intermolecular hydrogen-bonding inter-
actions and short atom contacts, which result in the formation

Dalton Trans., 2022, 51, 9412-9431 | 9415
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Fig. 1 Views of the molecular structures of 1, 2, 4 and 5 with displacement ellipsoids shown in the 30% probability level. In all cases, selected C
atoms are drawn in wireframe for clarity reasons, while H atoms are omitted, except from the H atoms of the NH groups of the thioamide ligands in

1land 2.

of extended molecular architectures. For example, inter-
molecular hydrogen-bonding is developed between pairs of
neighboring molecules of 3, and in particular between the
NH, group of the atdzt™ ligand of one molecule with the
closest N atom of the heterocyclic ring of the atdzt™ ligand of
the other molecule, with the interatomic N-H---N distances
being equal to 2.930 A (Fig. S5af). Analogous intermolecular
interactions are also observed in 4. However, in the latter, each
dimer is connected with two neighboring molecules, overall
resulting in an infinite linear chain of hydrogen-bonded Ag()
dimers that extends along the crystallographic a axis
(Fig. S5bf). In 5, short intermolecular C-H---F contacts are
observed. These are developed between the F atoms of the CF;
groups of the two thioamidate ligands of one molecule with
the H atoms of the phenyl groups of two different neighboring
molecules (Fig. S5¢t). The relevant H---F interatomic distances

9416 | Dalton Trans., 2022, 51, 9412-9431

are measured at 2.567 A and 2.659 A. These contacts extend
over a large number of neighboring molecules resulting in a
3-dimensional architecture. Overall, these observations suggest
that the complexes have the capacity to develop favorable inter-
molecular interactions with hydrophilic or hydrophobic func-
tional groups of biological entities, such as cell membrane
and enzyme active sites, which would possibly affect their
bioactivity.

Infrared spectroscopy confirmed the identity of 1-5
obtained as microcrystalline solids in bulk form. Their FTIR
spectra in the 4000-400 cm™" range are dominated by charac-
teristic bands due to the presence of their respective phos-
phine and thioamide/thioamidate ligands. While absorption
bands attributed to vibrations of their phosphine ligands
remain unchanged with respect to phosphines in free form
and, therefore, provide no evidence for coordination, thioa-

This journal is © The Royal Society of Chemistry 2022
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mide-group vibrations of their thioamide ligands are more
informative as they appear to be shifted to higher or lower fre-
quencies, with respect to those of the corresponding ligands
in their free form, giving indication for coordination. For
example, an intense band at 1499 cm™' in the spectrum
of the uncoordinated atdztH, assigned to the C-N bond
stretching vibration, appears to be shifted to 1472 ecm™" in
the spectra of [AgCl(atdztH)(xantphos)] (1) and [Ag(p-atdztH)
(DPEphos)],(NO3), (2). Another characteristic band of free
atdztH observed at 1328 ecm™" (attributed to the C=S bond
stretching vibration) is shifted to 1318 cm™" in the spectrum of
1, in agreement with the S-coordination of atdztH. Similarly,
the strong band of atdztH at 755 em™" undergoes a shift to
743 cm™'. Furthermore, the broad absorption bands at
3270 and 3255 cm™' in the spectra of 1 and 2, respectively,
which bear the same thioamide in its neutral form, might
be attributed to the stretching vibration of the N-H bond
of their thioamide group. Interestingly, 3 and 4, containing
the same thioamide ligand but in its deprotonated form,
do not show such an absorption band in this frequency
region.

"H NMR spectra of 1-5 in CDCl; solutions exhibit signals
that correspond to the H’s of their respective ligands. For
example, in the "H NMR spectrum of [AgCl(atdztH)(xantphos)]
(1), signals of H’s of the phenyl groups of xantphos appear in
the 7.55-7.19 ppm region as a set of multiplets, whereas H’s of
its CH;3 groups (6H) give a singlet in the high field region at
1.67 ppm (probably due to the fast inversion motion of dipho-
sphine’s backbone). Similarly, signals of the corresponding
phosphine/diphosphine ligands were observed in the spectra
of 2-5 (Experimental section S1.2 and Results section S2.2.1).
Interestingly, signals of H’s of the NH, group of the thioamide
or thioamidate ligands of 1-4 were not observed, apparently
due to fast H/D exchange process between the NH, group and
the deuterated solvent. In general, all assignments are in
accordance with the crystal structure data of the corresponding
complexes, suggesting the retention of their molecular struc-
tures in solution.

We also examined the long-term stability of 1-5 in solution.
Measurements of the "H NMR spectra of the five complexes
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over a period of 3 days revealed that the initial resonances and
multiplicities remained unchanged, suggesting the retention
of their structures in solution. An analogous study was also
conducted by UV-vis spectroscopy, using solutions of the com-
pounds in DMSO/PBS (PBS = phosphate-buffered saline at pH
= 7.4 and >0.7% DMSO) as well as DMSO/acidic phosphate
buffer at pH = 6.0, at concentrations of ~10~° M, over a period
of 3 days. Stability assay’s results (Fig. S6T) showed no changes
in the pattern of the initial UV-vis absorption spectra of all
complexes and those recorded after 48 h, suggesting the pres-
ervation of the structural integrity of the complexes in aqueous
media.

2.2 Photophysical properties

UV-Vis electronic absorption spectra of 1-5 in DMSO solutions
in the high energy region display intense absorption bands
with wavelength absorption maxima 4,,,(abs) between 260 nm
and 290 nm and molar absorption coefficients ¢ between 1.0 x
10* and 2.0 x 10* M~ em™" (Fig. 2, Table 1). Since both phos-
phines and heterocyclic thioamides in their free form also
absorb in the particular wavelength region showing similar
Amax(@bs), these bands can be attributed to intraligand n* < &
transitions of the ligands of the complexes. Additional absorp-
tion bands of lower intensity appear in the lower energy region
of the spectra of the compounds, in the form of broad
shoulders or long tails. For the binuclear complex 2, which
contains two bridging thioamides p-kS-atdztH, a distinct
absorption band of medium intensity is observed at An.x(abs)

Table 1 Photophysical characteristics of 1-5: absorption band maxima
Amax(a@bs) (nm) and molar absorption coefficients ¢ (M~* cm™) in DMSO
solutions (~5 x 107> M), and emission band maxima Amax(em) (nm) in
DMSO solutions (~5 x 107> M)

Complex Jmax(@abs)/nm (e/M™" em™) Jmax(€m)/nm
1 278 (19 800), 320 sh (1900) 431
2 270 (11 200), 292 (9500), 318 (6400) 438
3 260 (10 400), 340 br (3500) 440
4 280 (18 300) 417
5 260 (11 100), 290 (7000) 442
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Fig. 2 (a) UV-Vis electronic absorption spectra and (b) emission spectra (excitation at 320 nm) of 1-5 in DMSO solutions (~5 x 107> M).
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= 318 nm. Complex 4, which is isostructural to 2 but it con-
tains two bridging thioamidates p-kS-atdzt™, absorbs in the
same wavelength region but with higher intensity (absorption
band appears as shoulder). In the case of the mtft-containing
complex 5, a low intensity band (as shoulder) also appears in
this wavelength region but shifted to higher energy. These
lower energy bands probably arise from charge transfer elec-
tronic transitions involving the thioamide ligands.

The emission properties of 1-5 were also investigated in
DMSO solutions. All complexes, when excited at 320 nm,
display broad emission bands with their emission band
maxima Ay, (em) falling in the violet-blue region of the visible
spectrum (Fig. 2, Table 1). In general, complexes comprising
atdztH in its neutral form display emission bands which are
red shifted compared to those that contain the same thioa-
mide ligand in its deprotonated form. Specifically, [AgCl
(atdztH)(xanthphos)] (1) and [Ag(p-atdztH)(DPEphos)],(NO3),
(2) exhibit Apax(em) at 431 nm and 438, respectively (a differ-
ence that might be attributed to their different diphosphine
ligands and/or their different structural motifs). In contrast,
the emission maximum of the binuclear complex [Ag(p-atdzt)
(DPEphos)], (4) appears to be blue shifted (with respect to the
analogous binuclear dicationic complex 2) at 417 nm, revealing
that the luminescent character of these complexes is strongly
affected by the protonation state of the thioamide. Binuclear
complex [Ag(p-mtft)(DPEphos)], (5) exhibits a red-shifted
Amax(em) with respect to that of its homologous complex [Ag(p-
atdzt)(DPEphos)], (4) (442 nm vs. 417 nm, respectively). This
difference can be attributed to the strong electron withdrawing
effect of the CF;-group substituent of the thioamidate ligand
of the former, compared to the NH,-group substituent of the
thioamidate ligand of the latter, suggesting that the emitting
excited states of these complexes have a distinct thioamidate-
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based character. Finally, in the case of the mononuclear
neutral complex [Ag(atdzt)(PPhs);] (3), the emission maximum
is located at Amax(em) = 440 nm, which is shifted to lower ener-
gies compared to the emission maxima of the neutral complex
4 bearing the same thiomidate ligand. This might be a result
of the presence of three PPh; ligands in the molecule.
However, a direct comparison cannot be made due to the
different structural motifs of the two complexes. Overall, it can
be suggested that the luminescent properties of 1-5 generally
arise from intraligand charge-transfer (ILCT) electronic tran-
sitions involving their thioamide/thioamidates and phosphine
ligands. In addition, all complexes exhibit appropriate emis-
sion characteristics that allow their utilization, on the con-
dition that they demonstrate effective antiproliferative activity,
as bifunctional cell imaging agents.

2.3 Invitro antibacterial activity

The in vitro antibacterial efficacy of 1-5 was investigated
against the Gram-(+) S. aureus, B. subtilis, and B. cereus as well
as the Gram-(—) E. coli bacterial strains. Studies were con-
ducted using a range of different concentrations of the five
complexes (100, 50, 25, 12.5, 6.25 pg mL ") and calculating the
half-maximal inhibitory concentrations (ICs,) as well as the
minimal inhibitory concentrations (MIC). The antibacterial
activity of the ligands of the five complexes in their free form
was also evaluated for comparison, while ampicillin, owing to
its known ability to prevent or treat various bacterial infec-
tions, was used as reference. The results of this study are pre-
sented in Fig. 3 and Table S8.}

Generally, all complexes display moderate-to-high antibac-
terial activity against the studied bacterial strains, which is
higher than that of their respective ligands in free form.
Differences in the bioactivity of the complexes were observed,
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Fig. 3

In vitro antibacterial activity of 1-5, and their ligands atdztH, mtftH, DPEPhos, xantphos, and PPhz in free form, expressed as half-minimum

inhibitory concentration (ICsq) values (ug mL™) provided by a nonlinear curve fit-growth/sigmoidal-dose response on the experimental optical
density data. Values are expressed as mean + standard deviation (SD) of three replicate measurements (with the exception of values higher than

100 pg mL™).
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which are ascribed to alterations of their ligands and their
structural  characteristics. In particular, [Ag(p-atdztH)
(DPEphos)],(NO3), (2) and [Ag(p-atdzt)(DPEphos)], (4) were
found to be the most effective ones, inducing significant
growth inhibition almost on all bacterial strains. In particular,
dicationic complex 2 appeared to be the most effective against
the Gram-(+) S. aureus, B. subtilis, and B. cereus bacterial
strains giving very low ICs, values of 3.2 pg mL™" (2 + 0.2 pM),
8 pg mL™" (5 + 0.4 pM), and 5.1 pg mL™" (3.3 + 0.15 uM),
respectively. Neutral complex 4 showed an increased inhibition
activity against the Gram-(+) S. aureus bacterial strain with an
ICs, value of 7.6 pg mL™" (8.9 + 0.5 pM). Interestingly, 4, as
well as 1, appear to be particularly effective against the Gram-
(=) E. coli bacterial strain showing ICs, values of 6 pg mL™"
(3.9 + 0.1 pM) and 7.6 pg mL ™" (8.9 + 0.5 uM), respectively. On
the contrary, [Ag(atdzt)(PPh;);] (3) showed negligible activity
against the particular bacterial strain. Noticeably, very low anti-
bacterial activity was observed for the neutral binuclear
complex [Ag(p-mtft)(DPEphos)], (5) against all bacterial
strains.

In general, Ag(i) complexes with the NH,-substituted thioa-
mide presented herein exhibit high antibacterial activity
against the studied bacterial strains, which is higher (or com-
parable) than that of analogous heteroleptic Ag(i) complexes
bearing other thioamides or thioamidates that we recently
reported.****® In particular, cationic complex 2 was found to
induce a significantly strong antibacterial effect against the
Gram-(+) bacterial strains. Similarly, in one of our recent
studies, we found that cationic Ag(i) complexes bearing the
neutral thioamide 2,2,5,5-tetramethyl-imidazolidine-4-thione
and phosphines also exhibit significant antibacterial activity
against Gram-(+) bacterial strains.** Similarly, in another
recent study, cationic Ag(i) complexes bearing the neutral
thioamide dmp2SH (= 4,6-dimethylpyrimidine-2-thiol) [Ag
(dmp2SH)(PPh;),]NO; and [Ag(dmp2SH)(xantphos)|NO; were
also found to exhibit a higher potency to inhibit the growth of
Gram-(+) bacteria compared to analogous neutral complexes.®>
These results suggest a potential correlation between structure
and bioactivity in this family of Ag(i) complexes which is
related to the total charge of the complexes. Considering that,
in general, the efficiency of an antibacterial agent depends on
its cellular uptake, which is determined by its interaction with
the bacterial membrane,®® it seems reasonable to suggest that
the cationic Ag(i) complexes have a higher ability, compared to
neutral complexes, to interact strongly with the bacterial mem-
brane of Gram-(+) bacteria (e.g. through electrostatic inter-
actions with highly electronegative O atoms of the building
blocks of their thick peptidoglycan layer), penetrating it and,
ultimately, leading to cell death. Analogous findings for the
high potential of positively charged metal complexes to selec-
tively restrain or inhibit the growth of Gram-(+) strains have
also been reported by others, and it has been correlated with
their potentially strong interaction with the negatively charged
bacterial membranes.®"®> However, the exact mechanism of
the antibacterial activity of the studied complexes is still
unknown and under investigation.

This journal is © The Royal Society of Chemistry 2022
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The extremely low efficacy of 5 against both Gram-(+) and
Gram-(—) bacterial strains can be clearly ascribed to its CF;-
substituted thioamidate, since its isostructural complex 4 with
atdzt™ ligands exhibits a much higher antibacterial activity.
These data provide an indication for a second potential struc-
ture/bioactivity correlation in the particular family of Ag(i)
complexes, which is related to the nature of the thioamide
ligands. Specifically, it appears that the substituents of the
thioamidates of 4 and 5 play an important role not only in
their potential to develop strong intermolecular interactions
with various functionalities on the cell membrane of bacteria,
but also in the lipophilicity of their complexes. It has been
suggested that for a high antibacterial activity of a compound,
an appropriate lipophilicity/hydrophilicity balance is also
crucial, as it defines the binding and subsequent internaliz-
ation of the compound to the bacterial cell.*> Therefore, the
increased lipophilic character of 5, together with its low poten-
tial for the development of favorable intermolecular inter-
actions, is detrimental for its antibacterial activity. Moreover, 5
provides an example of a compound for which the presence of
CF;-substitution is not beneficial for its bioactivity, in contrast
to what has been claimed for many CF;-substituted com-
pounds in the literature,*®®” rendering its influence controver-
sial indeed.

The effect of the lipophilicity of the phosphine/thioamide
(or thioamidato) complexes on their antibacterial activity is
also observed in the case of the neutral complex [Ag(atdzt)
(PPh;);] (3). Compared to the analogous [Ag(atdzt)(PPh;),] that
we reported earlier to be an effective antibacterial agent
against Gram-(+) bacteria,”® 3, exhibiting a greater lipophilic
character due to the presence of three PPh; ligands, demon-
strates, as expected, a lower activity against the same bacteria.

2.4 Invitro anticancer activity

The growth inhibition/cytostatic and cytocidal/cytotoxic effects
induced by 1-5 against SKOV-3, Hup-T3, DMS114, and
PC3 human cancer lines, as well as MRC-5 human normal cell
line, are presented in Table S91 and reveal that all complexes
caused a dose-dependent inhibition of cell proliferation. The
dose-effect curves for all treated cell lines are illustrated in
Fig. 4, demonstrating the different chemosensitivity of the cell
lines to the studied complexes. The order of potency of the
complexes was revealed to be 3 > 2 >1 > 5 > 4 for all tested cell
lines, while the order of cell line chemosensitivity for all com-
plexes was found to be SKOV-3 > DMS114 > PC3 > Hup-T3 >
MRC-5. In particular, 1-3 exhibited a very potent cytostatic and
cytotoxic effect against all tested cell lines, displaying low
micromolar ICs, values. In contrast, 4 and 5 exhibited lower
anticancer potency. Complex 5 was found to be slightly more
active than 4 in most cell lines exhibiting ICs, values under
the threshold of 100 pM, with the exception of Hup-T3 and
MRC-5 cell lines. It is important to notice that for 1-3 human
normal lung MRC-5 cells were found to be more resistant com-
pared to human cancer cells that were found to be more sensi-
tive (an exception is applied only in 3 for which similar cyto-
toxicity was documented for all cell lines). Examining the

Dalton Trans., 2022, 51, 9412-9431 | 9419


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt00793b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 30 May 2022. Downloaded on 3/13/2026 3:03:34 AM.

(cc)

View Article Online

Paper Dalton Transactions
100
100
\ GI50 GI50
50 1 SKOV-3 50
- A
. SKOV-3
\ \ Cytostatic effect ter & Hup-T3 Cytostatic effect  TGI : Hup-T3
0 1A +DMS114 o e - DMS114
Pel \20 40 60 80 100 oPC3 i 490 5 PC3
] Cytotoxiceffect IC50 - MRCS Cytotoxic effect cso  MRC5
s 50 -50
S \ \\T
= \ '*—‘—T—
N —_ ' 3 \ e
3 -100 1 I a g X Y 100 S
g Complex 1 Concentration (uM) Complex 2 Concentration (uM)
O 1009 100
o)
o GI50
50 +—% GI50
<+SKOV-3 ¢, <+SKOV-3
Cytostatic effect 161  -=Hup-T3 -+ Hup-T3
0 1 : - DMS114 -+ DMS114
5 10 15 oPC3 Cytostatic effe: 161 > PC3
Cytotoxic effect ICS0 _MRCS o g = MRCS
-50 D 20 40 60 0 120
k/—— Cytotoxic effect _—
: —
-100

Complex 3 Concentration (nM)

Complex 4 Concentration (uM)

GIS0

Cytostatic e

\

Cell Growth %
]

D 20 4
Cytotoxic effecé\

-100

Complex 5 Concentration (uM)
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potency of 1-3 against all tested cell lines, it can be concluded
that 2 and 3 revealed to be similar in potency and two or three
times more potent than 1. It is interesting to notice that
among 1-3, exhibiting the lowest cytotoxic activity, the two (1
and 3) are mononuclear complexes and one (2) is a dicationic
binuclear complex. A significant conclusion can be drawn
from the comparison of the cytotoxic activity between the hom-
ologous binuclear complexes 2 and 4, which differ only in
their total charge, revealing that the dicationic charge of 2 aug-
ments its cytotoxic potency. An analogous conclusion was also
reached from the study of the antibacterial activity of these
complexes, which revealed 2 to be more active than 4 for the
Gram-(+) bacterial strains tested (Fig. 3 and Table S8t). On the
other hand, comparing the structures of the complexes rela-
tively to their cytotoxic potency, it can be concluded that the

9420 | Dalton Trans., 2022, 51, 9412-943]

less bulky complexes 1 and 3, as well as the dicationic complex
2, seem to be more active against all tested cells.

It is interesting to compare the results of the cytostatic/cyto-
toxic activity of 1-5 with those that we recently reported for
heteroleptic Ag(1) complexes bearing analogous ligands.** In
particular, [Ag(p-phimtH)(phimtH)(PPh;)],(NO3), was reported
to exhibit an ICs, value of 4.50 + 0.20 pM against Hup-T3 cells,
a value that is very similar to the ICs, value against the same
cell line for [Ag(atdzt)(PPhs)s] (3), also bearing PPh; ligands.
Similar ICs, values were found for the two complexes against
the two other cell lines, i.e. 4.50 + 0.20 uM and 4.00 + 0.20 pM
for SKOV-3 cells, and 4.60 + 0.20 pM and 4.20 + 0.20 pM for
PC3 cells, respectively. Furthermore, [Ag(phimtH)(xantphos)]
BF, was reported to exhibit similar ICs, values with [AgCl
(atdztH)(xantphos)] (1), also bearing a xantphos ligand, with

This journal is © The Royal Society of Chemistry 2022
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ICs, values of 4.60 + 0.05 pM and 9.20 + 0.20 pM against Hup-
T3 cells, and 13.00 + 0.20 pM and 11.30 + 0.20 pM against PC3
cells, for the two complexes respectively. Only SKOV-3 cells
were found to be more sensitive to [Ag( phimtH)(xantphos)|BF,
compared to 1 (with ICs, values of 1.80 + 0.20 uM and 11.70 +
0.80 uM, respectively). The similarity in the antiproliferative
activity between these complexes could be attributed, at least
to a first approximation, to their structural similarity regarding
their ligands. Further studies to understand the mechanism
underlying the antiproliferative activity induced by these com-
plexes, including target proteins involved in cancer growth,
may be warranted.

2.5 Invitro antioxidant activity

Antioxidants are substances that prevent oxidative damage of
specific biomolecule-targets. Generally, although in the litera-
ture there are many reports on the antioxidant activity of a large
number of coordination compounds of different metals, Ag(1)
complexes have only scarcely been investigated. Therefore,
having established the high antibacterial and anticancer poten-
tial of the complexes presented in this work, we investigated
their in vitro antioxidant capacity by evaluating their H,O, redu-
cing power and DPPH, ABTS free radical scavenging ability.
Studies were conducted in comparison to the ligands of the five
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complexes in free form and selected reference compounds
(NDGA, BHT, Trolox and r-ascorbic acid). The results of this
study are depicted in Fig. 5 and Table S10.}

H,0, can act as source of oxygen-based free radicals, such
as hydroxyl radicals ("OH), which can induce DNA damage
leading to cancer initiation and progression.®® Therefore com-
pounds with possible ability of hydroxyl radical scavenging can
be considered as potential anti-proliferative agents. As shown
in Fig. 5a, the studied complexes exhibit high ability to cause
reduction of H,0, (higher than the reference compound
L-ascorbic acid), while among them, the highest percentage of
H,0, reduction activity was induced by 4. DPPH scavenging
activity of a compound is attributed to its capacity to act as H'
or electron acceptor, and therefore it is related to its potential
antiaging, anticancer and anti-inflammatory activity. Herein,
DPPH-scavenging activity of 2 was found to be higher than
that of the other compounds, which displayed moderate
activity, as well as the reference compounds BHT and NDGA,
and it appears to be time-dependent, as it increases over time
(Fig. 5b). The total antioxidant activity of the studied com-
plexes was evaluated by the ABTS method. As shown in Fig. 5c,
2, 3 and 4 exhibited the stronger antioxidant effect, although
their scavenging values are lower to that of the reference com-
pound, Trolox.
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(a) H,O; reducing power, (b) DPPH free radical and (c) ABTS free radical scavenging activity of 1-5 and their ligands in free form, as well as
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Based on the abovementioned results, it can be
suggested that the high anticancer activity of the atdztH-con-
taining complexes 1-3 against the tested cell lines might
be related, at least in part, to their significant antioxidant
ability.

2.6 CT-DNA interaction

DNA is a very common target of many metal-based compounds
exhibiting  antibacterial and  anticancer  properties.
Considering the high biological efficacy of 1-3, we investigated
their potential to interact with this biomolecule®””® and their
mode of interaction.****7*

The interaction of 1-3 with CT-DNA was initially studied
by UV-Vis absorption spectroscopy. In particular, we followed
the changes in specific UV absorption bands of the three
complexes in DMSO solutions, upon addition of increasing
amounts of CT-DNA.”*> As shown in Fig. S7,f UV spectra of 1
and 2 display a strong absorption band with Ay..(abs) ~
270 nm which appeared to undergo a slight hypochromism
upon addition of CT-DNA. In contrast, the absorption band
of 3 with Anax(abs) = 267 nm was found to show a moderate
hyperchromism.>® Another absorption band with maxima in
the 318-322 nm region for all complexes exhibited a more
significant hypochromism and finally it disappeared. In the
case of 2, a third absorption band with Aa(abs) = 294 nm
showed a decrease in its intensity (up to 12%). The observed
spectral changes are indicative of the formation of conju-
gates between 1-3 and CT-DNA, but they are not sufficient
enough to derive concrete conclusions regarding their exact
mode of interaction with this bio-macromolecule (i.e., inter-
calation, electrostatic interactions or groove-binding”®7%).
Nevertheless, the data allowed us to get an estimate of the
strength of their interaction. In particular, the binding con-
stants K of 1-3 on CT-DNA, evaluated using the Wolfe-
Shimer equation (eqn (S1)}) and the corresponding plots
(Fig. S8t),”” were calculated and they are listed in Table S11.}
Ky, constants for the interaction of the ligands of 1-3 with
CT-DNA were also calculated, for comparison reasons. In
general, the three complexes display K, constants of 10*~10”
M™', which are of similar orders of magnitude with
previously reported analogous Ag(i) complexes bearing the
same types of ligands.”> In particular, these values are
indicative of rather strong interactions with CT-DNA, defi-
nitely stronger than the interaction of their ligands with
CT-DNA, with the mononuclear complex 3 displaying the
strongest interaction.

To get a better idea on the possible binding mode of 1-3
with CT-DNA, we monitored the changes of the viscosity of a
CT-DNA solution upon addition of increasing amounts of the
three complexes. In general, viscosity of a CT-DNA solution is
sensitive to changes of its length. Therefore, changes in the
CT-DNA viscosity occurring upon its interaction with a com-
pound may reveal the possible mode of interaction (i.e., DNA
viscosity shows a significant increase upon intercalation, while
in case of groove-binding or electrostatic interaction, DNA vis-
cosity decreases slightly or remains unchanged’®). As shown in
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Fig. S9,7 upon addition of increasing amounts of 1 and 2 to a
buffered CT-DNA solution, the relative CT-DNA viscosity
remained practically unchanged up to r = 0.30 (despite of the
observed fluctuations), whereas an increase of the relative vis-
cosity was observed when higher concentrations of the two
complexes were added (r > 0.30). These findings suggest non-
classical intercalation for 1 and 2 in the low concentration
range, i.e., a combination of groove binding and electrostatic
interaction (for the cationic complex 2), which apparently
cause only a slight kink at CT-DNA double helix. The conspicu-
ous increase of CT-DNA viscosity observed at higher concen-
trations for the two complexes (r > 0.3) is an indication of their
classical intercalation between the CT-DNA base pairs, which
leads to an increase of CT-DNA length. In contrast, addition of
increasing amounts of 3 had a negligible effect on the relative
CT-DNA viscosity throughout the whole range of studied con-
centrations, suggesting clearly a non-intercalating binding
mode, i.e., groove binding.

To further investigate the intercalating ability of 1-3
between CT-DNA strands, competitive binding studies with
ethidium bromide (EB), a common DNA intercalator, were
conducted. To a buffered solution of EB-DNA conjugate,
which shows an intense emission band at A,,(em) = 592 nm
(upon excitation at 540 nm), increasing amounts of 1-3 were
added (up to r < 0.15). A low-to-moderate quenching of the
EB-DNA emission band (~30%) was observed for 1 and 2,
while a moderate-to-high quenching (~62%) was found for 3
(Fig. S10t). Since the compounds do not exhibit emission
maxima in the particular wavelength region, the observed
decreasing fluorescence can be ascribed to the competitive
behavior of the complexes with EB for the intercalation sites
of DNA. A quantification of the ability of the three complexes
to replace EB was carried out using the Stern-Volmer
equation (eqn (S2)7) and the corresponding plots (Fig. S117),
which resulted in Kgy constants of 10'-10° M’
(Table $121).”” From these data the EB-DNA quenching con-
stants k, were calculated (eqn (S3)1) and found to be >10"°
M~ s (Table S127), providing an indication that quenching
of EB-DNA fluorescence induced by the three complexes
occurs via a static mechanism that entails the formation of a
new conjugate, i.e., compound/CT-DNA.”® The relatively low
Ksy constants of the complexes (compared to the Kgy con-
stants reported of recently reported analogous Ag(i) com-
plexes*®) together with the observed moderate emission
quenching of the EB-DNA solution suggest the low efficacy of
the three complexes for intercalation into CT-DNA®® (at least
in the low concentration range with r < 0.15).

According to the abovementioned results, it can be con-
cluded that 1-3 have the ability to interact fairly strongly with
CT-DNA, using different interaction modes which could be
related to their particular structural characteristics (e.g. total
charge). Specifically, groove binding and/or electrostatic inter-
actions appear to be the most probable modes of interaction
(especially at low concentrations), while they show a rather low
efficacy to intercalate between the CT-DNA strands and break
its double-strand structure.

This journal is © The Royal Society of Chemistry 2022
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2.7 Serum albumins binding

Serum albumins are highly abundant proteins in the circula-
tory system of mammals which are responsible for drug trans-
portation and distribution.””®® Aiming to get an idea of the
pharmacokinetic properties of the compounds presented
herein related to their absorption and distribution, we investi-
gated the ability of the most potent compounds 1-3 to interact
with bovine serum albumin (BSA) and human serum albumin
(HSA) proteins.

BSA and HSA solutions, when photoexcited at 295 nm,
display high intensity emission bands with ,,.x(em) at 350 nm
and 338 nm, respectively. Upon addition of increasing
amounts of 1-3 to BSA and HSA solutions, quenching of the
respective emission bands was observed (Fig. S12t), which can
be attributed to the binding of the complexes on the albumins
that changes their tertiary structures. In particular, a moderate
decrease of BSA fluorescence to 66%, 24% and 55% of the
initial fluorescence intensity was observed for 1, 2 and 3,
respectively, whereas the corresponding HSA emission quench-
ing reached the values of 55%, 81% and 50%, respectively
(Table S137). The experimental data reveal a different pattern
of fluorescence quenching for 2, compared to 1 and 3. This
could possibly be due to differences in the binding of the
three complexes on BSA and HSA (e.g. binding to different
sites), which can be related to their different total charge, as 2
is cationic but 1 and 3 are neutral complexes.

The fluorescence quenching constants kq for BSA and HSA,
calculated using Stern-Volmer equation (eqn (S4)1) and the
corresponding plots (Fig. S13 and S147), were found to be in
the range of 10"-10"> M™" s7' (Table S137), indicating the
existence of a static emission quenching mechanism and the
formation of conjugates between each compound and the
albumins. The corresponding binding constants K of 1-3 to
BSA and HSA, obtained using Scatchard equation (eqn (S5)t)
and the corresponding plots (Fig. S15 and S167), were found to
be of the order 10° M™" (Table S137). These values suggest a
tight but reversible non-covalent binding of the three com-
plexes to albumins (for comparison, binding constants of
~10" M™" have been calculated for the strongest non-covalent
interaction of diverse ligands to avidin protein), which would
allow their successful binding and transfer to their target sites
where they could be released.

2.8 Molecular docking calculations

In an effort to get complementary insights on the understand-
ing of the mechanisms of the observed bioactivity of 1-5, a
series of molecular docking calculations was performed. In
particular, we evaluated the ability of the complexes to bind to
bio-macromolecules E. coli and S. aureus DNA gyrase and the
overexpressed in the studied cancer cells Fibroblast Growth
Factor Receptor 1 (FGFR1). The results of our calculations, in
terms of the global binding energies of 1-5 to the three bio-
macromolecules, are shown in Table 2.

2.8.1 Docking calculations on E. coli and S. aureus DNA
gyrase. DNA gyrase is a topoisomerase type II enzyme that has
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Table 2 AG glide standard precision (SP) binding energies (in kcal
mol™) of 1-5 docked on E. coli and S. aureus DNA gyrase (PDB acces-
sion numbers: 1KZN and 5CDM, respectively) and FGFR1 (PDB accession
number: 4V04)

Global binding energy (kcal mol™")

Bio-macromolecule

E. coli DNA gyrase  S. aureus DNA gyrase FGFR1

Complex  (PDB ID 1KZN) (PDB ID 5CDM) (PDB ID 4 V04)
1 —24.32 —40.57 —41.57

2 -22.11 -31.03 —37.57

3 —23.64 —45.81 —47.50

4 —27.40 -36.91 —50.88

5 —14.36 -12.35 —42.11

CBN -18.26 — —

MFX — —42.18 —

QPT-1 — —45.66 —

attracted attention since its discovery in 1976, when it was first
isolated from E. coli.®' DNA gyrase catalyzes changes in DNA
topology by breaking and rejoining double stranded DNA,
introducing negative supercoils of the closed-circular DNA in
front of the replication fork.®” It is the only enzyme that is
capable of actively underwinding (i.e., negatively supercoiling)
the double helix.®* As this function is essential for DNA repli-
cation and transcription, DNA gyrase is really a suitable target
for antibacterial agents. In order to achieve a rational approach
in the mechanism of the antibacterial activity of 1-5, their role
in the inhibition of DNA gyrase was probed via computational
approach. The order of decreasing binding capacity (from
lower to higher global binding energy) of 1-5 to E. coli and
S. aureus DNA gyrases target enzymes (PDB entry codes 1KZN,
and 5CDM, respectively) was calculated to be 4 >1 >3 > 2 >
CBN > 5 (for E. coli DNA gyrase) and 3 > QPT-1 > MFX > 1 >4 >
2 > 5 (for S. aureus DNA gyrase) (Table 2). The binding of all
docked molecules, including the studied complexes and the
DNA gyrase inhibitors chlorobiocin (CBN), moxifloxacin
(MFX), and QPT-1 in the crystal structure of E. coli and
S. aureus DNA gyrases, are depicted in Fig. 6, where the best-
fitted docking pose of each molecule inside the ATP-binding
site of DNA gyrase is shown.

The best-fitted docking poses of the best bound complex 4,
exhibiting the lowest global binding energy, and second-best
bound complex 1, in both in silico and in vitro studies, in the
crystal structure of E. coli DNA gyrase superimposed with CBN,
are depicted in the lower panel of Fig. 6a. Both complexes are
shown to be stabilized inside the ATP-binding site of DNA
gyrase anchored in the same place with CBN. We chose to use
for docking experiments the DNA gyrase in complex with
bound co-crystallized drug CBN, which include only the B
subunit exhibiting the crucial ATPase activity (A subunit is
mainly involved in DNA breakage and reunion).®**> All mole-
cules are shown to be stabilized inside the same binding
pocket of the protein, occupied by the co-crystallized drug
CBN.%® Binding interactions of 1 and 4, in their binding
pockets are reported in Table S14.}
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Fig. 6 (a) (lower panel) Docking pose orientation of best (lower energy) bound complex 4 and second-best bound complex 1, in both in silico and
in vitro studies (rendered in stick representation and colored according to atom type in light pink and olive-green C atoms, respectively), superim-
posed with co-crystallized drug chlorobiocin (CBN) (hot pink C atoms rendered in stick model) in the crystal structure of E. coli DNA gyrase (PDB ID:
1kzn). (upper panel) A close-up view of the ATP-binding site architecture of the best binding pose of both compounds. Target protein in both struc-
ture models is illustrated as cartoon colored in brown with depth cue in the ray-tracing rendering of the whole structure, with additional depiction
of opaque surface colored according to cartoon. Selected contacting amino acid residues of the binding pocket are rendered in stick model and
colored in split pea green and violet purple for 4 and 1, respectively, also highlighting the mapped surface of the corresponding part of the interact-
ing residues in the same colors. The ligand-binding site of both 4 and 1, as determined by the computation process, is appeared to be the same with
that occupied by CBN. All binding contacts of both complexes 4 and 1, illustrated in light pink and violet purple labeling, respectively, are found to
be common with those of CBN. An exception is observed only for two binding contacts labeled in split pea green (histidine H95 and alanine A96).
Interacting residues common between 1 and 4 are denoted in light pink labeling. Molecular docking simulations were performed individually. (b)
(lower panel) Docking pose orientation of 3 and 2, best bound in in silico studies and with best in vitro activity, respectively, in the crystal structure
of S. aureus DNA gyrase (PDB ID: 5cdm). Superimposed are also illustrated the docked, active against S. aureus DNA-gyrase, drugs moxifloxacin
(MFX) and QPT-1 (co-crystallized and docked, alike). MFX is docked in two binding poses (one lower and one higher binding energy) at symmetrical
binding pockets of the protein at the edge of DNA. Target protein is illustrated as cartoon with sub-domains color-coded in split pea green, deep
teal, deep purple, and yellow orange colors for chains A, B, C, and D, respectively. An artificially nicked double-stranded DNA interacting with DNA
gyrase is also depicted in cartoon colored in salmon and orange for complimentary strands E and N, and white, slate blue for complimentary strands
F and |. Docked molecules rendered in sphere model are colored according to atom type in marine blue and warm pink (3 and 2, respectively), light
pink and salmon (lowest and higher binding energy poses of MFX, respectively), and orange and hot pink (co-crystallized and docked QPT-1,
respectively) C atoms. (upper panel) A close-up view of the binding of complexes 3 and 2 in both DNA and DNA gyrase complex structure depicting
the extent of the binding pockets as determined by the computation process and the crystal structure as well. Double stranded DNA and DNA
gyrase are depicted in cartoon colored in the same scheme as in lower panel. Complex 3 seems to be anchored in close proximity to docked QPT-1
in a binding cleft located at the edge of the artificially nicked DNA strand, while 2 is shown to be stabilized in a corresponding symmetrical pocket,
opposite to co-crystallized QPT-1 position. Complex 3 is shown to penetrate deep in the double helix of DNA, binding to both strands of the DNA
(chains | and N), making also contacts with nearby binding residues of chain C and A of the enzyme, while 2 binds only to one strand (chain N) and
contacting residues of chain A of the enzyme. Molecular docking simulations of all molecules were performed individually. Binding contacts are
shown as dotted lines in yellow and light pink color (a) and dotted yellow lines (b). Heteroatom color-code: O: red, N: blue, S: yellow, P: orange, Cl:
green, and Ag: grey. Hydrogen atoms are omitted from all molecules for clarity. The final structure was ray-traced and illustrated with the aid of
PyMol Molecular Graphics Systems. Binding interactions are shown in Table S14.§
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Terminal methyl-pyrrol ring of CBN is deep buried in the
binding pocket while the other terminal moiety [4-hydroxy-3-
(3-methylbut-2-enyl)benzoylJamino is anchored in the
entrance of the pocket. Similarly, 1 is shown to be inserted in
the binding cleft with one of the phenyl rings of xantphos, and
atdztH ligand, anchored in the entrance of the crevice.
Chlorine atom is shown to protrude out of the crevice not
making any contact with the residues of the entrance. On the
contrary, 4, due to its bulkier size, is shown to be stabilized in
the pocket with the four phenyl rings of one of the DPEphos
ligands, as well as the atdzt™ ligand, marginally anchored at
the entrance, slightly protruding from it. These moieties are
shown to lie at the opening of the catalytic pocket, partially
covering the ATP-binding site. Comparing the three molecules,
CBN is revealed to be inserted in the crevice along its whole
deep, with one terminal moiety buried inside the end of the
pocket. In contrast, both 1 and 4 cannot reach the end of the
pocket, obviously due to their bulkier size. Nevertheless, the
type of their binding mode ensure better binding capacity
compared to CBN. The ligand-binding site of all molecules
depicting the extent of the pocket as determined by the com-
putation process, labeling the critical residues interacting with
the molecules is shown in the upper panel of Fig. 6a. The
docking procedure predicts the formation of a variety of inter-
actions between both complexes and the amino acid residues
Asn (N46), Asp (D49), Glu (E50), Ala (A53), Arg (R76), Gly (G77),
Ile (178), Pro (P79), Ala (A86), Ile (I90), and Arg (R136) for 1,
and Asn (N46), Asp (D49), Glu (E50), Arg (R76), His (H95), Ala
(A96), Ile (178), and Pro (P79) for 4 (upper panel of Fig. 6 and
Table S14f1). Among these contacts of both 1 and 4, not
common with those of CBN are found to be Ala (A53), His
(H95), and Ala (A96). Stabilization of both 1 and 4 may be
attributed to hydrogen bonding, hydrophobic, mixed r-alkyl
type hydrophobic, polar, n-polar, and n-anion and z-cation
charged electrostatic interactions, inside the ATP-binding site
of DNA gyrase protein (upper panel of Fig. 6a and Table S147).
Complex 1 is further stabilized in the protein as hydrophobic
protein atoms of Ile (I78) and Pro (P79) residues enclose the
hydrophobic region of two phenyl rings of one of the xantphos
ligands. Similarly, complex’s 4 phenyl rings of DPEphos ligand
are also enclosed by 178, P79, and 190 residues, reinforcing
thus its stabilization. Special interactions that attract both
complexes to the protein include n-charge electrostatic inter-
actions, including =m-cation between the negative charge of
phenyl aromatic rings of xantphos and DPEphos ligands with
the positive charge of arginines R76 and R136, as well as
n-anion between the same aromatic rings with the negative
charge of glutamate E50 and aspartate D49.

The best-fitted docking poses of 2 and 3, exhibiting the best
in vitro activity and the highest in silico binding capacity,
respectively, in the crystal structure of S. aureus DNA gyrase
superimposed with MFX and QPT-1 are depicted in the lower
panel of Fig. 6b. Binding interactions of the two complexes in
their binding pockets are reported in Table S14.1 The ligand-
binding site architecture for both complexes is shown in the
upper panel of Fig. 6b. The docking procedure predicts the for-
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mation of a variety of interactions between both complexes
and the amino acid residues Arg (R272), Gly (G115), Asp
(D116), and Asn (N269) (all in chain A) for 2, and Asp (D83),
Ser (S84), Tyr (Y87), Glu (E88), Ala (A120), Met (M121), and Arg
(R122) (belonging to chains A and C) for 3. It is obvious that 3
extends its binding to both opposite strands of DNA (chains I
in slate blue color and chain N in orange color) at an adjacent
position to co-crystallized drug QPT-1 which is bound at the
artificial nick of one of the DNA strands. The DNA used for
this structure was doubly nicked, with artificial breaks in the
DNA backbone at both cleavage sites. Complex 3 is shown to
be docked at the same place occupied by QPT-1, possibly exhi-
biting a similar with this inhibitor activity, inducing double-
strand cleavage of DNA mediated by DNA gyrase. On the other
hand, QPT-1 is bound between the +1 and —1 bases at the
DNA cleavage site, inhibiting DNA re-ligation. Complex 3
seems to interrupt the interstrand classical hydrogen bonding
DNA base pairing stabilizing the double helix structure,
between N4 atom of pyrimidine’s ring amino group of cytosine
nucleotide dC'2012 of chain I and the pyrimidine’s ring carbo-
nyl group 06 of guanine dG'2009 of chain N, dC'2011/N4 (of
chain I) and dG'2010/06 (of chain N), dG'2010/06 (of chain I)
and dC'2011/N4 (of chain N) (it bids with both atoms of the
opposite strand nucleotides), and between dG'2009/06 (of
chain I) and dC'2012/N4 (of chain N) (binds only with 06). On
the contrary, 2 binds only to one strand of DNA (chain N) inter-
rupting the hydrogen bonding between dC'2012/N4 (chain N)
with dG'2009/06 (chain I) (it binds only with N4). Additionally,
it also binds to one more DNA strand (chain E in salmon
color) and especially to dG'3/C8, but not being able to inter-
rupt its interstrand hydrogen bonding. Complex 3 interferes
also into three intrastrand base steps of chain I: dG'2009pdG’
2010, dG'2010pdC'2011, and dC'2011pdC'2012.

The in vitro antibacterial activity of 1-5 against E. coli and
S. aureus bacterial strains was found to be 4 > 1 >2 > 5 > 3 for
E. coliand 2 ~ 4 >3 >1> 5 for S. aureus (Fig. 3 and Table S87).
It is obvious that there is a consistency between in vitro and
in silico studies, indicating both 1 and 4 to possess the highest
antibacterial activity and binding capacity for E. coli DNA
gyrase, and to a lesser extend for S. aureus DNA gyrase. In the
particular case of S. aureus DNA gyrase, 2 possessed the
second worst binding capacity though exhibited the best
in vitro antibacterial activity. Additionally, 5 which was the
least active compound against S. aureus strain, presented the
lowest binding capacity among all complexes. However,
overall, the predicted binding energy values are correlated well
with the observed biological data.

2.8.2 Docking calculations on fibroblast growth factor
receptor 1 (FGFR1). With a view to elucidate the in vitro activity
of the complexes, shedding light on their possible antitumor
activity, a target therapeutic protein expressed in all four cell
lines was chosen for in silico studies. A common protein
involved in cancer growth overexpressed in the tested cancer
cells, is the Fibroblast Growth Factor Receptor (FGFR) preced-
ing in the majority of intracellular signal transduction path-
ways. Fibroblast Growth Factors (FGFs) have been implicated
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in various aspects of cellular responses in both normal and
malignant cells, including malignant transformation, tumor
mitogenesis, angiogenesis and chemoresistance. Specifically,
FGF receptors (FGFRs) play essential roles in mediating cell
proliferation, migration, and survival.”” The FGFR family con-
sists of four highly conserved transmembrane receptor tyro-
sine kinases (RTKs) (FGFR1-4) and their aberrant activation
gives rise to the activation of many cancer-related pathways,
such as MAPK and JAK/STAT,®® a fact that ultimately acceler-
ates malignancy in cancer.®” FGFR1, when bound to a proper
FGF, elicits cellular responses by activating signaling pathways
that include the: (a) Phospholipase C (PLCy)/PI3K/AKT, (b) Ras
subfamily/ERK, (c) Protein kinase C, (d) IP3-induced raising of
cytosolic Ca**, and (e) Ca**/calmodulin-activated elements and
pathways.”

DMS114 has mainly FGFR1 with a small amount of FGFR3
expression.”® It has been shown that BGJ398 compound inhi-
bits FGFR signaling with the levels of total FGFR1/FGFR3 and
FGFR substrate 2 (FRS2) being significantly decreased in a
dose-dependent manner. Previous studies have shown that the
FGFR inhibitor PD173074 potentiated the effects of cisplatin
in small cell lung cancer thus showing by a different mecha-
nism that inhibition of FGFRs can augment the effects of
cisplatin.”

Similarly, SKOV3 cells also found to express FGFR1” along
with FGFR2, 5, and 7. This study showed a reduction in the
expression of FGFR2, FGFR3, FGFR4, FGF3 and FGF7 using
shRNAi, significantly inhibiting SKOV3 ovarian cancer cell line
proliferation by 40-80%. inhibition of FGFR2 and/or FGF3 and
7 impacted significantly on SKOV3 proliferation and reduced
significantly the ICs, of cisplatin in vitro.

Furthermore, FGFRs found to represent an important thera-
peutic target in the fight against the pancreatic ductal adeno-
carcinoma (PDAC). In pancreatic cancer, aberrations in the
FGFR pathway, particularly FGFR1 overexpression, have been
reported. The clinical significance of FGFR1 expression in pan-
creatic cancer has been recently investigated® showing that
the FGFR1-based subclassification of pancreatic cancer may
lead to new therapeutic approaches for the FGFR1-positive
subtype. Recently, a study on the inhibition of FGF/FGFR sig-
naling on this very aggressive form of cancer in vitro, showed
that knocking down FGFR1 and FGFR2 decreased their tumori-
genesis abilities in vivo.”> Deregulation of the FGF/FGFR axis is
involved in oncogenesis, tumor progression and resistance to
anti-cancer treatment across multiple types of tumors.”® Over-
expression of FGFs and their receptors is a feature of pancrea-
tic cancer and correlates with poor prognosis.”” In a previous
study, the inhibition of FGFR2 attenuated proliferation and
invasion of pancreatic cancer.’® In this study, FGF1, FGF2,
FGF5, and FGF7 found to be overexpressed in PDAC. FGFRs
may thus constitute novel therapeutic targets for PDAC.

Additionally, the elucidation of the role of FGFR1 induction
in acquired resistance to MET and VEGFR2 inhibition by
cabozantinib in prostate cancer (PCa) was studied recently.”
The researchers concluded that the FGFR1 overexpression
mediated acquired resistance to MET/VEGFR2 inhibition,
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leveraging this understanding to improve therapy outcomes.
They revealed that the molecular basis of resistance to MET
inhibition in prostate cancer is FGFR1 activation through a
YAP/TBX5-dependent mechanism. In other studies, it was
found that PCa cells with high FGFR1 expression increased the
bone metastatic progression of the PCa and that FGFR1 accel-
erates PCa metastatic dissemination'® and FGFR blockade
with dovitinib (TKI258) has clinical activity in a subset of men
with castration-resistant PCa (CRPC) and bone metastases.'®
These findings suggest that targeting FGFRs has therapeutic
activity in advanced PCa and provide direction for the develop-
ment of therapies with FGFR inhibitors.

In order to elucidate the anticancer activity of 1-5 on
different human cancer cells, we adopted molecular docking
studies of the complexes on FGFR1 target protein. As shown in
Table 2, the order of decreasing binding capacity (from lower
to higher global binding energy) of 1-5 to the crystal structure
of FGFR1 was calculated to be 4 > 3 > 5 > 1 > 2. The binding of
3 and 4 in the catalytic site of FGFR1 kinase domain is
depicted in the lower panel of Fig. 7. Complex 3 (exhibited the
best anticancer activity against all tested cancer cells and also
the second-best binding capacity in the computational studies)
seems to be bound in the active catalytic site of FGFR1 kinase
domain, at the same place occupied by the FGFR1 inhibitor
drug ponatinib, and especially at the region of ATP-binding
pocket of the enzyme. Ponatinib occupies the cleft between the
N- and C-terminal lobes where ATP would otherwise bind."%* It
is interesting to notice that although 4 exhibits a better
binding affinity (lower binding energy) compared to 3, it
seems to be bound in a pocket that is out of the ATP-binding
pocket of the enzyme, in contrast to 3 which is localized in
close proximity to it. This may also explain the better antitu-
mor activity of 3 compared to 4, in terms of their ICs, values.
Ligand binding contacts of 3 in the active site of the kinase
domain include N568, R570, and E571 of aD helix, G490 at the
starting point of f2 sheet, L484 and G485 of the terminal
region of p1 sheet, E486 of the loop following 1 sheet, R570 of
the loop connecting p7 sheet with oE helix, and residues F642,
T658, and N659 of the activation loop (a-Loop) (upper panel of
Fig. 7 and Table S15t). Among the binding contacts of 3, three
residues seem to be common with those of the binding of
ponatinib, namely, Phe (F642), Leu (L484), and Val (V492). The
phenyl ring of one of the PPh; ligands of complex 3 being in
contact to F642 residue, appears also to be in close proximity
to the imidazopyridazine ring of ponatinib which also makes
contact with F642. Notably, F642 residue belongs to the acti-
vation loop (a-Loop) of the protein. The other two residues,
L484 and V492, are part of beta strands p1 and p2, respectively.

As shown in the upper panel of Fig. 7, atdzt™ ligand of 3
extends away from the hinge region making limited inter-
actions with the enzyme, involving only two binding contacts
with threonine T658 and glutamate E486. All binding contacts
are reported in Table S15.1 Critical binding contact of ponati-
nib, F642, seems to be also one of the most important contacts
of 3, stabilizing its molecule in the active site by n-n displaced
(offset) and also T-shape with two phenyl rings of a PPh;

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) (lower panel) Docking pose orientation of 4 (best bound complex in in silico studies) and 3 (exhibiting the highest in vitro anticancer
activity), in the crystal structure of the catalytic domain of fibroblast growth factor receptor 1 (FGFR1) kinase in complex with its inhibitor drug pona-
tinib (PDB accession number: 4V04). FGFR1 is localized in the cytoplasmic membrane towards the intracellular cytoplasm (transmembrane and
extracellular domains are not shown). (upper panel) A close-up view of the ATP-binding site architecture of the second-best binding complex 3.
Target protein in both structure models is illustrated as cartoon colored in deep teal with depth cue in the ray-tracing rendering of the whole struc-
ture, with additional depiction of semi-transparent surface colored according to cartoon. Docked complexes 3 and 4, as well as the superimposed
co-crystallized inhibitor ponatinib, all rendered in ball-and-stick mode and colored according to atom type in warm pink, light pink, and violet
purple, respectively. Selected contacting amino acid residues of the binding pocket are rendered in stick model and colored according to protein’s
segments: activation loop (a-Loop) (deep salmon), aC and aD helices (pale cyan and bright orange, respectively), p1, p2, p3, and p5 antiparallel beta
sheets (split pea green, purple blue, yellow-orange, and firebrick red, respectively), and hinge (deep purple), highlighting also the mapped surface of
the corresponding part of the interacting residues in the same colors. A-loop is depicted in its active (open) conformation. Complex 3 is found to be
anchored in the vicinity of the ATP-binding cleft, at the same place with ponatinib. (b) Docking pose orientation of 1, 2, and 5 in the crystal structure
of the catalytic domain of fibroblast growth factor receptor 1 (FGFR1) kinase in complex with its inhibitor drug ponatinib (PDB accession number:
4V04). FGFR1 is localized in the cytoplasmic membrane towards the intracellular cytoplasm (transmembrane and extracellular domains are not
shown). Target protein is illustrated as cartoon colored in rainbow. Docked complexes 1, 2, and 5, as well as the superimposed co-crystallized inhibi-
tor ponatinib, all rendered in stick mode and colored according to atom type in salmon, teal, hot pink, and violet purple, respectively. FGFR1 protein’s
segments: activation loop (a-Loop), aC and aD helices, 1, p2, 3, and p5 antiparallel beta sheets, and hinge, are depicted in the structure colored
according to cartoon. A-loop is depicted in its active (open) conformation. Complex 1 is found adjacent to ponatinib at the ATP-binding cleft of the
protein. Molecular docking simulations of all molecules were performed individually. Binding contacts are shown as dotted yellow lines. Heteroatom
color-code: O: red, N: blue, S: yellow, P: orange, F of ponatinib: cyan, F: cyan, and Ag: grey. Hydrogen atoms are omitted from all molecules for
clarity. The final structure was ray-traced and illustrated with the aid of PyMol Molecular Graphics Systems. Binding interactions are shown in
Table S15.+

ligand. One of the phenyl rings is found in close proximity to
imidazopyridazine ring of ponatinib that mediate its binding
to F642 via also n-n displaced type interaction. The rest
binding contacts of ponatinib (A512, K514, E531, M534, M535,
1538, 1544, 1545, V559, Y563, A564, G567, C619, 1620, H621,
R622, L630, D641, and L644, do not seem to be involved in
direct interactions with 3, indicating thus a more stable
binding of ponatinib.

This journal is © The Royal Society of Chemistry 2022

As shown in Fig. 7a, 4 is accommodated in a binding
pocket of the kinase domain of FGFR1 formed by oEF, oF, aC
helices, p1, f2 beta sheets, and a-Loop. It seems that 3 and 4,
along with ponatinib, form a circle enclose in its periphery by
the activation loop (a-Loop) and the hinge region, at diametri-
cally opposed positions. Ponatinib (flanked by p2, 3, and B5
sheets and also positioned between the loop formed by (4
sheet and oC helix) and 4 are flanked by aC helix and a-Loop,
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while 3 by a-Loop, hinge region, 1 and p2 beta sheets, and aD
helix. The ascending loop starting from sheet B8 towards the
aG helix, is centered in the imaginable formed circle by the
docked molecules and the co-crystallized inhibitor, making
contact with all three complexes. This ascending loop is also
making contacts with 5 (Fig. 7b) and especially with the CF;
group of the mtft™ ligand of 5, but not in close proximity to
the corresponding trifluoromethylphenyl ring of ponatinib
(about 10 A away from it), with access only to the periphery of
the ATP-binding pocket of the kinase. This may explain, in
part, the lower binding capacity of 5 compared to 3 and 4. The
same is also observed for the antibacterial activity of the simi-
larly structured 4 and 5, revealing 4 to be more active than 5,
which suggests that the presence of a CF;-group substituent in
5 does not contribute to its antibacterial activity.

Complex 3 is also flanked by oD helix and the part of loop
starting from sheet p7 and in proximity to it, and also by
sheets p1 and p2, making contacts with some of their residues.
The loop formed between ol helix and p7 sheet is found in
close proximity to the binding sites of 4 (the portion in the
vicinity of oI) and 3 (the portion in the vicinity of p7). Further
stabilization of 3 in the catalytic active site of the kinase is
achieved by the interaction of one of its PPh; ligands with the
proximal end of aD helix. It is of interest that one of the PPh;
ligands of 4 is also in close proximity to the imidazopyridazine
ring of ponatinib, sharing common binding contacts with it.

The best scored poses of docked complexes 1, 2, and 5 are
depicted in Fig. 7b. Binding of 1 in the catalytic active site of
FGFR1 clearly indicates that it is located in a pocket of the
ATP-binding site, similarly to 3 and at the same place occupied
by ponatinb.

3. Conclusions

In this work, we report a series of Ag(i) complexes bearing as
ligands a phosphine and a small size heterocyclic ring thioa-
mide with highly electronegative NH,- or CFz;-group substitu-
ents (atdztH and mtftH, respectively), and the assessment of
their in vitro antibacterial and anticancer efficacy. Complexes
with the NH,-substituted heterocyclic thioamide were found to
display a moderate-to-high potential to inhibit the growth of a
series of Gram-(+) and Gram-(—) bacterial strains. A high anti-
proliferative effect was also observed for these complexes
against ovarian, pancreatic, lung and prostate cancer cell lines,
while maintaining their cytotoxicity against normal fibroblast
cells at lower levels. In contrast, CF;-substitution on the
heterocyclic thioamide was found to have a detrimental effect
on the bioactivity in this type of Ag(1) complexes. Complexes
with the NH,-substituted ligand are able to bind reversibly to
BSA and HSA proteins and transport through serum. The com-
plexes display a significant in vitro antioxidant ability for
scavenging free radicals and a very low efficacy to destroy the
double-strand structure of CT-DNA by intercalation, which
provide some hints for possible mechanisms of their in vitro
bioactivity. A molecular docking study was also conducted to
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get further insight into possible mechanisms of the bioactivity
of the complexes, both as antibacterial and anticancer agents,
suggesting a possible role of DNA gyrase and FGFR1 target
proteins.
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