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Abstract: Metal complexes of 3-acetylpyridine thiosemicarbazone ligand (3-APT) with Ni(II), Cu(ll), and
Pd(Il) chlorides were screened against bacterial strains Staphylococcus aureus, Bacillus subtilis,
Escherichia coli and Pseudomonas aeruginosa. Cytotoxic activities showed that the Pd (II) complex
exhibited more effective cytotoxic activity against human breast cancer cell line MCF-7 with
(IC50=20.72 pg/ml. The nucleophilic and electrophilic location interactions in the investigated ligand
were described using the molecular electrostatic potential (MEPs) map. The density functional theory
(DFT) was also carried out. Molecular docking investigation displayed the interactions between the
active site amino acids of ribosyltransferase with the studied complexes. Besides, the cytotoxic modes
of action by the active chelates with epidermal growth factor receptor tyrosine kinase were studied.
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1- Introduction
Bacterial and viral mutations, as well as resistance to existing drugs, have emerged as significant
challenges in the medical field. This necessitates the development of novel drugs and medicines to
combat such a threat. It has been observed that metal complexes with thiosemicarbazone (TSC)
ligands and their derivatives exhibit respectable medicinal properties and seem advantageous in terms
of generating less toxic and more potent medications [1-4]. Significantly, detailed studies have shown
that the biological activity of thiosemicarbazones is related to their ability to coordinate with metal
centers in proteins and enzymes in a variety of ways, whether in the neutral form of thione or in the
negative form of thiol. On chelation, the polarity of the metal ion will be reduced to a greater extent
due to the overlap of the ligand orbital and partial sharing of the positive charge of the metal ion with
the donor [5]. This increased lipophilicity enhances the penetration of the complexes into lipid
membranes and thus blocks the metal binding sites on enzymes of microorganisms [6]. When the
nitrogen atom of the imine group of TSCs forms a hydrogen bond with the active centers of cellular
components, it may disrupt typical cellular functions. These metal complexes also disturb the
respiration process of the cell and thus block the synthesis of proteins, which restricts further growth
of the organism [7]. It also correlates with the nature of the N-C=S group, which is of great interest in
chemotherapeutics [8]. Palladium has complexes that demonstration a noticeable cytotoxic activity
comparable to that of platinum-based drug references [9]. Consequently, the complexes formed by

coordination of thiosemicarbazone derivative with various metal ions specially Pd(Il) ion are expected
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to have potent antitumor properties [10]. However, there are only few previous reports on 3-
acetylpyridine thiosemicarbazone [11-14]. So, this work constitutes a fertile and exciting area for
further investigations. The present article gives an insight into the antibacterial and antitumor
activities of copper(ll), nickel(ll) and palladium(ll) complexes derived from 3-acetylpyridine
thiosemicarbazone (3-APT). The nucleophilic and electrophilic location interactions in the investigated
ligand were described. The density functional theory (DFT) is also described. The molecular docking
study will be completed at the end to demonstrate the various hydrogen bonds that have been formed

between our compounds and the selected proteins.

2- Methods

a. Theoretical Method
The investigated complexes are optimized using the density functional theory B3LYP and the basis set
LANL2DZ [15]. The structures were visualized using GaussView 5.0.8 after the calculations were
completed using the Gaussian09 package [16]. For molecular docking studies, the Molecular
Operating Environment (MOE) 2009.10 program was utilized. The binding free energy of the inhibitor
inside the macromolecule was calculated. The protein crystal structure of the ribosyltransferase
(antimicrobial activity) (PDB: 3GEY) and epidermal growth factor receptor tyrosine kinase EGFR
(antitumor activity) (PDB code: 1M17) was obtained from Protein Data Bank (PDB). The nucleophilic
and electrophilic location interactions were descripted using the molecular electrostatic potential
(MEP) map [17].

b. Experimental Method
In vitro antibacterial activities of the ligand and its complexes were studied using the Kirby-Bauer disc
diffusion method [18]. After being incubated at 35-37 °C for 24-48 hours with Gram (+) bacteria like
Staphylococcus aureus and Bacillus subtilis and Gram (-) bacteria like Escherichia coli and
Pseudomonas aeruginosa, the diameters of the inhibition zones were measured in millimeters. The
growth of the tested bacteria was reached to approximately 107 cells/ml using Mueller Hinton media
and counted by using plate counter [19]. The volume used from microbial suspension was 100 pl that
spread onto agar plates. The volume used from the tested samples was 10 pl that placed on agar
media with the help of blank paper disks. The influence of ligand and their chelates on the used
bacteria were compared with sensitivity to a common antibiotic (Gentamicin).

Inhibition zone of prepared compound(mm)

Activity Index (4) = x100%
y Index (4 Inhibition zone of standard drug(mm) :

The antitumor activity of 3-APT and its complexes against the MCF-7 breast cancer cell line was
established through by MTT assay method which measures the cellular metabolic viability [20]. The
MTT assay technique is based on the reduction of the tetrazolium salt MTT to insoluble purple
formazan by metabolically active cells, making their activities quantifiable by spectrophotometry. Cells
were cultured in 96-well plates and were treated with different concentrations of test compounds after
incubation. Another group of cells was treated with small concentrations of doxorubicin, After 48 h
treatment, the cells were incubated with MTT (0.5 mg mL-1), and formazan crystals were dissolved in
DMSO. Results are expressed in terms of the concentration required to inhibit cell growth by 50%

relative to untreated cells (ICso).
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3- Results and discussion
a. Theoretical results

In order to better understand how well novel compounds exhibit bioactivity against the target, we can
use molecular docking to identify the potential mechanisms of interaction and binding affinities of
these therapeutic molecules. We validate the docking procedure by docking the co-crystalized ligand in
its binding pocket. The co-crystalized ligand in the ribosyltransferase (code: 3GEY) was P34
(N~2~,N~2~-dimethyl-n~1~-(6-0x0-5,6 dihydrophenanthridin-2-yl)glycinamide. The docking results are
seen in (Table 1) and (Figure 1). Side chain acceptor interaction type was observed between the
terminal amino group proton with carbonyl oxygen of Thr-A622 amino acid in the case of ligand and
with carbonyl oxygen of Asp-A623 in both Cu and Ni chelates. Cu chelate observed various
interactions as side chain donor between the N of py ring with terminal amino group of Lys-AS5S18,
Backbone acceptor between the terminal NH2 proton of ligand with Gln-B549 carbonyl oxygen and
arene-cation interaction between the aromatic pyridine ring with both (Ly-A518 & His-B550) amino
acid residues. Moreover, the aromatic pyridine ring interacts with both His-B550 and the Pd chelate in
an arene-cation fashion. Molecular docking study of the standard Gentamicin drug observed high
scoring energy value which compatible with its antibacterial activity. It demonstrates the side chain
donor interactions of the amino acids Asn-B508 (carbonyl oxygen), Lys-A518 (terminal amino), and
GIn-B549 (carbonyl oxygen) with the ring oxygen atoms OH and NH:It was observed that the OH
groups of gentamicin and Gln-B549 (carbonyl oxygen) amino acid had a backbone acceptor interaction
type. The redocking results mentioned variable poses with acceptable RMSD values. Most values are
lower than 2 A with high docking score. The best pose with high scoring energy and lower RMSD show
interaction between NH group of P34 and Asn-B508 (carbonyl oxygen) as side chain acceptor
interaction type manner. The Arene-cation interaction type was observed with His-B550. The previous
docking results for Gentamicin and P34 were seen in (Figure 2). The hydrogen bonds values of most of
observed results were written in (Table 1). All chelates have more negative scoring energy than the
ligand itself. Backbone acceptor was observed in the ligand by hydrogen formation between Gln-767
(carbonyl oxygen) residue with NH proton and Arg-752 with the terminal amino proton. Solvent
contact interaction was observed in Cu-L and Pd-L compounds. Ni-L chelate formed the hydrogen
bond between the terminal amino protons with Asn-818 residue. Molecular docking study of both
cisplatin and doxorubicin against the same protein revealed higher negative scoring energy value for
doxorubicin than the cisplatin. The chelates have comparable values to the standard doxorubicin
drug. The docking results are seen in (Table 2 and Figure 4). Doxorubicin (OH) interacted with Thr-830
(OH) while the cisplatin (NHs) was interacted with the main chain oxygen of two different amino acids
(Asp-831 and Glu-738). We validate the docking procedure by docking the co-crystalized ligand in its
binding pocket. The co-crystalized ligand in the EGFR tyrosine kinase receptor (PDB Code: 1M17 (was
4-anilinoquinazoline (AQ4). The redocking of the (AQ4) revealed good poses with RMSD as seen in
(Table 2 and Figures 3, 4). The RMSD is lower than 2 A with high docking score. The docking results
cleared the interaction between the (N1) quinazoline ring of (AQ4) inhibitor with the terminal amino
group of Lys-721 amino acid. The hydrogen bond values were mentioned in (Table 2).

DFT calculations were performed for the 3-APT ligand and its complexes. The optimization molecular
properties were mentioned in Figures (5, 6) and (Table 3, 4). Some bond lengths were increased as
[(N9-C7), (N9-N10) and (C11-S12)] and others were decreased as [(C1-N7), (N10-C11) and (C11-N13)] to

optimize the coordination through N9 and S12 donor sites. New bonds were formed due to chelation
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as M-N9 and M-S12 bonds in all chelates with the appearance M-Cl bond in palladium and copper
chelates. The bond angles of ligand were changed by the coordination to metal ions as pointed out in
(Figure 5). Angles surrounding the metal change dramatically when the metal center is changed. The
negative charge was mostly delocalized over N7 and S12 atoms with calculated charges -0.176 and -
0.07 respectively to form the energetically stable five-membered ring. After coordination, the electron
density over the previously mentioned atoms was decreased due to the transfer of charge from the
donor sites of ligand to the central metal ions i.e. (L—M). The case of an increase in electron density
may be due to the back donations from metal to ligand. These calculated charges converted to [Ni= (-
0.217&+0.210), Cu= (-0.221 & +0.092) and Pd= (-0.15 &+0.170)] for N7 and S12 atoms respectively.
The metal charges converted to +0.097, +0.067 and -0.083 in the case of Ni, Cu and Pd after
coordination respectively. The molecular orbitals are identified as the frontier molecular orbitals
(FMOs) as seen in (Figure 6). The HOMO-LUMO energy gap has been identified as an important
stability descriptor. The large HOMO-LUMO energy gap is consistent with systems that are stable and
have little reactiveness. The orbital frontier eigenvalues and HOMO-LUMO gaps are inserted in (Figure
6). A molecule with a small HOMO-LUMO gap is more reactive and is a softer molecule because the
smaller hardness values imply higher reactivity. The complexes were more reactive than the parent
ligand, as shown by energy gaps. The negative chemical potential is indicative of their stabilities. The
electron cloud of (3-APT)’s HOMO is mainly localized on the aliphatic part concluding the
thiosemicarbazone part but LUMO electron cloud extended to both the aliphatic and aromatic parts.
The electron cloud with respect to the HOMO orbital was distributed after coordination over the
aromatic pyridine ring with the coordination center in case of nickel chelate but distributed over the
aliphatic part with the coordination center in case of copper and palladium chelates. The LUMO
electron distribution of palladium chelate localized over the whole molecule while in nickel and copper
chelates was limited to the aliphatic part with the coordination center. As indicated by the magnitude
of their dipole moments, the polarity of the ligand increased after chelation by bonding to palladium (II)
metal ion and vice versa by coordination with nickel (II) and copper (II). Many ground state parameters
can be calculated using the formulas below:

I = - Exomo A = - ELumo

Where, I= Ionization potential of the compound, A= Electron affinity of the compound

I (Ionization potential) = -Enomo , A (Electron affinity) = -ELumo

n (hardness)=((I-A))/2,

S (Softness) =1/2n,

1 (Chemical potential) =(-(I +A))/2,

X (absolute electronegativity) =((I + A))/2

Also, we noticed that Ni and Cu chelates had the lowest dipole values (See Table 4). The dipole moment
property of a substance classically indicates its polarity. Drug solubility in water increases with
increasing the dipole moment, suggesting that dipole moment is a crucial factor in determining drug
penetration through the organism's cell membrane and the rate of excretion. The ability of a
compound to penetrate the lipid layer of a microorganism more effectively is influenced by its
liposolubility, attacking the cell constituents and become more dangerous and toxic in the cellular
environment.

The electron density is polarized as seen in the three-dimensional view of MEP. Additionally, we can

get the size and geometry of the molecules [21]. MEP is computed to estimate specific structural
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reactive sites by the change of color that indicates the electron density along the different positions in
the molecule. The red or orange areas indicate locations with high density of electrons while the blue
color provides positions with the low electron densities. N7 and S12 atoms have great negative
electrostatic potential on the studied ligand, while the rest of the ligand molecule has the highest
positive electrostatic potential, as seen in (Figure 7). It means the previously mentioned atoms can
attracted to the positive electrostatic potential membrane structure of the cells and are active sites for
metal ion coordination. We can say that the investigated chelates exhibit positive electrostatic potential
(ESP) maps on their skeletons and negative ESP on its coordination centers, as shown in (Figure 7).
Therefore, they can bind tightly into the investigated microorganism having the negatively electrostatic
potential. This may be necessary in order to produce an optimal docking pose of the drug inside the
binding pocket of the tested microorganism in order to form a stable complex.
b. Experimental results

The organisms used consist of two of each Gram positive (Bacillus Subtilis& Staphylococcus aureus)
and two Gram negative (Escherichia coli & Pseudomonas aeruginosa). All investigated compounds have
at least similar inhibition zone value to the standard antibiotic. The most of inhibition zones exceed
the standard antibiotic (Gentamicin) against all tested organisms as represented in (Figures 8, 9) and
pointed out in (Table 5). Nickel chelate observed the best result against the Escherichia coli organism
with an inhibition percentage 177.8 % relative to the standard antibiotic values (Gentamicin). The
other compounds give 150 %, 155.5 % and 144.4 % for Cu, Pd and ligand respectively that compatible
with the docking scores sequence is Ni > Pd ~= Cu > 3-APT. The free ligand was more effective than the
standard drug at inhibiting the Staphylococcus aureus organism, with an inhibition percentage of
133.3%, but their complexes exhibit weaker antibacterial activity, with respective inhibition
percentages of 118.5%, 103.7%, and 100% for Ni, Cu, and Pd complexes. When compared to the
values for standard antibiotics, it also saw the best results against the Pseudomonas aeruginosa
organism with an inhibition percentage of 171.4%. The remaining compounds give 161.9 %, 157.1 %
and 157.1 % for Cu, Pd and nickel complexes with the sequence is: 3-APT > Cu > Pd =~ Ni.
Additionally, against the Bacillus Subtilis bacterial strain, all chelates and ligand demonstrated
appreciable activity, as shown by the values in (Table 6).

The cytotoxicity order is Pd > Cu > L=Ni depending on the ICso values (See Table 6 and Figure 10). The
lower ICso of the compound, the less you consume from this active compound to achieve the favored
effect. The most notable cytotoxic activity against the cancer cell was achieved by the palladium
chelate. The isoelectronic property of Pd (II) to platinum (II) with similar square-planar geometry as
cisplatin, the palladium (II) compounds expected to have a potential to be anti-cancer agent. One of
the interesting observation that found, in spite of nickel and palladium are from the same group but
palladium indicates more effective inhibition for the progression of cancer cells. It may be due to the
facilely process of aquation of the Pd-compounds when enter the cancer cell and consequently inhibit
its progress. Also, it may be due to the smaller size of the palladium complex as attached to one
molecule of ligand only but nickel metal was attached to two molecules of ligand which maybe affect
the membrane permeability of cancer cells and then the cell mortality that is called “cell apoptosis”
[22]. The same observation was noticed by comparing nickel and copper activities, both complexes
were attached to two ligand molecules but the copper ion with a smaller size than a nickel. Therefore,
copper chelate observed a higher cytotoxic effect. The anticancer activity of our compounds was in

good agreement with earlier studies that suggested the anticancer effects of sulfur-containing
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compounds depend heavily on apoptosis [23]. In a previous study testing the cytotoxic properties of 2-
APT ligand, the comparison of the cytotoxic activities indicates that 2-APT shows lower ICso value than
3-APT [24].

Conclusion

The significance of thiosemicarbazones and their metal complexes, apart from their diverse chemical
and structural characteristics, stems from not only their potential but also their proved application as
biologically active molecules. The antibacterial screening showed the superiority of studied compounds
over the well-known standard drug, gentamicin. This could be due to the presence of active function
groups as NHz, NH, and N-pyridine which help in the formation of hydrogen bonds with the active
center of cell constituents. In particular, among the three complexes, the palladium (II) complex show
noteworthy anticancer activity with a lower IC50 value (ICso = 20.72 pg/ml) than its free ligand.

Abbreviations and Acronyms

TSCs (Thiosemicarbazones), ICso (half-maximal inhibitory concentration), pg/ml (Microgram per
milliliter unit), MEPs (molecular electrostatic potentials), L (Ligand) Ni (Nickel), Cu (Copper), Pd
(Palladium), MCF-7 (Michigan Cancer Foundation-7), FMOs (frontier molecular orbitals), .
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Fig. 1: Docking structures of with proteins

ribosyltransferase.

Fig. 2: 2D and 3D Docking structures of Gentamicin and P34 compounds with ribosyltransferase
(code: 3GEY).

Fig. 3: Docking structures of with proteins EGFR tyrosine kinase.
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Fig. 4: 2D and 3D Docking structures of cisplatin, doxorubicin and AQ4 compounds respectively

against EGFR tyrosine kinase (PDB ID: 1M17).

Fig. 5: Optimized geometry of ligand and its metal complexes.
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Fig. 7: The molecular electrostatic potentials (MEPs) of the ligand and its metal chelates.
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Fig. 8: Photographic representation of zone of inhibition of the ligand and their Ni(Il), Pd(II) and Cu(lI)

towards different types of bacterial strains
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Pseudomonas aeruginosa

Escherichia coli
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Fig. 9: Biological activity and percentage inhibition of the compounds towards different types of

bacterial strains.
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Fig. 10: Surviving fraction of 3-APT ligand and its metal complexes at different concentrations

(ng/ml) on MCF-7 human breast cancer cell. B) ICso values against the MCF-7 breast cancer cell line.

Table 1: Comparison of binding affinity of thiosemicarbazone ligand and their complexes against

ribosyltransferase.
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Compound Scoring
energy Involved amino Type of
(RMSD) acids interaction
Ligand -2.60(0.78) Thr-A622 Side chain
(2.43 °A) acceptor
Cu- -4.42(2.25) Asp-A623, Lys- side chain
Complex A518 (2.78°A), acceptor, side
GIn-B549 (1.88 chain donor,
°A) and (Ly-AS518 Backbone
& His-B550) acceptor, and
Arene-cation
interaction
Ni-Complex | -5.71(1.36) Asp-A623 Side chain
(1.83 °A) acceptor-
Pd- -2.46(2.53) His-B550 Arene-cation
Complex interaction
Gentamicin | -7.00(1.73) | (Asn-B508 (2.39 side chain
°A) & Lys-A518) donor and
and GIn-B549 Backbone
(2.18 °A), Asn- acceptor, side
B508 (1.80 °A) | chain acceptor
P34 -4.78(1.31) Asn-B508 and side chain
-3.31(2.49) His-B550 N acceptor and
Arene-cation
-3.25(1.19) interaction
-2.66(1.21)




Table 3: Some of the optimized bond lengths, A and bond angles, degrees, for (3-APT) and complexes
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Table 2: Comparison of binding affinity of complexes against EGFR tyrosine kinase receptor

Compoun Scoring
d energy Involved amino Type of
(RMSD) acids interaction
Ligand -3.04(1.58) GIn-767 (2.29 °A) Backbone
and Arg-752 acceptor
Cu- -5.57(2.48) Solvent
Complex contact
Ni- -6.27(1.40) Asn-818 Side chain
Complex acceptor-
Pd- -4.92(1.03) His-B550 Solvent
Complex contact
Cisplatin -1.92(2.01) Asp-831 (2.08 °A) Side chain
and Glu-738 (1.87 °A) acceptor
Doxorubici -5.45(2.62) Thr-830 (2.44 °A) Side chain
n acceptor
4- -3.30(1.26) Lys-721 (3.30 °A) ) .
- . Side chain donor
anilinoquin
azoline -3.91(2.54) Lys-721 Arene-cation
(AQ4)

using B3LYP/6-311G and B3LYP/LANL2DZ respectively.

Bond Ligand Ni- Cu- Pd-
length complex comple complex
(A) X
R(M-N9) - 1.93101 2.0196 2.11753
1

RM-S12) | --- 2.33752 2.6047 2.46697
4

R(M-CJ) -—- 1.85452 2.3285 2.38765
8

R(C1-N7) 1.48037 1.46809 1.4803 1.47483
1

R(N9-C7) 1.30333 1.32968 1.3170 1.32077
5

R(N9- 1.36739 1.42904 1.4255 1.42078

N10) 0

R(N10- 1.38393 1.36297 1.3794 1.36863

C11) 3

R(C11- 1.71220 1.77562 1.7600 1.75210

S12) 1

R(C11- 1.36616 1.34157 1.3508 1.36231

N13) 7

A(C1-C7- | 115.723 119.011 117.53 119.770
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NO)

A(C7-NO- | 119.732 | 116.951 | 118.78 | 116.862
NIO) 7

A(NO- 121.350 | 116.416 | 115.09 | 119.928
N10-Cl1) 5

A(N10- 125366 | 117.854 | 121.28 | 122.192
Cl1-S12) 6

A(N13- 121.728 | 122.162 | 121.68 | 121.124
C11-S12) 5

A(CI1- 123293 | 90.569 83.458 | 92.015
S12-M)

A(S12- 96.833 164.99 | -
M-N23) 6

A(S12- 83.170 76.729 | 82.127
M-N9)

A(SI2-M- | — 179.994 | 97.444 | —
S26)

ANO-M- | - 179.996 | 11826 | —
N23) 9

A(S12-Pd- | - 55.550 91.810
Cl15)

A(NO- 95.202 | 86.695
S12-Cl)

Table 4: Ground state properties of ligand and its metal complexes using B3LYP/6-311G and
B3LYP/LANL2DZ respectively..

Bond Ligand Ni- Cu- Pd-
length complex complex complex
(A°)
Er, - - - -
Hartree 927.8568 | 1248.603 | 1290.70 | 696.5920
1323 16966 834423 6139
Enowmo, €V -5.43 -12.40 -0.33 -5.97
Erumo, eV -1.66 -9.11 -0.26 -2.99
AE, eV 3.77 3.29 0.07 2.98




=E 5.43 12.40 0.33 5.97
HoMoO, €V

A=-E 1.66 9.11 0.26 2.99
Lumo, eV

%, eV 1.88 6.54 8.16 3.01
n, eV 1.89 1.65 0.04 1.49
S, eV-! 0.27 0.30 13.58 0.34
u, ev -3.54 -10.76 -0.30 -4.48

Table 5: Antibacterial activity data in (mm) of ligand and their chelates in various bacteria organisms
and comparison with Gentamicin.

Compound B. S.
subtilis | aureu E.coli P.
S aeruginosa

Ligand 34 36 26 36
Cu- Complex 35 28 27 34
Ni-Complex 28 32 32 33-
Pd-Complex 32 27 28 33
Standard 19 27 18 21

antibiotic

Gentamicin

Table 6: Inhibitory activity (ICso) of the ligand and their chelates against human breast cancer cell

(MCF-7).
Compound ICso (pg/ml) ICso (LM)
Ligand 182.68 940
Cu- Complex 25.21 48.21
Ni-Complex 185.17 345
Pd-Complex 20.72 55.76
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