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Abstract
Schiff base and their metal complexes have a wide range of chemical, biological, and medicinal applications including 
tuberculosis. Multi-drug resistant and extensively drug-resistant tuberculosis indicating the importance of new potent 
agent for tuberculosis. Herein, we report the optimization of some bis-unsymmetric dibasic tetradentate N2O2 oxo-
titanium (IV) Schiff base complexes based on density functional theory. All the compounds were optimized at B3LYP/6-
31G (d) level of theory. Frontier molecular orbital features, thermodynamic properties, dipole moment, electrostatic 
potential were investigated. All the compounds were subjected for molecular docking against beta-lactamase (BlaC) 
protein (3ZHH) to search binding affinity, binding mode(s). Molecular dynamics simulation was performed for the best 
bounded complex (C3) to observe the stability of protein-drug complexes. It was observed that all compounds were 
thermodynamically stable, while the addition of metal oxide increases thethermochemical stability, dipole moment, 
and chemical softness. Molecular docking and non-bonding interactions result disclosed the significant binding and 
interactions of some compounds with the receptor protein. ADMET calculations suggesting, all the compounds are 
non-carcinogenic and safe for biological use. Finally, this study may be helpful to design of new anti-tuberculosis agent.
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1  Introduction

Mycobacterium tuberculosis (MTB) is a type of pathogenic 
bacteria as resulting the infectious diseases of tuberculosis 
(TB) in human [1]. Multidrug-resistant (MDR) and exten-
sively drug resistant (XDR) TB are threatening the treat-
ment of TB [2, 3]. Though different anti-tuberculosis drugs 
are available in the market, MDR-TB and XDR-TB indicating 
the importance of the discovery of new drugs against TB 
[3–5]. Due to the simple synthesis method, coordination 
variety, catalytic, medicinal and biological applications 
Schiff base ligands and their metal complexes achieved 
much attention [6]. Many of the Schiff base metal com-
plexes act as antifungal, antibacterial [7], antiviral [8], 
herbicidal [9], analgesic [10], anti-inflammation [11, 12], 
antioxidant [6, 13], antitumor [14, 15], anticancer [16, 17], 
antitubercular [18–20] agent. Previously, many investiga-
tions have been demonstrated that, Schiff base with aro-
matic and hetarocyclic ring coordinated with transitional 
metals show potential activity against MTB and different 
microorganisms [18, 20–24], suggesting new possible 
candidate to break the resistant of MTB. Synthesis, charac-
terization and biomedical application of our investigated 
ligands and complexes were reported in our previous work 
[25].

In this investigation, we report the optimization and 
beta-lactamase inhibition pathway of some bis-unsym-
metric dibasic tetradentate N2O2 oxotitanium(IV) Schiff 
base complexes utilizing molecular docking calculation 
and dynamics simulation. Thermodynamic energy levels, 
HOMO (highest occupied molecular orbital), LUMO (lowest 
unoccupied molecular orbital), hardness, softness, chemi-
cal potential, electrostatic potential, nonbonding interac-
tions, and pharmacokinetic properties have been studied 
to evaluate their chemical and biological properties.

2 � Methods and computational details

2.1 � Geometry optimization of all Schiff base 
and their metal complexes

Gaussian 09W program package was used to draw and 
optimize all the structures [26]. Quantum mechanical (QM) 
methods have greater attention on the calculation of ther-
modynamic properties, molecular orbital features, dipole 
moment, atomic partial charge, molecular electrostatic 
potential and as well as interpretation of different types 
of interactions [27]. All the compounds were optimized 
using density functional theory (DFT) with Becke’s (B) [28] 
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exchange functional combining Lee, Yang and Parr’s (LYP) 
correlation functional [29] under Pople’s 6-31G (d) basis set 
which has amply been proven to give very good ground 
state geometries [30]. Dipole moment, electronic energy, 
enthalpy, free energy, and electrostatic potential were cal-
culated for all compounds.

Frontier molecular orbital features HOMO, LUMO were 
calculated at the same level of theory. For each of the com-
pounds, HOMO–LUMO gap, hardness (η), softness (S), and 
chemical potential (μ) were calculated from the energies 
of frontier HOMOs and LUMOs as previously reported [31] 
considering Parr and Pearson interpretation [32, 33] of DFT 
and Koopmans theorem [34].

2.2 � Molecular docking analysis

Three-dimensional crystal structure of full-length BlaC 
(beta-lactamase) (PDB id: 3ZHH) was retrieved in PDB for-
mat from the protein data bank [35]. After that, the struc-
ture was prepared by deleting water molecules and add-
ing hydrogen atoms utilizing PyMol (version 1.3) software 
packages, which was subsequently subjected to energy 
minimization using the steepest descent and conjugate 
gradient technique to eliminate bad contacts of protein 
atoms implementation of Swiss-PDB Viewer (version 
4.1.0). To understand the binding mechanism between 
protein–ligand molecules, molecular docking analysis was 
done by using PatchDock web server [36] based on shape 
complimentary principles. Further, the output provided 
by PatchDock is filtered by FireDock [37]. FireDock is an 
important web server that is highly useful in the flexible 
refinement and scoring of protein–protein docking solu-
tions. FireDock functions to optimize the side chain confor-
mations and rigid body orientations and hence provides 
a better refinement. Its user-friendly interface and speed 
of processing drives it amongst the top docking servers 
available. Using UCSF Chimera [38] and Accelrys Discovery 
Studio 4.5 software for the binding patterns analysis of the 
resulting docked complexes.

2.3 � Molecular dynamics simulation

The predictions from molecular docking study was vali-
dated using molecular dynamics simulation by means of 
the YASARA Dynamics software [39]. The AMBER14 force 
field [40] was employed for this study, which is widely 
used to describe a macromolecular system. In addition, 
the transferable intermolecular potential 3 points (TIP3P) 
water model was applied by adding Cl−and/or Na+ ions, 

� =
[�LUMO − �HOMO]

2
; � =

[�LUMO + �HOMO]

2
; S =

1

�

where the total solvent molecules were 52,672 with a 
density of 1.026 gm/cm3. To perform the simulation, the 
periodic boundary condition was incorporated, where 
the box size 80.56 × 80.56 × 80.56 Å3. The minimization of 
initial energy for each simulation system was performed 
by the simulated annealing method, via steepest gradi-
ent approach (5000 cycles). Again, molecular dynamics 
simulations were performed utilizing the PME methods to 
designate long-range electrostatic interactions at a cut off 
distance of 8 Å at physiological conditions (298 K, pH 7.4, 
0.9% NaCl) [41]. A multiple time step algorithms together 
with a simulation time step interval of 2.50 fs was selected 
[42]. Molecular dynamics simulations were performed for 
10 ns long at a constant pressure and Berendsen thermo-
stat, and MD trajectories were saved every 10 ps for further 
analysis.

2.4 � ADMET analysis

Absorption, metabolism and carcinogenicity of all com-
pounds were predicted by utilizing AdmetSAR web server 
[43]. Structure data file and simplified molecular-input 
line-entry system strings were utilized throughout the 
conversion procedure.

3 � Result and discussion

3.1 � Thermodynamic properties

Molecular formula, molecular weight, electronic energy, 
enthalpy, Gibb’s free energy, and dipole moment of all 
compounds were reported in Table 1. The spontaneity of 
a reaction and stability of reaction product can predict 
from Gibb’s free energy, enthalpy, and electronic energy 
[44]. Where free energy plays an important role; greater 
negative values mention improved thermodynamic 
properties. Here, the free energy of all ligands and com-
plexes are found negative which indicate their spontane-
ous binding and interactions [45]. Improved free energy, 
dipole moment, and chemical reactivity were observed 
due to addition of metal oxide. Improved free energies 
were observed for ligand L3 (−1301.696 Hartree) and its 
synthesized complex C3 (−2225.413 Hartree), hence sug-
gesting a more stable configuration and spontaneous 
binding possibility.

In drug design, improved dipole moment can enhance 
hydrogen bond and non-bonded interactions in drug-
receptor complexes which keep an important role to 
increase binding affinity. Polarity of a molecule increase 
with the increase of dipole moment [46]. The largest 
dipole moment was found for ligand L5 (4.437 Debye) 
and complex C1 (6.432 Debye). Therefore, increased dipole 
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moment resulted in increased binding affinity with 3ZHH 
protein.

3.2 � Frontier molecular orbital

The HOMO–LUMO energy gap, hardness (η), softness (S), 
and chemical potential (µ) of all ligands and complexes 
were tabulated in Table 2. The DOS plot and HOMO–LUMO 
energy gap of L3 and C3 are depicted in Figs. 1 and 2. The 
electronic absorption relates to the transition from the 
ground to the first excited state and mainly described by 
one electron excitation from HOMO to LUMO, which also 
help to know about chemical reactivity of the compounds 
[47]. The HOMO–LUMO energy gap significantly influence 
the chemical reactivity. Lower gap describes the high 
chemical reactivity, low kinetic stability [48–50]. Because 
of the addition of metal oxide, reduced energy gap and 
increased chemical reactivity were observed in metal 
complexes. Here, all complexes (except C1) show lower 
HOMO–LUMO gap than the ligands. Among the ligands 
and complexes, L3 and C4 show a lower HOMO–LUMO gap 
and higher softness values respectively. Where, C4 shows 

the highest chemical potential (−3.98 eV) value, which 
may contribute the higher chemical reactivity than others.  

3.3 � Molecular electrostatic potential

Molecular electrostatic potential (MEP) was calculated to 
forecast the reactive sites for electrophilic and nucleophilic 
attack. It also helps to interpret biological recognition pro-
cess and hydrogen bonding interaction [51]. Red colour 
represents a maximum negative area which favourable site 
for electrophilic attack, blue colour indicates the maximum 
positive area which favourable site for nucleophilic attack 
and green colour represent the area of zero potential. MEP 
represent molecular size, shape as well as positive, nega-
tive and neutral electrostatic potential regions simultane-
ously in terms of colour grading [47]. From MEP map, the 
region having the negative potential are over electronega-
tive atom (oxygen atoms) and having positive potential 
are over hydrogen atoms. In ligand, the maximum nega-
tive potentiality is −0.2363 a.u. in L2 (deepest red) for oxy-
gen atoms and the maximum positive region localized on 
the H atoms have value + 0.1742 a.u. (deepest blue) in L4. 
Similarly, for complex, the highest negative value −0.7665 

Table 1   Stoichiometry, molecular weight, electronic energy, enthalpy, Gibb’s free energy in Hartree, and dipole moment (Debye) of all 
ligands and complexes

Name Stoichiometry Molecular weight Electronic energy Enthalpy Gibb’s free energy Dipole moment

L1 C26H22N2O2 394.46  − 1263.52  − 1263.52  − 1263.59 3.64
L2 C25H20N2O2 380.44  − 1224.25  − 1224.23  − 1224.31 0.82
L3 C27H22N2O2 406.47  − 1301.61  − 1301.61  − 1301.69 2.29
L4 C22H20N2O2 344.41  − 1109.93  − 1109.93  − 1110.01 3.09
L5 C23H22N2O3 374.43  − 1224.43  − 1224.43  − 1224.52 4.44
C1 C26H20N2O3Ti 456.35  − 2187.23  − 2187.23  − 2187.31 6.43
C2 C25H18N2O3Ti 442.29  − 2147.94  − 2147.94  − 2148.02 4.55
C3 C27H20N2O3Ti 468.33  − 2225.33  − 2225.33  − 2225.41 3.15
C4 C22H18N2O3Ti 406.26  − 2033.58  − 2033.58  − 2033.65 4.80
C5 C23H20N2O4Ti 436.28  − 2148.15  − 2148.15  − 2148.23 2.49

Table 2   Energy (eV) of HOMOs, 
LUMO, gap, hardness (η), 
softness (S), and chemical 
potential (µ) of all ligands and 
complexes

Name εHOMO− 1 εHOMO εLUMO Gap η S µ

L1  − 5.71  − 5.40  − 1.67 3.73 1.86 0.53  − 3.53
L2  − 5.75  − 5.36  − 1.63 3.73 1.86 0.53  − 3.49
L3  − 5.64  − 5.23  − 1.80 3.44 1.72 0.58  − 3.51
L4  − 5.80  − 5.41  − 1.61 3.80 1.90 0.53  − 3.51
L5  − 5.84  − 5.26  − 1.65 3.61 1.80 0.55  − 3.45
C1  − 5.75  − 5.60  − 2.12 3.48 1.74 0.57  − 3.86
C2  − 5.76  − 5.52  − 2.30 3.23 1.61 0.62  − 3.90
C3  − 5.76  − 5.36  − 2.18 3.17 1.59 0.63  − 3.77
C4  − 5.84  − 5.44  − 2.51 2.93 1.46 0.68  − 3.98
C5  − 5.70  − 5.24  − 2.10 3.14 1.57 0.64  − 3.67
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a.u. in C4 and the highest positive value is + 0.0899 a.u. in 
C3. The MEP surface provides a visual representation of the 
possible reactive site (Fig. 3).

3.4 � Molecular docking analysis, and visualization

The investigation of binding properties of the designed 
compounds as β-lactamase inhibitor is accomplished by 
docking simulation by FireDock. Docking results predict 

that all compounds obtained binding affinity ranging 
from −7.4 to −12.3 kcal/mol. Binding affinities and ligand 
– protein interactions were summarized in Table 3. Among 
the ligands, L1 shows the highest binding affinity, simi-
larly among the metal complexes, C3 exhibits high bind-
ing affinity. In addition, the previous studies proposed 
that all class A β-lactamases hydrolyzed β-lactam sub-
strates through the nucleophilic assault started by Ser84 
residue of the binding site [52]. Although, the other five 

Fig. 1   Chemical structures 
of all ligands and their metal 
complexes
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Fig. 2   DOS plot and HOMO–LUMO energy gap of a L3 and b C3
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neighboring residues of the active site including Lys250, 
Thr251, Thr253, Ser142 and Gly144 make direct hydro-
gen bonding contact with the substrates [53]. In another 
study, it is also disclosed that Ile105 of BlaC acts as a ‘gate-
keeper’ residue that regulates substrate accessibility to 
the enzyme active site [54]. In contrast, molecular dock-
ing study of the designed compounds shows that major 
residues of BlaC active site like Ile105 and Pro274 form 
hydrophobic interactions with the ligands by means of pi-
alkyl bonding. Another important residue Arg220, which 
involved in electrostatic interaction with β-lactamases 
inhibitor, shows pi-cation interactions with L4, C3 and C4 
compounds. Besides, C3 also showed pi-lone pair interac-
tion with Thr237 residue. L2 which forms several amide-pi 
stacked with Thr237, Gly238, and Asp239 residue respec-
tively. These study therefore suggest that the C3 has the 
strong interaction towards the binding site of BlaC (Fig. 4), 
however, whether this compound formed stable complex 
or not, molecular dynamics studies is performed along 
with the free form of BlaC enzyme.

3.5 � Molecular dynamics simulation

In order to understand the binding mechanism, structural 
behavior and flexibility of the ligand molecules with the 
BlaC, we carried out 10 ns of MD simulation for C3 pro-
tein–ligand complex and apo form of protein. Two main 
parameters, Root Mean Square Deviation (RMSD) and 
Root Mean Square Fluctuations (RMSF) were subjected 
throughout the simulations.

According to the Fig. 5a free form of BlaC started the 
simulation at the RMSD value of 0.421 Å at 0 ns and 
reached to the highest peak of 1.21 Å at around 1.79 ns. 

It was then falling down to 0.80 Å at about 4.75 ns and 
again it increases significantly to 1.18 Å at around 5.5 ns 
and then gradually decreases up to 7.7 ns with a value 
of 0.77 Å. With regular fluctuations, it was then finally 
reached to 0.815 Å at 10 ns time.

Although, C3-BlaC complex exhibited an RMSD value 
of 0.43 Å in about 0 ns which is similar to its free form of 
BlaC and are stabled with 0.79 Å peak at around 1.2 ns. 
Afterwards, it gradually increased and reached to the 
highest peak of 1.32 Å at around 4.51 ns. It again main-
tained the stable conformation until 10 ns and finally 
reached 1.09 Å of RMSD value. From the RMSD analysis, 
it clearly revealed that C3-BlaC complex is more flexible 
than its free form of enzyme.

For describing the local changes along the protein 
chain, RMSF (Root Mean Square Fluctuation) is used 
in this study (Fig. 5b). On this plot, peaks demonstrate 
the areas of the protein that fluctuated most in the 
entire simulation period. The overall fluctuations of the 
RMSF of the ligands were found from a range of around 
0.33–3.35 Å throughout the simulation. According to 
the Fig. 5b, it is observed that C3 increases flexibility of 
some residues in the protein. Highest fluctuations are 
observed in the several regions, ranging from 142–145, 
175–180, 210–259, respectively. While, free form BlaC, 
revealed highest fluctuations at 28–54, 110–115 regions 
of the protein.

As a corollary, all analysis from the molecular dynam-
ics simulations suggest that C3-BlaC is more stable than 
its free form of conformation, caused little conforma-
tional changes of protein, by undergoing little move-
ment during the MD simulations (Fig. 6).

Fig. 3   Molecular electrostatic 
potential map of ligands L2, L3, 
L4 and their metal complexes 
(C2, C3, C4)
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3.6 � ADMET analysis

From ADMET calculation (Table 4), all the compounds are 
non-carcinogenic, show positive response for blood–brain 
barrier (BBB) and human intestinal absorption (HIA). They 
are P-glycoprotein non-inhibitor and show III category 
acute oral toxicity, where the inhibition can suppress the 
absorption, permeability and retention of the chemical 
compounds [55]. However, all the compounds show weak 
inhibitory property for the human ether-a-go-go-related 
gene (hERG). Inhibition of hERG can lead to long QT syn-
drome [56]. The rat acute toxicity level of all complexes 
(except C2) is higher resulting higher median lethal dose 
(LD50) than the ligands.

4 � Conclusion

In this investigation, five of the Schiff base ligands and 
their oxotitanium(IV) metal complexes have been stud-
ied to investigate their physicochemical and binding 
affinity with BlaC protein. From physicochemical data, 
complexes show the improved free energy, HOMO–LUMO 
gap, and dipole moment than the ligands due to the addi-
tion of metal oxide. Furthermore, C3 shows the highest 
free energy, binding affinity and remain stable inside 
the binding pocket of BlaC after the dynamic simulation. 
Nonbonding interaction result suggests that following 
residues Ile105, Pro224, Thr237, and Gly238 play a crucial 
role in ligand binding at the active pocket of BlaC. ADMET 
analyses also predict that all the compounds are non-
carcinogenic and safe for oral administration. The above 
results ensure the binding possibility of all compounds 

Table 3   Binding affinity and nonbonding interactions of all com-
pounds after molecular docking with receptor protein 3ZHH

Compound Binding affinity
(kcal/mol)

Residues in 
contact

Interac-
tion 
type

Distance
(Å)

L1  − 10.8 Ile105 PA 4.999
Ile 105 A 5.016
Ile105 Psi 2.251
Pro107 PA 4.553
Glu166 Pa 4.688
Thr237 Plp 2.923

L2  − 9.8 Ile105 PA 4.692
Ile105 A 3.713
Thr237 Aps 4.473
Gly238 Aps 4.430
Gly238 Aps 4.531
Gly238 Aps 4.156
Asp239 Aps 4.531
Asp239 Aps 4.156

L3  − 9.5 Pro274 PA 4.501
Ile105 PA 5.425
Pro167 A 3.927
Arg171 A 4.840
Asp239 Pa 2.811
Asp239 H 2.942
Gly238 Plp 2.959

L4  − 8.6 Ile105 PA 4.633
Ile105 PA 5.207
Thr237 Aps 5.428
Gly238 Aps 5.428
Arg220 PC 4.602
Thr237 H 2.272

L5  − 7.4 Pro274 PA 4.884
Ile105 PA 5.270
Thr237 H 2.698

C1  − 8.1 Tyr129 PA 5.449
Ala218 PA 4.576
Lys219 PA 4.179
Ile105 A 4.731
Pro107 A 4.484
Pro107 A 4.284
Glu276 Pa 4.753
Glu276 Pa 4.223

C2  − 9.3 Pro167 PA 5.143
Pro167 PA 4.892
Pro274 PA 4.811
Arg171 PC 2.377
Gly238 Plp 2.445

C3  − 12.3 Ile105 PA 5.429
Pro274 PA 4.552
Arg220 PC 4.535
Thr237 Plp 2.634

Table 3   (continued)

Compound Binding affinity
(kcal/mol)

Residues in 
contact

Interac-
tion 
type

Distance
(Å)

C4  − 8.0 Ile105 PA 5.397

Ile105 A 4.563

Thr237 Aps 4.718

Gly238 Aps 4.718

Arg220 PC 3.397

Thr237 Plp 2.811
C5  − 8.9 Pro274 PA 4.478

Pro274 PA 4.779
Pro167 PA 5.128
Gly238 Plp 2.840

H conventional hydrogen bond, PC Pi-cation, Pa Pi anion, A Alkyl, PA 
Pi-alkyl, Psi Pi-sigma, Plp Pi lone pair, Aps amide pi stacked
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Fig. 4   a Predicted pose from docking analysis showed the binding orientation map of important amino acids for complex C3, b Hydrogen 
bond interaction (green color), including π–π stacking (pink color)

Fig. 5   a The time series of the RMSD of backbone atoms (C, Cα, and N) for a protein each docked complex, b The structural changes of pro-
tein by means of RMSF analysis. Here, black and red lines denote C3-BlaC complex and apo-Blac respectively

Fig. 6   Conformational changes 
of C3-BlaC complex. Here, 
stick model of ligand of yellow 
color represents the starting 
conformation of the complex, 
while blue color represents the 
conformation of last step in 
10 ns long MD simulation
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at the active site of beta-lactamase. Considering present 
investigation, L1, L2, L3, C2, C3, and C5 can be potent new 
possible candidate for better performance.
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