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Non-covalent interactions have long been an emerging area of research in anticancer drug-DNA binding investigations
since in vivo biomolecules are the primary target sites for all types of drug molecules. This study delves into the interaction
of five promising Co(II)-Schiff base complexes (M;-Ms) with DNA nucleobases, employing a multi-pronged approach to
unveil their anticancer activity and interaction mechanisms. Density functional theory (DFT) provided a deep dive into the
complexes' electronic structures, shedding light on how they interact with DNA nucleobases, their stability within these
interactions, and the overall geometry involved. Further insights were gleaned from analysing frontier molecular orbitals
(FMOs), molecular electrostatic potential (MEP), and non-covalent interactions (NCI) to investigate other important aspects
of Co(II)-Schiff base complexes with the receptor AT/GC base pairs. Moreover, molecular docking simulations predicted
the preferred binding sites and orientations of these complexes with B-DNA dodecamer, offering a realistic picture of their
interactions with DNA in a larger context. Further, we also carried out Absorption, Distribution, Metabolism, Excretion, and
Toxicity (ADMET) studies to analyse the pharmacokinetic and physicochemical properties of the Co(II)-Schiff base
complexes. DFT study suggest that the Complex M; exhibits a strong affinity for both AT and GC base pairs, as indicated
by its high negative interaction energy values of -18.55 kcal/mol for AT and -23.42 kcal/mol for GC.
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complexes offer promising avenues for  great impact on the interacting sites

of any

developing new anticancer agents. Researchers are
constantly designing new '"metallodrugs" with
improved potency and reduced toxicity'. Metals like
Ru, Pd, Rh, and Pt, efc., when combined with the
right donor ligands, can create versatile therapeutic
agents with applications beyond pharmacology, such
as in nanoscience, catalysis, molecular modelling,
analysis of electronic and magnetic properties, efc™.
These efforts are aided by the use of bioactive Schiff
base derivatives, known for their excellent solubility
as well as the capacity to form stable complexes with
various metals, making them valuable tools in
medicinal chemistry research®. Past literature reveals
that Schiff base complexes with variable oxidation
states of metal ions, e.g., Zn™ Cu™, Ni”", Co™, Fe™,
Mn™, and V™ in their structural backbone, have a
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biologically active receptor’. Some reported metal
complexes with Schiff base ligands viz.,, N -(2-
hydroxy-1- naphthylidene)-4-chloroaniline, N -(2-
hydroxybenzylidene)-2,3- dimethylaniline, 2-hydroxy
naphthaldehyde, PDH [N-(1-phenyl-2-hydroxy-2-
phenylethylidine)-2'-hydroxy phenyl imine], HHP (N-
(2-hydroxybenzylidine)-2'-hydroxy phenyl imine),
N-(salicylidene)-2-hydroxyaniline, coumarin-thiazole,
2-methoxyethylamine derivatives, etc. show potential
antibacterial, antituberculosis, anticancer and antitumour
activity””. DNA's unique structure, specifically its
nucleobases, makes it a prime target for new cancer

therapies'®.  Metal complexes, particularly those
containing cobalt, show potential in selectively
interacting with DNA  nucleobases, potentially

disrupting the growth of cancer cells. Cobalt's unique
properties, including its ability to change oxidation states
(redox properties) and adapt its bonding (flexible
valency), make it ideal for designing effective anticancer
agents with minimal impact on healthy cells'""2.
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An extensive array of experimental investigations
has explored the multifaceted characteristics of
Co(II)-Schiff base complexes as potential anticancer
agents. Researchers such as El-Gammal et al.
explored the anticancer efficacy of Ligand L,
synthesized through the reaction between 2-hydrazino-2-
oxo-N-phenylacetamide and 2-acetylpyridine in the
presence of glacial acetic acid, leading to the formation
of its tetrahedral Co(I) complex (M;)". Similarly,
Revathi et al. synthesized a bidentate Schiff base,
Ligand L,, and utilized it to create a square planar
cobalt(Il) complex (M,) via reaction with cobalt(Il)
acetate in methanol'®. Abdel-Rahman e al. further
contributed by synthesizing a nano-sized octahedral
cobalt(Il) complex (Mj3) by combining Schiff base
Ligand L; with cobalt nitrate"”. Building upon this,
Alks et al. characterized an octahedral cobalt(Il)
complex (My) by initially synthesizing Schiff base
Ligand L, through condensation, and adding
CoCl,-6H,0'. Furthermore, Gaber et al. synthesized
and characterized ligand Ls through the reaction
between chromone-3-carbaldehyde and 5-amino-
1,3,4-thiadiazole-2-thiol, subsequently yielding an
octahedral cobalt(Il) complex (Ms) by introducing
CoCl,-6H,0 into an ethanol solution (Table 1A & B)”.
Inspired by these investigations and the diverse
properties reported for these complexes, we were
motivated to delve deeper into the theoretical study of
these Co(II)-Schiff base complexes.
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This comprehensive study mainly focused on
five Co(II)-Schiff base complexes (M;-Ms) and
their potential as anticancer agents. The chosen
Schiff base ligands, including L; to Ls, exhibited
diverse chemical structures and functionalities, as
shown in (Table 1A & B)"*'". The potencies of the
studied Co(II)-Schiff base complexes were evaluated
using the standard ICsy method, which measures
the concentration required for 50% inhibition
(Table 2)"™'". Literature findings underscored the
superior activity of these Co(II)-Schiff base
complexes against cancer cell lines compared to their
respective free ligands. Among them, the tetrahedral
complex M; ([Co(HL,)CI]) displayed the highest
toxicity towards EAC cells”. The square planar
complex M, ([Co(L,),]) demonstrated cytotoxicity
against a broad spectrum of cancer cell lines,
including HeLa (human cervical carcinoma), MCF-7
(human breast carcinoma), HEp2 (human laryngeal
epithelial carcinoma) and, NHDF (normal human
dermal fibroblast)'®. The octahedral complexes M;
([Co(L3)(H20)3]), My ([Co(L4)CI(H,0)2]), and Ms
([CoHLs(CI),(EtOH),]) also exhibited promising
anticancer properties against MCF-7, HCT-116
(human colon), Caco-2 (colon), and HepG2 (liver)
cancer cell lines, respectively'>"".

This study aims to investigate the interaction
between some selected Co(II)-Schiff base anticancer
agents and the nucleobase pairs, the building blocks

Table 1A — Chosen Schiff base ligands

Ligands IUPAC name

L,=HL, (Z2)-2-0x0-2-(phenylamino)-N'-(1-(pyridin-2-yl) ethylidene acetohydrazide
L, 2-(4,6-dimethylpyrimidin-2-ylimino)methyl)-4-nitrophenol
L, 2-[(2-hydroxy-3-methoxy-benzylidene)-amino]-pyridin-3-ol
L, (4- (2-hydroxy-3-methoxy benzylidene)amino)pyrimidine-2-(1H)-on)

Ls=HL; 3-{(5-mercapto-1,3,4-thiadiazol-2-ylimino) methyl}-4H-chromen-4-one

Table 1B — Studied Co(II)-Schiff base complexes
Co(II) Complexes Molecular formula Geometry

M, [Co(HL)CI] Tetrahedral
M, [Co(L,),] Square Planar
M; [Co(L3)(Hy0)3)] Octahedral
My [Co(L4)CI(H,0),] Octahedral
M; [CoHLs(Cl),(EtOH),] Octahedral

Table 2 — ICsy values of Co(Il) Schiff base complexes
ICs, or inhibition rate of the complexes on normal cells
NA

180.51 + 9.74 uM in NHDF cells
NA

1008.73 uM in L-929 cells
NA

Co(IT) complexes ICsp or inhibition rate of the complexes on cancerous cells
M, 164.52 uM in EAC cells
132.11 +£ 10.34 uM in HEp2 cells
M, 139.34 £ 10.47 uM in HeLa
143.45 + 14.99 uM in MCF-7
M 9,280 uM in MCF-7
3 13,730 uM in MCF-7 cells
M, 609.6 uM in Caco-2 cells
M; 38.60 uM against HepG2 cells 9.26 pM in HepG2 cells
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of DNA. The primary objective of this study is to
identify the preferred binding site of the specific
nucleobase pairs with which the drug forms the
strongest, most efficient interaction. By pinpointing
the preferred binding site, one can gain valuable
insights into drug's mechanism of action and
potentially optimizing its effectiveness in targeting
cancer cells. This information can be leveraged to
model an anticancer agent and enhance its efficacy in
selectively targeting cancer cells with limited harm to
healthy tissues. DFT calculations provided insights
into electron density distribution, while Reduced
Electron Density Gradient (RDG) and Visual
Molecular Dynamics (VMD) techniques helped
visualize the preferred non-covalent interaction
regions. In addition, molecular docking simulations
shed light on potential hydrogen bonding and other
weak intermolecular forces at play”’. As an integral
part of drug design processes, in silico ADME
(absorption, distribution, metabolism, and excretion)
pharmacokinetic properties, drug-likeness, medicinal
compatibility, and toxicity profiling were also carried
out for Co(Il)-Schiff base complexes.

Materials and Methods

Density functional theory (DFT), has been used to
analyse the interactions between molecules, to assess
non-covalent interactions, including m-m stacking,
between chosen  Co(II)-Schiff base anticancer
agents (M;-M;) and DNA nucleobases (AT and GC).
The structures were initially constructed using
GaussView5.0, and their optimization was initiated at
the Becke 3-Lee-Yang-Parr (B3LYP) level of DFT with
6-31G basis set using Gaussian09 software*. Further,
join Molecule and Arguslab software packages were
used to generate and visualize all the stacked models™.
The interaction energy for the stacked models of
anticancer drugs and AT/GC base pair complexes can be
calculated using the following equation:

Interaction Energy, (IE) = Exa.gp— Eaa— Egp .. (D

NO,
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Where; Exap, Eaa, Egp are the respective single point
energies of the stacked anticancer agent-base pair
complexes, anticancer agents, and AT/GC base pairs.

Additionally, the analysis included assessments of
non-covalent interaction (NCI) and reduced density
gradient (RDG) in order to examine repulsive and
attractive interactions. The geographical distributions
of electron density in systems with reduced electron
density and gradient values are explained in depth
using NCI analysis. The Multiwfn 3.8 software
package was utilised to perform the studies®. The
Visual Molecular Dynamics (VMD) programme was
used to process the systems being analysed®".

Results and Discussion

Analysis of interaction energies for stacked Co(II)-Schiff base
Complexes with AT/GC base pairs

In this study, Co(II)-Schiff base complexes have
been chosen with strong anticancer activity as they
usually show non-covalent behaviour and n-r stacking
interaction with AT/GC base pairs (Fig. 1); such
molecular interaction is intended only through the
intercalation mechanism within the DNA nucleobases.
For any long-range interaction of DNA nucleobase, the
favourable intermolecular separation typically ranges
from 3.2-3.6A; herein, it is kept at 3.6A while
constructing the Co(II) Schiff base-AT/GC stacked
models. The computed interaction energy results
for the stacked Co(Il)-based Schiff base complexes,
viz,  [Co(HL)CI],  [Co(Lo)],  [Co(Ls)(H:0)5)],
[Co(Lg)CI(H,0),] and [CoHLs(Cl),(EtOH),], with
AT/GC base pairs are displayed in (Table 3).
Energetically, in computational approaches, it is well
known that for any stacked system; the more negative
interaction energy value leads to the more stable
stacked conformation. Hence, the sequence of stability
of the stacked Co(Il)-based Schiff base complexes with
respect to the AT & GC base pairs is shown below:

For AT base pair: Ms<M;<M4<M,<M,
For GC base pair: Ms<M;<M;<M,<M,

Ha 4
C,HO

@Q & i

H,0 op Mz |
OCH, o

Complex M
Complex Me

Fig. 1 — Optimized structures of the Co(II)-Schiff base anticancer agents
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Table 3 — Computed Interaction energies (kcal/mol) for stacked
Co(II)-Schiff base Complexes with AT and GC nucleobases

Co(II)- complexes Interaction energy (kcal/mol)

AT GC
M, -18.55 -23.42
M, -17.40 -21.43
M; -11.97 -16.14
My -13.56 -15.79
M; -6.23 -9.57
From the above sequence of Co(Il)-Schiff

base-AT/GC stacked complexes, tetrahedral M, is
found to be highly favoured and compatible to
bind with both AT & GC base pairs, as it results in
more negative interaction energy values of -18.55 and
-23.42 kcal/mol, respectively, than that of other
Co(II)-Schiff base anticancer agents. Again, for M,,
M; and M, complexes, the GC-stacked system
results in the stacking interaction energy values of
-21.43, -16.14 and -15.79 kcal/mol, which shows that
these complexes give a less favourable stacked
conformation as compared to M;. Almost similar
observations have also seen for AT-stacked systems,
as the computed stacking interaction values are -
17.40, -11.97 and -13.56 kcal/mol, i.e., these
complexes also result in less favoured stacked
conformation than the M;-GC stacked system. In
contrast, the octahedral complex Ms exhibits the most
repulsive and least preferred stacked conformations,
yielding less negative interaction energy values
of -6.23 and -9.57 kcal/mol with respect to AT & GC
base pairs since the octahedral geometry of Ms is
supposed to be overcrowded with bulky groups
attached to the Co(II) ion. Hence, in complex Ms, the
ligand intercalation mechanism takes place through
the planar aromatic ring of the metal complex.
Interestingly, the sequence of stability is greatly
influenced by the molecular structure and geometry of
the individual Schiff base ligands, too. For example,
the stability of the most favoured M; complex
with stacked AT/GC base pairs depends on the ligand
L,; as it intercalates within the DNA nucleobase
through the N-based heterocyclic ring. But, for the
least favoured  Co(II)-Schiff base complex
(Ms),intercalation takes place through the highly
repulsive ligand Ls. The bar graph in Figure 2 clearly
represents the variation in interaction energy values
for the studied Co(Il)-Schiff base complexes and
AT/GC stacked systems.

HOMO-LUMO and Physicochemical analysis
Analysis of frontier molecular orbitals (FMOs) is
widely acknowledged as a highly effective technique

5
-10+

EAT
-15+ uGC

w2
(—]
1

0+ T
M) 2) ]
-6 2
-9.57
-11.9
-13.5
-16.14 -15.79
-17.
18.5

Interaction Energy (kcal/mol)

-21.43

Y
W
1

-23.42
Co(II)-Schiff base anticancer agents

Fig. 2 — Interaction energy plots of Co(Il)-Schiff base anticancer
agents for AT/GC stacked systems

for identifying acceptor-donor interactions, as well as
assessing molecular stability and reactivity. This
approach has been implemented through exploration
of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). A
species nucleophilic or electron-donating inclination
is reflected by its highest occupied molecular orbital
(HOMO), whereas its electrophilic or electron-
accepting inclination is characterised by its lowest
unoccupied molecular orbital (LUMO). A larger
HOMO-LUMO energy gap results in higher
molecular kinetic stability, lower chemical reactivity,
and improved resistance to charge transfer. The
HOMO-LUMO energy gap (Eg,) determines
different chemical reactivity descriptors of the
metal complexes, such as chemical potential (),
chemical hardness (1), chemical softness (S) and
electrophilicity index (w); that can be calculated by
using the following equations*:

1

=3 (Erumo + Enomo) - (2)
1

=3 (Erumo — Enomo) - (3)

Chemical Softness (S) = % - (4)

Chemical Potential, (i)
Chemical Hardness, (1)

2
Electrophilicity index (o) = ‘Z‘—n .. (5)

Literature reveals that the Eg,, can be used to
identify the chemical hardness and softness; a larger
Egap represents a hard molecular complex whereas
soft molecules have a tiny energy gap™. Also, the
chemical potential () is the energy of a system owing
to an electron change; if the p value of a molecule is
high, then it behaves as a strong electron donor,
whereas, a low p value represents a strong electron
acceptor entity. Moreover, the quality of Softness (S)
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is also important in determining the toxicity of any
contaminants present in a molecular system®’.

The computed Eg, and some of the chemical
reactivity parameters for the stacked and unstacked
Co(II)-Schiff base complexes are shown in
(Table 4A-C). It has revealed that amongst all the
selected Co(Il)-metal complexes; M, has a low Eg,,
(0.4435 eV), indicating that it is a soft molecule,
whereas, M, is hard with a large energy gap
(0.9121 eV) as shown in (Fig. 3 and Table 4A).

Hence, we consider that M, shows better kinetic
stability and is chemically less reactive as compared
to other complexes. The chemical potential () value
of a molecule is directly related to the electron donor-
acceptor behaviour of the molecular entity. Herein,
M, has a strong electron acceptor system, while M; is
a strong electron donor with p values of -13.6757 and
-6.9673 eV, respectively. A higher chemical hardness
(n) value indicates greater stability, whereas, a lower
chemical hardness (1) value refers greater reactivity;

Table 4A — Energies Exyomo, ELumo and Eg,, for the studied unstacked Co(IT)-Schiff base complexes

Co(II)-Schiff base complexes ErLumo (eV)
M, -11.5286
M, -13.2197
M; -6.6028
M, -12.7237
M; -13.0173

Eromo (eV) Egap (€V)
-11.9721 0.4435
-14.1318 09121
-7.3317 0.7290
-13.3024 0.5788
-13.9038 0.8865

Table 4B — Chemical reactivity indices (), (1), (s) and (o) for the studied individual Co(II)-Schiff base complexes

Co(II)-Schiff base complexes Chemical Potential (1) Chemical Hardness (1) Softness (s) Electrophilicity index (®)
M, -11.7504 0.2218 4.5093 311.3054
M, -13.6757 0.4560 2.1928 205.0546
M; -6.9673 0.3645 2.7437 66.5920
M, -13.0130 0.2894 3.4557 292.5917
M; -13.4605 0.4433 2.2561 204.3825
Table 4C — Chemical reactivity indices (), (1), (s)and (o) for the minimized stacked Co(II)-Schiff base-AT/GC base pair complexes
Mmll;;lsze?i,i.tgléegoigll;les;hlff Chemical Potential (1) Chemical Hardness (1) Softness (s) Electrophilicity (o)
M,-AT -11.5157 0.3043 3.2858 217.8636
M,;-GC -11.5591 0.3341 2.9928 199.9354
M,-AT -11.4591 0.2360 4.2364 278.1453
M,-GC -11.4630 0.2367 42243 277.5371
M;-AT -5.7669 0.0672 14.8790 247.4158
M;-GC -5.7658 0.0664 15.0620 250.3633
M4-AT -10.7017 0.3325 3.0075 172.2167
M,-GC -10.6992 0.3322 3.0099 172.2789
M;s-AT -10.9783 0.1163 8.5968 518.0530
M;-GC -10.9157 0.0559 17.8838 1065.4493
&
W Wy
J,‘ “ b “; 9
I R ]
J“J “ $ 2
M;-LUMO

M,-LUMO

. i IAE=049121eV
g9
° % ?
M;-HOMO o3 @
' ,%a’\;\ ii

Complex M; 9
M,-HOMO

Complex M,

M;-LUMO

IAE—O 7290eV

M;-HOMO

Complex M3

M4;-HOMO

Ms-HOMO
Complex Ms

Complex M

Fig. 3 — HOMO-LUMO diagrams of Co(II)-Schiff base complexes
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hence, M, is considered as chemically harder or stable
(n= 0.4560 eV) as compared to the other complexes.
Again, the chemical softness (S) is the reciprocal of
chemical hardness (1), which represents the degree of
chemical reactivity of a molecular system; M; is
chemically soft or reactive with a higher S value of
4.5093 eV"' as compared to the other complexes.
Further, for the most favoured M;-GC stacked
complex in (Table 4C), the computed chemical
hardness (1) value is found to be 0.3341 eV; which is
significantly higher than that of the unstacked M, with
n value of 0.2218eV in (Table 4B). Moreover, the 1
value for M; with AT/GC stacked complex ranges
from 0.3043 to 0.3341eV, which indicates the better
stability of M, stacked systems than that of other
anticancer agents as shown in (Table 4B-C). Contrary
to that, M;-AT/GC stacked system exhibits lower
chemical softness (S) value ranges from 2.9928 to
3.2858 ¢V, than that of unstacked M, complex, i.e.,
4.5093 eV, Hence, M, is found to be softer than its
M;-AT/GC stacked molecular complexes. Again, the
computed chemical potential (i) values for the M;-
AT & M;-GC stacked complex is found to be
-11.5157 and -11.5591 eV, respectively, which
reveals its strong electron accepting behaviour; but,
interestingly unstacked M; also shows electron
accepting nature with a negative p value of -11.7504 eV.
Again, M|-AT & GC stacked system has a higher
electrophilicity index (®) ranging from 217.8636 to
199.9354 eV, which refers its electrophilic nature.
Therefore, the computed p and ® values confirms the
chemical stability and electrophilic nature of its
stacked system (Table 4C).

Natural Bond Orbital (NBO) analysis

The NBO approach can determine the level of hyper-
conjugative interactions between an occupied
molecular orbital and adjacent unoccupied orbital to
analyse the intra or intermolecular interactions” . The
stabilization energy (£ (2)) for each donor (i) and

acceptor (j) associated with the delocalization, i and j
are estimated as shown below,

i 2
E®=AE; = q; 2 if'_fe)i .. (6)
Where, q;= donor orbital occupancy, F(i,j)= off-
diagonal NBO Fock matrix element, €;, €;= diagonal
elements.

The NBO analysis has been performed at the
B3LYP/6-31G level in order to calculate the electronic
charge distribution and intermolecular interaction of a
donor-acceptor complex, as well as the extent of
internal charge transfer (ICT) within an anticancer
agent-AT/GC base pair stacked system. The NBO
analysis of the most favoured M;-AT&GC stacked
complexes show nC;37-N3g —LP*(1)Hso(AT) and
LP(2)O43 — 0*H49-Ns5»(GC) electronic transition with
stabilization energies of 28.70 and 17.33 kcal/mol,
respectively, as shown in (Table 5). But, for the
unstacked M; complex the most favoured electronic
charge transition occurs through LP(1) Cys — w*Cps-
C,; transition, i.e. 74.43 kcal/mol. Hence, we observe
the relative changes occur in perturbation energy
values that provide insight into electron donor-acceptor
behaviour and charge transfer processes within the
most favoured M;-AT/GC stacked complex.

Molecular Electrostatic Potential (MEP) analysis

Molecular electrostatic potential (MEP) is a well-
known indicator for the visual comprehension of
physicochemical features viz., molecular size, shape,
electron density, relative polarity, electrophilic-
nucleophilic sites, electrostatic potential regions and
molecular interactions®™. An electron-rich (negative)
region, being the preferred site for an electrophilic
attack is represented by the coloured; whereas electron
deficient (positive) blue-coloured region refers a
nucleophilic attack and electrostatically neutral region
is represented by green colour as displayed in (Fig. 4).
Usually, MEP can be analysed by observing the colour
changes of a molecule; In Figure 4, the colour code of

Table 5 — NBO analysis for the unstacked and stacked M; complex

Donor NBO (i) Acceptor NBO (j) E(2) Kcal/mol E()-E(@) a.u. F(ij) a.u.

Unstacked M, LP(1)Cy 1*Cy5-Cyy 74.43 0.08 0.116
LP(1)N g LP*(6)Coyo 55.85 0.67 0.253

T[C43-N46 TC*N44-C45 18.50 0.29 0.095

M;-AT stacked C;37-N3g LP*(1)Hso 28.70 0.39 0.147
6Cy-Heo LP*(1)Hso 27.37 0.64 0.204

LP*(1)Hso 6*C;7-Heo 7.34 0.32 0.097

M;-GC stacked LP(2)O4 6*Hy9-Ns; 17.33 0.71 0.143
LP(1)O4s 6*Hy9-Ns; 7.02 1.06 0.110

G*N46-H64 G*H49-N52 2.54 0.03 0.033
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0.480e0  -0.362¢0

Complex M,

Complex M3

Complex M5

Fig. 4 — Molecular electrostatic potential (MEP) maps of Co(II)-Schiff base anticancer agents

the map is in the range between-0.480e0 (deepest red)
and 0.480e0 au (deepest blue) for M; complex.
Similarly, -0.362e0 (deepest red) and 0.362¢0 au
(deepest blue) for M,, -0.388¢0 (deepest red) and
0.388e0 a.u (deepest blue) for Ms, -0.363e0 (deepest
red) and 0.363e0 a.u (deepest blue) for M, -0.329¢0
(deepest red) and 0.329¢0 a.u (deepest blue) for Ms
complexes. Hence, from the computed MEP diagrams,
it was observed that all of the metal complexes have an
active electropositive region which is the probable
interacting sites for AT/GC base pairs (Fig. 4).

Non-covalent interaction (NCI) and Virtual molecular
dynamics (VMD) analysis
Non-covalent interaction (NCI) and reduced

density gradient (RDG) analysis provide vital insight

into the molecular interactions which can be used to
characterise weak intermolecular interactions. The
molecular bonding and non-bonding interaction
regions are evaluated by the reduced density gradient
(S), which is represented by using NCI approach as
described by the following equation®’:
2
§=—1 [zl (D)
2(3n2)3  p(r)3

Again, the Multiwfn and VMD programs were
used to display the relevant coloured RDG scatter
diagrams and 3D isosurfaces; where blue and red
colour represents attractive and repulsive forces,
respectively’””'. We can explore more about the
nature and potency of molecular interactions by
quantifying the electron density of the sign A,p peaks
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concerning RDG; where A,p> 0 denotes a repulsive
non-bonded interaction and A,p< 0 refers repulsive
bonding interaction’’. The isosurface ranges
between -0.035-0.020 a.u and the NCI studies were
conducted at an isosurface value of 0.5 a.u. For each

Co(I) Schiff base-AT/GC stacked complexes, there

20 0.020
1.8 0.015
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35 0.000
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observed strong intermolecular interactions, where
RDG points were plotted against electron density
multiplied by the sign of second eigen value
(sign(A,)p) and NCI plot as shown in (Fig. 5). The
NCI plots of Co(Il) Schiff base-AT/GC stacked
complexes were represented by the isosurfaces using
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Fig. 5 — RDG scatter plots (left) and VMD plots (right) of stacked Co(II)-Schiff base-AT/GC base pair complexes (Contd.)
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Fig. 5 — RDG scatter plots (left) and VMD plots (right) of stacked Co(II)-Schiff base-AT/GC base pair complexes

colour codes in real space; the blue-coloured
isosurfaces on the left sides of the diagram depict the
H-bonding interaction, whereas, the weak non-
covalent molecular interactions are represented by the
green colour. But, the red-coloured isosurface on the
extreme right denotes the steric effect which results in
strong repulsive forces exerted on the stacked
complexes. The overall NCI plots of M,, My and M;
complexes with GC-stacked systems were highly
predominated over the AT-stacked systems. But
interestingly, M;-AT stacked complex shows stronger
van der Waals interaction than that of the stacked GC
complex. It is noteworthy that M,; is the only

anticancer agent, where both M;-AT & M,;-GC
stacked systems showed consistent van der Waals
interaction. In addition, the VMD analysis shows the
possible interacting region within a stacked molecular
complex which are usually represented by green
colour patches as shown in (Fig. 5). Therefore,
RDG and VMD diagrams clearly illustrated the
probable van der Waals interaction sites in all the
stacked systems.

Molecular Docking analysis

Molecular docking and ligand activity analysis in
drug-receptor molecular complexes are usually
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influenced by electrostatic, hydrophobic and hydrogen
bonding interaction™*. For the mechanistic
investigation of metal complexes and DNA
nucleobases, the selected molecular complexes were
prepared by using AutoDockTools v1.5.6 tool; further
simulation and other calculations were done by
AutoDock vina (The Scripps Research Institute, La
Jolla, CA, USA)35 . Herein, the molecular docking
analysis of the selected Co(Il)-Schiff base complexes
with DNA duplex of sequence d(CGCGAATTCGCG),
dodecamer were carried out to preliminary forecast the
binding sites and preferred orientation of sterically
acceptable complex. The crystal structure of B-DNA
dodecamer was obtained from the Protein Data Bank
(PDB ID: 7RQT). Using AutoDock technologies, the
heteroatoms around the duplex were first removed and
then polar hydrogen atoms and Kollman united atom-
type charges were added to the receptor molecule. The
AD4 parameters for Co(Il))-Schiff base complexes
were set and all other settings were kept at default. The
Grid box size and position were set in such a way that
the entire dodecamer structure fell inside the grid box.
After molecular docking, the complex was visualized
in LigPlot+ and the optimal configuration was selected
with the least amount of connection energy as a result.
Molecular docking study reveals that the complex,
M, forms two H-bonds with the nitrogen at position-2
of the dGMP (10A) and dGMP (16B) with a bond
length of 3.12 and 2.85A, respectively (Fig. 6A-B).
Another H-bond is formed with oxygen at
position-2 of the dCMP (11A position) with a bond
length of 3.21A. Additionally, there also exists weak
van der Waals interactions with surrounding
dGMP (12A position), dAMP (18B position), dCMP
(9A position) and dAMP (17B position) as shown in
(Table 6). Similarly, M, forms one H-bond with
Nitrogen at position-2 of the dGMP (4A position)
with bond length of 3.26A and other weak
interactions with surrounding dCMP (21B position),
dAMP (6A position), dTMP (7A position), dCMP
(3A position), dAMP (5A position), dGMP (22B
position) and dCMP (23B position). Complex M;
forms two H-bonds with nitrogen at position-2 & 3,
having bond lengths 3.04 and 2.98A and forms
another H-bond with Oxygen at position-4 of the
dGMP (4A position). Moreover, it forms two
additional H-bonds with Nitrogen at position-2
of the dGMP (22B position) with bond lengths 2.89
and 3.13A. Complex My forms one H-bond with
Nitrogen at position-2 of the dGMP (22B position)

and other weak interactions with dCMP (21B), dGMP
(4A), dTMP (7A), dAMP (6A), dCMP (23B) and
dAMP (5A); whereas, M is the only anticancer agent
among all the Co(Il)-Schiff base agents which does
not form any H-bond with DNA nucleobase; but
shows other weak interactions with dAMP (6A
position), dCMP (21B position), dGMP (4A position),
dGMP (22B position), dCMP (23B position) and
dGMP (24B position), respectively, as depicted in
(Fig. 6A & B & Table 6).

It has been observed that -8.32 kcal/mol energy is
released upon binding of M; to the binding pocket of
B-DNA dodecamer. The optimum pose, having a
binding energy of -8.32 kcal/mol was chosen out of
the 9 poses generated for the M; complex. Similarly,
-8.13 kcal/mol was chosen for M, complex,
-8.21 kcal/mol for M; complex, -7.14 kcal/mol for My
complex, and -6.42 kcal/mol for Ms complex as
shown in (Table 6 & Fig. 6C). The LigPlot+ of the
interaction, RasMOL diagram and docked position of
Co(II)-Schiff base complexes in B-DNA dodecamer
has been shown in (Fig. 6A-C).Based on the above
analysis, M;-B-DNA dodecamer appears to be the
most stable complex with a binding energy of
-8.32 kcal/mol. Hence, the sequence of stability of the
Co(Il)-based Schiff base complexes with respect to
docking binding score is shown below:

M5 <My <M, < M;3;<M;

ADMET screening

ADMET (absorption, distribution, metabolism,
excretion, and toxicity) profiles of the chosen Co(Il)-
Schiff base complexes were evaluated using tools like
SwissADME and STopTox™®. This in silico analysis
provided insights into their pharmacokinetics, drug-
likeness, and potential toxicity, including specific
risks like skin irritation, inhalation toxicity, and acute
dermal toxicity’™*®. This comprehensive assessment
helps to identify potential safety concerns early in the
drug development process. The bioavailability of a
drug following oral administration greatly depends on
its absorption within the intestine, which is a critical
pharmacokinetic process™ . Based on the results of the
pharmacokinetics evaluation of the complexes
presented in (Table 7A), most of the studied
anticancer agents, excluding M, and M;, displayed
favourable intestinal absorption, suggesting good oral
bioavailability. They exhibited diverse blood-brain
barrier permeability, indicating potential interaction
with P-glycoprotein and impacting their brain
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Fig. 6 — (A) The LigPlots of the interaction between Co(II)-Schiff base complexes and B-DNA dodecamer (Contd.)
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Fig. 6 — (B) RasMOL diagram showing the interaction of Co(II)-Schiff base complexes with B-DNA dodecamer; and (C) The docked
position of Co(II)-Schiff base complexes in B-DNA dodecamer
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Table 6— DNA docking data for Co(Il) Schiff base complexes
Co(II) complexes DNA residue H-Bond distance (A)  Other weak interactions  Total binding energy (kcal/mol) ~ Groove

M, dgMP16(B) 3.12 dgMPI12(A) -8.32 Minor
dcMP11(A) 3.21 daMP18(B)
dgMP10(A) 2.85 dcMPY(A)
daMP17(B)
M, dgMP4(A) 3.26 dtMP7(A) 8.13 Minor
daMP6(A)
dcMP21(B)
dcMP3(A)
daMP5(A)
dcMP23(B)
dgMP22(B)
M; dgMP4(A) 2.91 dcMP3(A) -8.21 Minor
2.98 dgMP24(B)
3.04
dgMP22(B) 2.89
3.13
dcMP23(B) 3.01
M, dgMP22(B) 3.34 decMP21(B) -7.14 Minor
dgMP4(A)
dtMP7(A)
daMP6(A)
dcMP23(B)
daMP5(A)
Ms e No H-bonding daMP6(A) -6.42 Minor
dcMP21(B)
dgMP4(A)
dgMP22(B)
dcMP23(B)
dgMP24(B)

Table 7A — Generated pharmacokinetic properties of the Co(II)-Schiff base complexes under study via SwissADME
Pharmacokinetic Properties

Complexes GI Blood Brain  Pgp- CYP1A2 CYP2C19 CYP2C9 CYP2D6  CYP3A4 Log K,
(Gastro  Barrier (BBB) Substrat  inhibitor inhibitor inhibitor inhibitor inhibitor (skin
intestinal & Blood- e permeation)
absorption) Placenta (cm/s)
Barrier (BPB)

M, High No Yes No Yes No No No -6.13

M, Low No Yes No Yes Yes No Yes -6.82

M; High No Yes Yes No No No Yes -7.94

M, High No Yes Yes No No No No -8.17

M; Low No Yes Yes Yes No Yes Yes -6.17

Table 7B — Generated druglikeness and medicinal properties of the complexes under study via SwissADME
Druglikeness Medicinal chemistry
Complexes  LIPINSKI GHOSE VEBER EGAN MUGGE  Bioavailability PAINS  Synthetic
Score Accessibility

M, Yes; 0 violation Yes; 0 violation Yes; 0 violation Yes; 0 violation Yes; 0 violation 0.55 0 alert 443

M, No; 2 violations: No; 2 No; 1 No; 1 No; 2 0.17 0 alert 5.49
MW>500, violations: violation: violation: violations:
NorO>10 MW>480, TPSA>140 TPSA>131.6 MW=>600,
MR>130 TPSA>150

M; Yes; Yes; Yes; Yes; Yes; 0.55 0 alert 3.89
0 violation 0 violation 0 violation 0 violation 0 violation

My Yes; Yes; Yes; Yes; Yes; 0.55 0 alert 4.08
0 violation 0 violation 0 violation 0 violation 0 violation

M; Yes; 1 violation: No; 1 violation: No; 1 violation:  No; 1 violation: No; 1 violation: 0.11 0 alert 4.30
MW>500 MW>480 TPSA>140 TPSA>131.6 TPSA>150

(Contd.)
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Table 7C— Generated Toxicity profiles of the complexes under study via STopTox (Contd.)
Toxicity parameters using STopTox

Complexes Acute Inhalation Toxicity Acute Dermal Toxicity
M, Non-Toxic (-) Non-Toxic (-)
M, Non-Toxic (-) Non-Toxic (-)
M; Non-Toxic (-) Non-Toxic (-)
M, Non-Toxic (-) Non-Toxic (-)
M; Non-Toxic (-) Non-Toxic (-)

Skin Sensitization
Non-Sensitizer (-)
Sensitizer (+)
Non-Sensitizer (-)
Non-Sensitizer (-)
Non-Sensitizer (-)

Skin Irritation and Corrosion
Negative (-)
Negative (-)
Negative (-)
Negative (-)
Negative (-)

accessibility. In terms of metabolism, complexes M,
and M, act as substrates for CYP1A2, while M; and My
target CYP2C19. M,, M3, and M, act on both CYP2C9
and CYP2D6, potentially affecting drug interactions.
Additionally, M; and M, target CYP3A4, while other
complexes inhibit their respective isoforms as shown in
(Table 7A). All complexes demonstrated moderate skin
permeability, highlighting their limited penetration
potential. This combined analysis provides valuable
insights into their pharmacokinetic behaviour and
potential drug interactions. Moreover, in silico
analyses revealed moderate skin permeation of the
studied anticancer agents, as evidenced by Log K,
values ranging from -6.13 to -8.17 cm/s. Notably, a
more negative Log K, signifies diminished skin
permeability.

Again, the physicochemical properties play a
crucial role in  drug-likeness  assessment
methodologies, which include the "Rule of Five"
(Ro5), Veber rules, Egan's criteria, and the Ghose
filter*”**. Most Co(II) complexes, except M, and Ms,
passed key drug-likeness filters like "Rule of Five"
and Veber rules, suggesting good oral bioavailability.
Again, the Bioavailability Score predicts a
compound's likelihood of having bioavailability over
10% in rats or measurable Caco-2 permeability.
Passing Lipinski's rule-of-five grants a favourable
pharmacokinetic Bioavailability Score of 0.55, while
failing assigns a score of 0.11%. Most of the Co(II)
complexes had a bioavailability Score of 0.55,
signifying good pharmacokinetic potential; while
complexes M, and M;s scored lower (0.11 and 0.17),
implying limited oral absorption potential (Table 7B).
Fortunately, all studied Co(Il) complexes passed the
PAINS (Pan Assay Interference compounds) analysis,
indicating the absence of problematic structures that
interfere with various assays regardless of the target™.
Additionally, their Synthetic Accessibility (SA)
Scores (3.89 - 5.49) fell within the ideal range (1-10),
suggesting feasible synthesis (Table 7B). However, the
toxicity profile showed no concerns for most of the
complexes, except M,, which exhibited indications of
skin sensitization as depicted in (Table 7C).

Conclusion

Among the studied Co(II)-Schiff base complexes,
Complex M, demonstrates a strong preference for
binding to both AT and GC base pairs, evident from
its significantly negative interaction energy of -18.55
and -23.42 kcal/mol, respectively. Conversely,
Complex M5 exhibits the weakest interaction with the
least negative interaction energies. Significantly, all
complexes exhibited a preference for GC base pairs,
suggesting targeted interaction potential. HOMO-
LUMO analysis provided valuable physicochemical
information like chemical potential, hardness,
softness, and electrophilicity. Additionally, MEP
diagrams revealed the active sites of these complexes.
NBO analysis uncovered differences in electronic
transitions between unstacked and stacked models,
offering deeper insights into their behaviour.
Furthermore, NCI and VMD analyses confirmed
predicted electron density shifts, interaction sites, and
binding modes for the preferred stacked models,
validating prior computational studies. Molecular
docking studies confirmed H-bonding and other weak
interactions with B-DNA dodecamer, with M,
exhibiting the most stable binding and highest
docking score. In addition, ADMET screening
ensured both safety and efficacy by evaluating the
pharmacokinetics, bioavailability, toxicity,
metabolism, and potential interactions.
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