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Computational studies offer to explore mechanistic aspects of molecular interactions with the potential to deliver
practical strategies and enable rational in silico drug design. New powerful cancer drugs are crucial, as evidenced by the
prevalence of extensively and multi-drug-resistant tuberculosis. This research work describes the use of DFT for the
optimization of zinc and cadmium metal complexes. FMO distribution and its based electronic properties, and electrostatic
potential have been studied. According to ADMET analysis, every substance is safe for biological use and non-carcinogenic.
Both complexes have been docked to human-GTPase-K-Ras protein to determine binding ability and modes. The stability of
protein-drug complexes has been probed through MD simulations, focusing on the most tightly bound complex. The Zn-
complex is more thermodynamically stable compared to Cd-complex. Good ligand binding interaction with the receptor
protein has been identified through molecular docking analysis mainly because of non-bonding interactions. Finally, these
results might help develop a novel anti-cancer agent.
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In the current year, Das et al.' synthesized Cd(II) Exploring the diverse characteristics of metal

and Zn(II) complexes of 2-mercaptopyridine [Cd(2-
mcpH)4](NO3), and [Zn(2-mcpH)4](NO;3), due to
the diverse applications of metal complexes, the
synthesis and computational studies of these
complexes have been in high trend™’. Nitrogen-
containing ligands form versatile complexes with
cadmium and zinc, serving as catalysts and
contributing to luminescent materials across various
applications*® due to their fascinating structure and
feasibility in their conformations. The coordination
environment i.e. the type of the ligand determines
the complexes properties. Therefore, the theoretical
analysis of these complexes will yield important
insights into the metal centre’s coordination
preferences and the complexes' confirmation”®. It
has been reported that the metal complexes exhibit
excellent inhibitory actions”'’. Zinc and cadmium
metal complexes featuring multidentate ligands
have garnered attention for their applications in
photocatalysis, photoluminescence, and
fluorescence sensing, targeting both organic and
inorganic analytes''"°.

complexes involving cadmium and zinc is crucial due to
their significant roles in numerous biochemical processes.
Zinc has long been recognized as a crucial component of
enzymes involved in metabolic processes. However, the
perception of cadmium as highly toxic and biologically
harmful has dominated scientific understanding'* ".
Recently, attention has shifted towards studying cadmium
complexes due to their emerging significance in
biological systems. This interest has been spurred by the
invention of a carbonic anhydrase enzyme in the marine
diatom Thalassiosira weissflogii, where cadmium has
been found in active site"”.

Recent advancements in the synthesis of metal-
based complexes have opened avenues for novel
therapeutic approaches, particularly in combating
medication resistance and toxicity associated with
platinum-containing complexes'®. Notably, a mixed
ligand Zn(II) complex incorporating 1-phenyl-3-
methyl-4-acyl-5-pyrazolones has exhibited promising
cytotoxic activity against DUI45, LNCaP, and PC-3
human prostate cancer cells, positioning them as
viable alternatives to platinum (II) complexes in the
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development of antitumor drugs'’. Additionally, the
growth of MCF-7 human breast cancer cells has been
demonstrated to be dose-dependently inhibited by
zinc (II) complexes featuring bis-benzimidazole
derivatives'®.  Further investigations into  the
anticancer potential of metal complexes have
explored the efficacy of Zn(II) and Cd(II) complexes
with  various ligands, including curcumin',
substituted nitro phenol Schiff base’’, and benzyl
pyridine thiosemicarbazone derivatives® >, shedding
light on their mechanisms of action and therapeutic
implications.

However, a growing area of chemistry research
aims to comprehend how different supramolecular
assemblies are constructed using non-covalent
interactions as the binding forces. By doing so, one
can modify the characteristics of complexes to suit
certain applications. The exploration of cadmium-
based complexes has undergone a transformation,
driven by their significance in both biological
contexts and the development of molecular
materials®™*?,

In recent years, computational investigations have
been utilized extensively to support the conclusions
drawn from experiments®®. Further, the computational
analysis helps in the investigation of various
electronic and chemical related properties of the
molecular system such as the ionization energy,
HOMO-LUMO energy gap, absorption behaviour,
corrosion inhibition®” %, etc.

In this present study, we have carried out the
evaluation of various properties of the synthesized
zinc and cadmium-based metal complexes'.
Alternatively, researchers have employed
computational techniques such as density functional
theory (DFT) computations to study the electronic
characteristics of these complexes. Further, intrigued
by the findings, the inhibition activity of these
complexes was explored using computational tools
such as molecular docking and molecular dynamics
studies against 4TQ9 protein.

Materials and methods

Quantum computational studies

For over a decade, quantum computational
techniques have been pivotal in theoretically
exploring the physicochemical properties of
compounds. Using the B3LYP functional with a 6-
311+G(d,p) mixed basis set, we optimized structures
of metal complexes. Visualizing the highest occupied

molecular orbitals (HOMO) and lowest unoccupied
molecular  orbitals (LUMO) through frontier
molecular orbital analysis (FMO) provided insights
into their electronic properties. Utilizing Koopmans’
approximation, we calculated the energy difference
and various local and global molecular parameters,
elucidating the chemical characteristics of the
synthesized complexes. To discern charge distribution
and identify reactive sites, molecular electrostatic
potential (MEP)  analysis was  conducted.
Additionally, natural bond orbital (NBO) analysis was
employed to investigate different interaction types
contributing to molecular structure stabilization. All
computations were carried out by using the Gaussian
16 package, and the results were visualized using
GaussView 6.0.16 software™ >,

Additionally, Bader's quantum theory of atoms in
molecules (QTAIM) was used, facilitating a quantum
mechanical examination of the complexes' structures.
By identifying bond critical points (BCPs) and bond
paths, this approach offered a visual representation of
noncovalent interactions within the complexes, aiding
in the prediction of bond strength and nature.
Moreover, the analysis utilized reduced density
gradient (RDG) to characterize non-covalent
interactions (NCI) and electron localized function
(ELF) maps to visualize regions of high electron pair
probability densities. These analyses were conducted
using Multiwfn 3.8 software, with output results
examined and analyzed through the visual molecular
dynamics (VMD) 1.9.3 tool**.

ADMET analysis

The intestinal absorption and brain access of the
novel complexes were analysed through boiled-Egg
model of Swiss ADME online tool**. Further, the
drug-likeness of the Cd and Zn complexes are
comprehended with the help of pkCSM online tool*’,
which also provided the quantitative results
Absorption, Distribution, Metabolism, Excretion and
Toxicity (ADMET) of the complexes.

Molecular docking analysis

The synthesized complexes were subjected to
molecular docking against the protein with PDB ID of
4TQ9 which is a GI2V oncogenic mutant of
human GTPase K-Ras protein which revealed their
anti-cancer trait. The GTPase known as K-Ras
facilitates cellular signalling and the stimulation of
cellular  proliferation, growth, survival, and
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differentiation®®. Further, between an active GTP
bound and an inactive GDP bound state, the 4TQ9
protein acts as a molecular switch®’**. Continuous
signalling networks which are related with oncogenic
cellular growth are triggered by mutant K-Ras-GTP*~
! Hence, the inhibition of this protein will aid in the
treatment of the cancer.

To understand the interaction and inhibiting ability
of the novel Cd and Zn complex against G12V
oncogenic mutant of human GTPase K-Ras protein
molecular docking was performed. The 4TQ9 protein
was extracted from RCSB PDB site, which is then
converted into protein.pdb file using Biovia
Discovery Studio software*”. Autodock Tools” in
combination with Autodock Vina* and Autodock
42%% s used to obtain protein.pdbqt and
ligand.pdbqt files. Further, the molecular docking
process employs Autodock Vina software, wherein a
three-dimensional grid box is generated with specified
grid size (X= 94, Y= 98, Z= 100 for Cd complex and
X=94, Y= 88, Z= 104 for Zn complex) and grid centre
(X= -5.667, Y= —-23.389, Z= 46.694 for Cd complex
and X= —4.694, Y= 22528, Z= 44.778 for Zn
complex) is considered. The visualization of the
protein-complex and its 2D interactions are carried
out using Biovia Discovery studio software.

Molecular dynamics simulation

To explore the stability of ligand-protein binding,
researchers conducted a molecular dynamics (MD)
simulation study using the Desmond modules within
the Schrodinger 2020-22 suite’®. The best pose of
docking having highest binding affinity was selected
for the MD simulation. The processed protein-ligand
complex (.pdb) format was utilized in Schrodinger’s

(a) 9 (b)
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protein preparation wizard, water molecules were
removed and to optimize the complex OPLS3 force
field was used.

Further, the energy minimized protein-complex
was solvated using TIP3P water model with single
point charge using orthorhombic box shape boundary
conditions. Then the optimized system was
neutralized using Na" and CI ions. The protein-ligand
complex underwent a 100-nanosecond relaxation
period within a system set at 1 bar pressure and
300 Kelvin temperature using a barostat and
thermostat, respectively. This analysis occurred
within the NPT (number of atoms, constant pressure,
and constant temperature) ensemble. The stability
assessment utilized RMSD (Root Mean Square
Deviation) and RMSF (Root Mean Square
Fluctuation) plots*’*®,

Results and Discussion
Density functional theory analysis

The synthesized Cd and Zn complexes underwent
optimization of molecular geometry employing
density functional theory (DFT), utilizing the B3LYP
correlation functional with a 6-311+G(d,p) basis set
for non-metal atoms and LANL2DZ for metal atoms.
Fig. 1 illustrates the optimized geometric arrangement
of the complexes in their ground state. The absence of
the negative frequencies confirmed the achievement
of the true local minima of the geometry of the
complexes. This optimized structure is further used
for the other theoretical calculations.

Frontier molecular orbital analysis
The molecular orbitals distribution of the two
highest HOMOs and LUMOs of the Cd and Zn

@

Fig. 1 — Optimized molecular structures of (a) Cd and (b) Zn complex, respectively
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Fig. 2 — The molecular orbital profile of Cd complex with an energy level diagram

complexes are plotted to examine the variation in
electron density distribution and hence to determine
the possibility of the molecules to interact with other
reactants. Using the Eyomo and Erymo Vvarious other
global and local properties such as FEpomo-ELumo
energy gap (AE), electron affinity (4), ionization
energy (/), electro negativity (y), global hardness (),
chemical potential («), and global softness (o) were
obtained. These reactive descriptors of the
synthesized metal complexes derived from the
conceptual density functional theory helps us to get
better insight towards the structure, stability, and
global chemical reactivity.

The orbital arrangement of Cd and Zn complexes
are shown in the Fig. 2 and Fig. 3, respectively. It is
observed that for the Cd complex, the molecular
orbitals are highly occupied. In contrast, for the Zn
complex, the orbitals are shown to be uniformly
distributed. The energy differences of 0.4414 eV and
3.7462 eV are observed for a and  molecular orbitals
of the Cd complex, respectively. On the other hand,
the HOMO-LUMO energy gap for alpha (o) and beta
(B) molecular orbitals of the Zn complex are found to
be 0.4860 eV and 3.7345 eV, respectively. The values
of all the molecular parameters of both the complexes

are found to be comparable with each other. The
electron affinities of both the complexes reveal that
they act as electron acceptors, thus they actively take
part in the intramolecular charge transfer (ICT). The
calculated energy values of the molecular orbitals and
the corresponding electronic properties of both
complexes of Zn(II) and Cd(II) are given in the Table 1.

Molecular electrostatic potential (MEP) analysis
The MEP map derived from the electron density
distribution, offers a graphical representation
elucidating potential active sites within molecules.
This visualization aids in comprehending the
molecules' chemical reactivity profiles effectively. In
addition to this, it also revealed the directionality of
the nucleophilic and electrophilic attack. The colour
scheme ranges from —0.08496 a.u. to 0.08496 a.u. and
—0.08547 au. to 0.08547 au. for Cd and Zn
complexes, respectively. The colour scheme used in
the MEP map helps in visualizing the nucleophilic
(negative potential) and electrophilic centers (positive
potential) indicated by red and blue colours,
respectively. The intermediate electrostatic potential
falls in the order: blue > green > yellow > orange >
red, as depicted in Fig. 4, which showcases MEP
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Fig. 3 — The molecular orbital distribution on the Zn complex with an energy level diagram.
Table 1 — Tabulation of the various electronic properties related to Cd and Zn complexes.
Electronic properties Cd complex Zn complex
Alpha spin Beta spin Alpha spin Beta spin
Enomo (€V) -2.9195 —5.9427 —2.9386 —5.9264
Erumo (eV) —2.4781 —2.1965 —2.4526 -2.1919
HOMO-LUMO energy gap (4E) (eV) 0.4414 3.7462 0.4860 3.7345
Ionization energy (/) (eV) 2.9195 5.9427 2.9386 5.9264
Electron affinity (4) (eV) 2.4781 2.1965 2.4526 2.1919
Electronegativity (x) (eV) 2.6988 4.0696 2.6956 4.0591
Chemical potential («) (eV) —2.6988 —4.0696 -2.6956 —4.0591
Global hardness (#) (eV) 0.2207 1.8731 0.2430 1.8672
Global softness (s) (V) 4.5314 0.5339 4.1153 0.5355
Electrophilicity index (w) (eV) 16.5024 4.4209 14.9509 4.4120

maps for both complexes, each with its respective
scale.

Natural bond orbital (NBO) analysis

The NBO analysis helped in examining the nature
and type of the chemical bonds formed, and thus to
understand the stability of the compounds. It also
provided information regarding various kinds of
interactions associated with the compounds such as
inter and intramolecular interactions, delocalization of
electron density, hyper-conjugation, and all possible
interactions between the acceptor and the donor
natural bond orbitals. The greater second-order
stabilization energies (E”) observed in these

complexes suggest a stronger degree of conjugation,
primarily attributed to the significant electron
donation from the donors to the acceptor.

In addition to this, the NBO studies also revealed
the hyper-conjugative interactions formed by the
overlap of orbitals between LP(3)(053) — n*(C51—
N52) and LP*(1)(C20) — =n*(C18-C19) with the
stabilization energies 97.44 and 49.07 kcal/mol,
respectively for Cd complex, and LP(3)(053) —
7*(C51-N52) and LP*(1)(C20) — n*(C18-C19) with
the stabilization energies 121.89 and 49.14 kcal/mol,
respectively for Zn complex, leading to the
stabilization of the complexes because of the
intramolecular charge transfer. The interactions



950 INDIAN J. CHEM., OCTOBER 2024

-8.496¢-2 a.u. [N

(b)

Fig. 4 — MEP plots of (a) Cd and (b) Zn complex

between the lone pair (LP(1) and LP(2)) atoms and
the anti-bonding acceptor (n* and c*) atoms also
contribute towards the stabilization energies of the
complexes. The major interaction energies of possible
intensive interactions are provided in Table 2.

Topology analysis

The strength and nature of chemical bonds were
predicted by the QTAIM studies. The critical points and
bond paths within molecular structures help us think
about the non-covalent contacts present in those
molecules. By analysing these points, we can determine
various properties of these interactions, such as electron
density (p(r)), Laplacian of the electron density (#p(r)),
electron kinetic (G(r)), electronic potential (V(7)),
ellipticity of the electron density (¢(7)) and total energy
densities (H(7)). These calculations were conducted for
both the complexes under study. Further, these
parameters helped in predicting the character of the
chemical bonds formed.

In both the complexes, the p(r) and |V(r)|/ G(r) are
found to be < 1 indicating the non-covalent interactions
to be weak electrostatic in nature. Further, the small
positive values of €(r) and H(r) at the BCPs (N3-HO9....
058 and N3-H9.... O58 for Cd and Zn complexes,
respectively) indicated the electron delocalization at the
particular bonds and the closed-shell interactions
respectively (Fig.5). The QTAIM properties of the
metal complexes are provided in Table 3.

RDG based NCI analysis

The NCI analysis using RDG was conducted to
gain insights into the intramolecular interactions
linked with the metal complexes. There are various

kinds of interactions present in the complexes that are
specified by the colour-filled RDG based iso-surfaces:
strong hydrogen bond interactions are identified by
the blue regions, the green region represents van der
Walls interaction, and the steric interactions are
attributed by the red regions. In addition to this, the
two-dimensional scatter plots were generated to
examine the strength of the non-covalent interactions
exhibited by the complexes.

The 2D scatter plots of the complexes along with
their coloured peaks corroborate the 3D iso surface
plot. For the Cd complex, the blue coloured peaks
observed in the range —0.02 a.u. to —0.05 a.u. indicates
the strong attractive interaction, whereas the red
spikes observed in the range 0.01 a.u. to 0.05 a.u.
indicates the steric repulsion and the green coloured
peak observed at —0.01 a.u. associates with the van
der Waals type of interactions. Further, in the 2D
scatter plot of Zn complex the blue coloured peaks
observed in the region —0.025 au. to 0.05 au.
indicating the strong attractive interactions, whereas,
the red and green coloured peaks were found to be
observed at 0.01 a.u. to 0.05 a.u. and —0.01 a.u. to
0.01 a.u., respectively.

The 3D NCI isosurface and 2D scatter graphs of
both the complexes are shown in the Fig. 5 and Fig. 6
respectively.

ELF analysis

The ELF analysis sheds light on the intricate
connection between a molecule's structure and its
electron density distribution. Utilizing ELF as a
surface analysis tool, we gain insight into the
molecular zones with a heightened probability of
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Table 2 — Tabulation of the interaction energies calculated based on the NBO analysis for both (a) Cd and (b) Zn complexes.
(a)
Type Occupancy Donor atoms (i) Type Occupancy Acceptor atoms (j) E(2) kcal/
mol
LP (3) 0.74935 053 ¥ 0.36686 051 -N52 97.44
LP*(1) 0.58785 C20 w* 0.00671 C18-C19 49.07
LP (3) 0.84661 050 w* 0.36686 051 - N52 46.16
LP (1) 0.84051 N15 LP*(1) 0.58785 C20 38.36
LP (1) 0.60766 C30 w* 0.17649 C28 - C29 36.31
LP (1) 0.60766 C30 * 0.13908 C31-C32 33.23
* 0.12035 C43 - C44 * 0.09564 C41-C42 27.35
w* 0.27709 N3-C4 ¥ 0.12713 C5-C6 26.65
LP (3) 0.82771 S2 LP*(6) 0.25608 Cdl 25.52
LP (3) 0.84012 S38 w* 0.32169 N39 - C40 25.2
n 0.84318 C18-C19 LP*(1) 0.58785 C20 22.56
LP (3) 0.8587 S14 LP*(6) 0.25608 Cdl 21.84
LP (2) 0.93183 050 o* 0.05485 N3 - H9 20.65
b 0.81864 C41-C42 * 0.32169 N39 - C40 19.9
* 0.27709 N3-C4 * 0.12611 C7-C8 19.29
¥ 0.32169 N39- C40 ¥ 0.09564 C41-C42 18.11
LP (3) 0.85726 S26 LP*(6) 0.25608 Cdl 18.09
LP (1) 0.84051 N15 ¥ 0.16837 Cl6-C17 17.63
LP (3) 0.74935 053 o* 0.06424 N52-053 16.51
n 0.83141 C5-C6 * 0.27709 N3-C4 16.33
(b)
Type Occupancy Donor atoms (i) Type Occupancy Acceptor atoms (j) E(2) kcal/
mol
LP (3) 0.7208 053 ¥ 0.3683 051 -N52 121.89
LP*(1) 0.58516 C20 * 0.26461 C18-C19 49.14
LP (3) 0.84665 050 * 0.36883 051 - N52 45.35
LP (1) 0.8391 NI15 LP*(1) 0.58516 C20 38.74
LP (3) 0.72068 053 c* 0.09677 N52-053 37.11
LP (1) 0.61194 C30 ¥ 0.17751 C28-C29 36.93
LP (1) 0.61194 C30 * 0.13729 C31-C32 33.01
LP (3) 0.81966 S2 LP*(6) 0.26892 Zn 1 31.38
LP (3) 0.84762 S14 LP*(6) 0.26892 Zn 1 28.06
w* 0.27445 N3 -C4 * 0.1274 C5-C6 26.87
* 0.1209 C43 - C44 * 0.0954 C41-C42 26.32
LP (3) 0.85071 S26 LP*(6) 0.26892 Znl 23.99
T 0.841 C18-C19 LP*(1) 0.58516 C20 22.92
LP (3) 0.83843 S38 ¥ 0.32135 N39 - C40 21.46
LP (2) 0.93101 050 o* 0.05618 N3 -H9 21.08
LP (3) 0.84762 S14 LP*(9) 0.08828 Znl 20.45
n 0.8163 C41-C42 * 0.32135 N39 - C40 20.04
w* 0.27445 N3 -C4 * 0.12673 C7-C8 19.66
* 0.32135 N39 - C40 * 0.0954 C41-C42 18.1
LP (2) 0.88795 S38 LP*(6) 0.26892 Zn 1 17.93

electron pair occupancy. In the shaded surface maps
of Cd and Zn complexes, the vivid red areas signify
electron localization (with ELF values ranging
between 0.5 and 1.0), while the contrasting blue
regions denote electron delocalization (ELF values <
0.5). This visualization aids in comprehending the
nuanced electron behavior within these complexes®.
The elevated regions present in the ELF-shaded
surface maps depict the localization of electrons

around the hydrogen atom, whereas the blue regions
indicate the electron delocalization around carbon and
nitrogen atoms. The ELF-shaded surface maps with
projections for both complexes are shown in Fig. 7.

ADMET Analysis

The drug-likeness of the novel compounds can be
predicted with the aid of Swiss ADME and pkCSM
online prediction tools. Further, the properties such as
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Table 3 — Various topological properties evaluated at the bond critical points

Compound name Interactions P Bcp G pep V scp Fep BCP H cp NG
Cd complex N3-H9.... 058 0.0126 0.0105 -0.0079 0.0316 0.0522 0.0026 0.7524
Zn complex N3-H9.... 058 0.0120 0.0091 -0.0071 0.0122 0.0445 0.0020 0.7802

RDG (a.u)

(a)

Fig. 5— The 3D NCI isosurface plots of the (a) Cd complex and (b) Zn complex
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metabolism, absorption, excretion, distribution, and
toxicity of the novel Cd complex and Zn complex
were predicted with the help of pkCSM online tool.
The result of this study is shown in Table 4. Both Cd
and Zn complex exhibits a very good human intestinal
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absorption of 96.336%, and 96.384% , respectively. The
ADMET analysis revealed that both the compounds
showed no toxicity and hepato toxicity. The BOILED -
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2.00
1.80
1.60

1.40 Fitgivam
1.20 i

1.00
0.80
0.60
0.40
0.20

0.00

-0.05

-0.04

-0.03

-0.02

0.02

0.03

0.04

0.05

Fig. 7— The ELF shaded surface map of (a) Cd complex and (b) Zn complex with projection.

0.020
0.015
0.010
0.005
0.000
-0.005
-0.010
-0.015
-0.020
-0.025
-0.030
-0.035

are shown in the supplementary Fig. S1.
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Table 4 — Various ADMET properties of the newly synthesized Cd and Zn complexes, obtained using pkCSM online tool.

Property Model name
Absorption Water solubility
(log mol/L)

Caco-2 permeability
(log Papp in 107° cm/s)

Human intestinal absorption (% absorbed)

Skin permeability (log Kp)

P-glycoprotein substrate

P-glycoprotein I inhibitor

P-glycoprotein II inhibitor

Distribution Human VDss (Log L/kg)

Fraction unbound (human) (Fu)

BBB permeability (log BB)

CNS permeability (log PS)

Metabolism CYP2D6 substrate

CYP3A4 substrate

CYP1A2 inhibitor

CYP2C19 inhibitor

CYP2C9 inhibitor

CYP2D6 inhibitor

CYP3A4 inhibitor

Excretion Total clearance (log ml/min/kg)

Renal OCT2 substrate

Compound

Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex

Zn complex

Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex

Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex
Zn complex
Cd complex

Zn complex

Cd complex
Zn complex
Cd complex

Zn complex

Predicted value

-5.321
-5.326
0.985
0.985
96.336
96.384
-2.933
-2.932
Yes
Yes
Yes
Yes
No
No

0.151
0.151
0.467
0.466
—0.049
—0.05
-5.212
-5.212

(contd.)
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Table 4 — Various ADMET properties of the newly synthesized Cd and Zn complexes, obtained using pkCSM online tool.

Model name

AMES toxicity

Property
Toxicity

Maximum tolerated dose (human) (log mg/kg/day)

hERG 1I inhibitor

Oral rat acute toxicity (LD50) (mol/kg)

Oral rat chronic toxicity (LOAEL) (log mg/kg bw/day)

Hepatotoxicity

Skin sensitization

T. Pyriformis toxicity (log ug/L)

Compound Predicted value
Cd complex No
Zn complex No
Cd complex —0.465
Zn complex -0.467
Cd complex No
Zn complex No
Cd complex Yes
Zn complex Yes
Cd complex 2.955
Zn complex 2.949
Cd complex 0.421
Zn complex 0.421
Cd complex No
Zn complex No
Cd complex No
Zn complex No
Cd complex 0.287
Zn complex 0.287

Fig. 8 — Docking pose of (a) Cd and (b) Zn complex against
protein PDB ID: 4TQ9
Molecular docking

The interaction of the novel Cd complex and Zn
complex with the G12V oncogenic mutant of human
GTPase K-Ras protein (PDB ID: 4TQ9) is analyzed
with the aid of molecular docking analysis.

The docking analysis showed the binding score of
Cd and Zn complex was found to be —7.2 kcal/mol
and —7.3 kcal/mol, respectively. The docking poses of
the complexes with the protein is given in Fig. 8. The
2D interaction of the complexes with the protein
revealed that the amino acids of the protein interact
with these complexes through various interactions,
such as hydrogen bond, van der Waals, alkyl, m alkyl,
and carbon hydrogen bond interactions (Fig. 9). The
Cd complex is found to interact with the amino acids
ASP30 (2.23 A), VAL29 (2.84 A) and LYS117 (3.09
A) through conventional hydrogen bond interactions.
Whereas, for the Zn complex the amino acids
LYS117 (4.50 A) and ASP30 (4.61 A) interacted

through positive-positive and attractive charge
interaction respectively. Further, both ASP30 (2.25 A)
and VAL29 (2.86 A) interacts with the Zn complex
via hydrogen bond interactions. The 2D interactions
of molecular docking of the complexes with the
protein moiety are shown in the Fig. 9 (a) and Fig. 9
(b), respectively.

MD simulation analysis

Molecular dynamics provides the insights to see
the adaptability and the conformational changes of
the compound within the biological system by
mimicking the cellular environment and the forces.
In the present study, the protein-complex system
obtained from the molecular docking was subjected
to simulations for a period of 100 ns. Various
parameters of the complex such as root mean
square fluctuation (RMSF), root mean square
deviation (RMSD), protein-ligand contacts, and
other properties related to the complex were
assessed throughout 100 ns.

In addition to this, the free protein (devoid of the
complex) was also exposed to simulations for a
period of 100 ns. The comparison was made between
the simulation trajectories of the free protein and the
protein-complex system. Interestingly, considerable
alterations to the protein’s orientation associated
with the complex were observed. This indicated the
variation in the flexibility of the system in both
cases.
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RMSD analysis

The RMSD plots provide crucial insights into the
stability of the protein-complex conformation over
time. The main aim of the RMSD analysis in
molecular dynamics is to analyze how the
conformation of the protein interacting with the
complex changes over time to ensure the stability of
protein-complex system. The Fig. 10 shows protein-
complex system with free protein RMSD plots. The
total root mean square deviation plot revealed that the
fluctuations of the protein-complex system and free
protein are found to be well below 3A.

The RMSD plots of the protein-Cd complex and
protein Zn-complex system associated with the free
protein is given in the Fig. 10(a) and Fig. 10(b)
respectively. The protein-Zn complex system
exhibited superior binding stability in contrast to
the protein-Cd complex system. The fluctuations of
the protein-Cd system were found to be less
compared to that of the free protein upto 60 ns and

afterwards a slight increase in the fluctuations was
observed.

The RMSD plot of the protein-Zn complex given in
the Fig. 11(b) revealed that the fluctuations of the
protein-Zn complex is less compared to that of the
free protein throughout the simulation time of 100 ns
indicating that the protein-Zn complex is stable
compared to the free protein. This further indicates
that the interaction of the Zn-complex further
stabilizes the protein. Further, the fluctuations are
found to be less.

Root mean square fluctuations (RMSF)

The RMSF plots reveal the fluctuations of the
amino acids during the simulation period and it is
helpful in the determination of the flexibility of them
in the binding site region. The RMSF plot of the free
protein and the protein- Cd (Fig. 11 (a)) and Zn
complex system (Fig.11 (b)) revealed promising
results.
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The RMSF plot of protein associated with the Cd
complex shown in the Fig. 11 (a) revealed that the
fluctuations of the amino acids in contact with that of the
Cd complex and the amino acids are found to be:
ALA156 (5.6 A), ASP157 (4.8 A), PHE167 (1.2 A),
VAL178 (1.0 A), GLU179 (4.28 A), VALI2 (2.74 A),
GLY13(2.33 A), PHE28(1.92 A), SER17 (1.45 A),
LYS117(1.24 A), TYR32(1.15 A), LEU120 (2.02 A),
LYS147 (3.24 A), ILE36 (3.42A) and ALA146 (1.27 A)
ALA156 (0.52 A), ASP157 (0.87 A), PHE167 (0.88 A),
VAL178 (0.45 A), GLU179 (0.53 A), MET180 (0.50
A), GLU181 (0.53 A), SER203 (0.63 A), ASP204 (0.63
A), HIS205 (0.64 A), ILE206 (0.71 A), ARG207 (0.86
A), HIS209 (0.92 A), GLU210 (0.91 A), GLN211 (0.82
A), ARG217 (0.77 A), and PHE221 (0.60 A).

Further, the protein-ligand contact map revealed
the type of interactions with which these amino acids
are interacting with the complex. The protein-Cd
complex systems protein-ligand contact map is shown
in the Fig. 12 (a). The interactions are categorized and

indicated using different colours such as the hydrogen
bond interactions with green, hydrophobic with purple
colour, ionic and water bridges by pink and blue
colour, respectively. The time for which these amino
acids interact with the Cd complex is found to be:
VAL12(1%),  GLY13(4.3%), SER17(16.86%),
ALA18(8.3%), ILE21(12.35%), PHE28(16.3%),
VAL29(8.3%), ASP30(6.3%), LYS117(38.6%), and
LYS147(9.2%) (Fig. 12a).

Further, the fluctuations of the amino acids in
contact with the Zn complex is shown in the
Fig. 11 (b) and the fluctuations of the amino acids are
found to be SER 17 (2.0A), ASN 85 (2.2A), VAL12
(1.2A), GLY13(1.0A), LYS (1.8A), TYR32(2.4A),
ASP24(1.86A), GLN61(1.38A), ALAS86 (2.0 A), and
LEU120 (2.16 A). The type of interactions exhibited
by these amino acids with the complex is found to be:
the hydrogen bond interactions were observed
between the VALI12 (10.4%), GLY13 (13.2%),
TYR32 (21.6%), VAL29 (3.4%), ASP30(4%) and
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GLU31(0.3%) amino acids and the Zn complex. The
amino acids VALI12 (7.2%), ALA18 (10.3%), PHE28
(18.6%), VAL29 (18%), TYR32 (53.7%), PRO34
(22.9%) and LYS117 (20.3%) are found to have
hydrophobic type of interactions. Further, the amino
acids VAL12(0.3%), GLY13 (2.7%), VAL29 (3%),
ASP30 (0.4%), GLU31 (11.1%), and TYR32 (12.2%)
are found to interact with the Zn complex through the
intermediate water molecules (water bridges).
Interestingly LYS117(0.36%)  exhibited ionic
interaction (Fig. 12b).

From the analysis of the RMSD and RMSF plots,
the fluctuations of the amino acids in the protein-Zn
complex was decreased compared to the free protein,
which signifies that the ligand binding has stabilized
the fluctuations of the amino acid side chains.

The radius of gyration (rGyr) is a measure used to
evaluate the stability of a protein in water, calculated
as the common center of mass of the mass-weighted
root-mean-square distance of its constituent atoms.
The first frame is considered a reference (t=0 ns).
Greater stability is indicated by minimal fluctuations
in the L-RMSD trajectory, while the radius of
gyration gauges the ligand's spread and mirrors its
principal moment of inertia. The rGyr indicated that
the Cd complex and Zn complex system reached
equilibrium at about 2.4 A.

The other dynamics properties of the protein-
complex system such as hydrogen bond, MolSA,
SASA and PSA were evaluated. The MolISA, SASA
and PSA of Cd complex ranged between 260.38 to
400 A%, 200 to 380.18 A’ and 25 to 75 A’
respectively and the equilibrium was observed at
around 380.32 A% 31049 A’ and 52.13 A’
respectively. Similarly for Zn complex MOolSA,

SASA and PSA of Cd complex ranged between
260.13 to 412.62 A%, 200.11 to 300.76 A* and 27 to
98 A and the stability was detected at around 296.88
A?,395.49 A% and 50.36 A* (Fig. 13).

Conclusions

The density functional theory was utilized to
conduct geometry optimization for the cadmium and
zinc metal complexes. Following this, an assessment
of their chemical reactivity and molecular
electrostatic potential (MEP) was carried out based on
their molecular geometry. The Euomo-ELumo energy
gap of the alpha and beta spin of both the compounds
were found to be similar with cadmium having
AE value for alpha spin and beta spin to be 0.4414 eV
and 3.7462 eV. And for the zinc complex, the value of
alpha and beta spins are found to be 0.4860 eV and
3.7345 eV. The highest stabilization energies
evaluated for the cadmium and zinc complex
evaluated using the NBO analysis were found to be
97.44 kcal/mol and 121.89 kcal/mol, respectively for
LP(3)(053) — w*(C51-N52). Further, the QTAIM-
based topology study revealed that for both the
complexes p(r) and |V(¥)|/ G(r) are found to be < 1
indicating the non-covalent interactions to be weak
electrostatic in nature. The small positive values of
epsilon and Hermitian evaluated at BCP indicated the
delocalization of electrons and closed-shell
interactions.

The ADMET analysis revealed that both the
cadmium and zinc complexes exhibit no toxicity
character and showed very good human intestinal
absorption values of 96.336 and 96.384%,
respectively. Then both the compounds exhibited a
docking score of —7.2 kcal/mol against 4TQ9 protein.
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The results from the molecular dynamics analysis
indicate that the protein-Zn complex exhibits greater
stability than both the free protein and the protein-Cd
complex. This suggests that both the cadmium and
zinc complexes could serve as promising inhibitors
for the 4TQ9 protein.
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