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ABSTRACT
Deposition of hydroxyapatite (HA) or alkaline phosphate crystals on soft tissues causes the pathological
calcification diseases comprising of end-stage osteoarthritis (OA), ankylosing spondylitis (AS), medial artery
calcification and tumour calcification. The pathological calcification is symbolised by increased concentra-
tion of tissue non-specific alkaline phosphatase (TNAP). An efficient therapeutic strategy to eradicate these
diseases is required, and for this the alkaline phosphatase inhibitors can play a potential role. In this con-
text a series of novel quinolinyl iminothiazolines was synthesised and evaluated for alkaline phosphatase
inhibition potential. All the compounds were subjected to DFT studies where N-benzamide quinolinyl imi-
nothiazoline (6g), N-dichlorobenzamide quinolinyl iminothiazoline (6i) and N-nitrobenzamide quinolinyl
iminothiazoline (6j) were found as the most reactive compounds. Then during the in-vitro testing, the
compound N-benzamide quinolinyl iminothiazoline (6g) exhibited the maximum alkaline phosphatase
inhibitory effect (IC50 ¼ 0.337±0.015mM) as compared to other analogues and standard KH2PO4 (IC50 ¼
5.245±0.477mM). The results were supported by the molecular docking studies, molecular dynamics simu-
lations and kinetic analysis which also revealed the inhibitory potential of compound N-benzamide quino-
linyl iminothiazoline (6g) against alkaline phosphatase. This compound can be act as lead molecule for
the synthesis of more effective inhibitors and can be suggested to test at the molecular level.
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Introduction

Alkaline phosphatases (APs) are metalloenzymes that contain
nucleotide metabolising enzymes1. These APs are abundantly
found in nature, including humans and bacteria2. These enzymes
play a crucial role in catalysing the hydrolytic dephosphorylation
of nucleotides into nucleosides3. Moreover, they are significantly
involved in various signalling pathways, including cell signalling
via the production of nucleoside from adenine monophosphate
(AMP)4, the maturation pathways of adipocytes and osteoblasts5,
and purinergic cell signalling pathway6. These are important play-
ers in the adipogenesis process7. Tissue non-specific alkaline phos-
phatase (TNAP) is one of four types of APs, and the other three
are tissue-specific enzymes, including germ cell alkaline phosphat-
ase (GCAP), placental alkaline phosphatase (PLAP), and intestinal
alkaline phosphatase (IAP)8. The IAP is localised to the duodenum,
a part of the gastrointestinal tract, and is an important drug target
for inflammatory bowel disease and drug-associated diarrhea9.
The overexpression of TNAP is associated with different diseases
including various cancers and associated neurodegenerative dis-
eases and complications10. Conclusively, aberrant expression of
serum AP levels could result in severe malignancies and bone dis-
orders. Furthermore, the enhanced concentration of alkaline phos-
phatase in tissues causes calcific diseases11 and these calcific
diseases have effects on both skeletal (joints and bones) and non-
skeletal tissues2. It also include ankylosing spondylitis (AS) in liga-
ments or tendons, pathological calcifications causing end-stage
osteoarthritis (OA) in joint cartilage, medial artery calcification in
the tunica media, or tumour calcification (i.e. in breast cancer)12.
These diseases are relatively complex and multi-factorial as most
of them are age associated diseases. Since most of these diseases
promote inflammatory responses, the administration of anti-
inflammatory drugs has been considered effective strategy to
relieve pain in patients. The healthcare management has recom-
mended anti-TNF drugs like adalimumab13, etanercept14 and
infliximab15,16 for better quality of patients’ life. Although anti-
inflammatory drugs are being used to reduce pain but these
drugs do not cure and reduce calcification for patients. Now a
days, attention has been dedicated to the development of drugs
directly targeting the calcification process17,18. Calcification is

accelerated by augmented expression of tissue non-specific alka-
line phosphatase (TNAP) in cells with mineral competency. While
the TNAP inhibitors reduce the calcification process and hence
diseases associated with calcification can be avoided17.

In the quest for safe drug therapy, researchers are striving for
development of novel and specific medication for APs associated
malignancies. Among various heterocyclic compounds, the quin-
olone and thiazolines possessed a wide range of biological and
pharmacological activities including anti-cancer, anti-fungal, anal-
gesic, antihypertensive and antibiotic activities. Specifically, quin-
oline has displayed an broad spectrum of biological applications
such as anti-fungal, antimalarial, anticonvulsant, analgesic, anti-
bacterial, cardiotonic anthelmintic, and anti-inflammatory activ-
ities19. Several pharmacologically active substances and natural
products (Cinchona Alkaloids) possess quinoline nucleus20. The
most famous quinoline based drug chloroquine I (Figure 1)
resulted in eradication and control of malaria for the decades. This
type of drugs influence parasite’s life cycle during blood stages21.

The second class of compounds i.e. thiazoline moiety also pos-
sesses various pharmacological and therapeutic applications in the
drug industries. These derivatives exhibit anti-allergic22, anti-
biotic23, anticonvulsant II24,25, antifungal III26, antihypertensive27,
anti-HIV IV28, anti-inflammatory28, antimalarial, antipyretic, anti-
rheumatic, antitumor29, analgesic30 and cytotoxic activities31.
3-Methylthiazolidine is appreciated for the inhibition of indole eth-
ylamine N-methyltransferase (INMT)32 and beneficial for treatment
of schizophrenia33. Bayer CropScience developed commercially
available iminothiazoline insecticide Thiacloprid34. Moreover, 2-
imino-3-(benzoylmethyl)thiazolidine is used to protect from c-radi-
ation35. Likewise, hydroxy thiazole carboxylate II was stated for
the inhibition of HIF-a prolyl hydroxylase while PS-028 is selective
GPIIb/IIIa antagonist36,37. Significantly, 2-Imino-1,3-thiazoline scaf-
folds V impede production of melanin in dose-dependent style,
thus acting as whitening agent of skin38. Pifithrin-a VI is recog-
nised iminothiazoline reversible inhibitor of p53-dependant gene
transcription and p53-mediated apoptosis39. Thiazolines exhibit
interesting applications such as insecticides, acaricides, and plant
growth regulators in agriculture40. It also found in the natural
products like mirabazoles, tantazoles and thiangazole, which show
anti-HIV and anticancer activities41.

Figure 1. Structures of biologically active quinoline and thiazolines.
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The compounds with iminothiazoline moiety also exhibited alka-
line phosphatase inhibition activity41. In accordance with the signifi-
cance of quinoline and iminothiazoline structural components, we
have designed and synthesised quinoline based iminothiazoline
with multiple point structural diversity to be evaluated reactive mol-
ecules with effective alkaline phosphatase inhibition potential which
was supported by molecular docking and kinetic studies.

Experimental

General methodology

Utilising silica gel plates with pre-applied aluminium coatings, the
compounds’ Rf-values were calculated. Using the open capillary
method and the Gallenkamp melting point equipment, the melt-
ing points were calculated (MP-D). The IR analysis was carried out
using the Bruker FT-IR Bio–Rad-Excalibur Series Mode No. FTS
300MX spectrometer. When recording the 1H NMR and 13C NMR
spectra with a Bruker 300MHz NMR spectrometer in deuterated
DMSO and CDCl3 solutions, tetra-methyl silane (TMS) was
employed as an internal reference. For HPLC-MS analysis, an
Agilent 1200 series LC system was employed, and elemental anal-
yses were conducted using an LECO-183 CHNS analyser.

General method for the synthesis of (E)-N-(4-(4-bromophenyl)-3-
(quinolin-3-yl)thiazol-2(3H)-ylidene)alkyl/arylamide 6(a–j)

Potassium thiocyanate (1mmol) was added in dry acetone (15ml)
in two necks round bottom flask fitted with reflux condenser and
stirred for 5min. The acetone solution of suitably substituted acid
chlorides (1mmol) was added dropwise to dissolve the potassium
thiocyanate with stirring. The resulting mixture was heated to
reflux the temperature for time of 3–4 h to afford the isothiocyan-
ate. After cooling, an acetone solution of 3-aminoquinoline
(1mmol) was introduced dropwise and temperature of resulting
solution was kept 60 �C for 12–14 h to afford the acyl thioureas on
addition with ice cooled water. The resultant product was purified
by recrystallization in acetone or ethanol.

In the round-bottom flask with 15ml of dry dichloromethane
and triethyl amine, acyl thioureas (1mmol) was added (1mmol).
With an addition funnel, p-bromophenacyl bromide (1mmol) solu-
tion in dichloromethane was dropped into this mixture over the
course of 30min. To produce the quinolinyl-iminothiazolines 6(a–
j), the reaction mixture was heated to 50 �C for 24 h under a nitro-
gen environment. The solution was filtered, and solvent was
extracted using a rotary evaporator when the reaction was com-
pleted. The completion of reaction was determined by thin layer
chromatography (TLC). The solid products underwent recrystalliza-
tion in ethanol for purification. The supplementary file contains
the comprehensive characterisation information.

Density functional theory calculations (DFT)

The structural geometries of synthesised derivatives were opti-
mised and frequency calculations42 were performed using
Gaussian 09W program43. Initially, structures were prepared in
required format of sybyl mol2 format using Chem 3D Pro44,45. The
files were loaded into the system and calculations were performed
using B3LYP functional correlation and STO-3G basis set46. STO-3G
basis set belongs to slater and Gaussian type orbitals with
enhanced number of functions which ensure rapid convergence
and ensure reduced computational cost. These sets are often used
to produce accurate assumptions on mono and diatomic

systems47. It is single zeta type basis set48 which provide 1s func-
tion for first row elements, and two 2s and one p(px, py, pz) func-
tion for second and third row elements [2s1p]49–51. STO-3G basis
set is widely used for many elements of periodic table with good
precision. The analysed structures were evaluated for frontier
molecular orbitals52, HOMO/LUMO energy gap, chemical hardness
and softness of derivatives53. The optimised files were visualised
using Gauss View 6.054.

Alkaline phosphatase inhibition assay and kinetic mechanism
analysis

The inhibitory activity of calf intestinal alkaline phosphatase was
evaluated using spectrophotometric assay as previously reported
in our studies55,56. In addition, Kinetic mechanism analysis was
conducted to determine the mechanism of inhibition. The most
potent molecule was selected on the basis of IC50 in order investi-
gate the competitive or non-competitive enzyme inhibition by fol-
lowing our previously reported method57. The detailed procedure
for alkaline phosphate inhibition assay and kinetic mechanism
analysis is given in supplementary file.

Molecular docking

The molecular docking procedure was then carried out using the
optimised structures derived from DFT investigations. For the pur-
pose of predicting interactions of derivatives inside the protein’s
active pocket, the Molecular Operating Environment (MOE)
2015.10 was used58.

Initially, 3 dimensional crystallographic structure of alkaline
phosphatase was retrieved form protein data bank (www.rcsb.
com; PDB ID: 1alk). After retrieving 3D crystallographic structure of
target, preparation of protein is important step to proceed for
molecular docking. To begin, protein was dealt with the energy
minimisation stage. Then, the atomic charges must always be
adjusted, followed by the adaptation of the potential energy.
Additionally, crucial characteristics were regulated using the
MMFF94x force field including incorporation of polar hydrogens
and removal of hetero atoms59. Second, the site finder was imple-
mented to the protein structure, followed by the creation of
spheres at selected residues of active pocket. Finally, the ligand
library was exported in necessary format (MDB) and docked at
selected residues. Total 100 poses were selected to represent the
complex’s most stable configuration. To rank interaction efficiency,
the scoring energy values were computed using the London dG
scoring function, which was refined twice using triangular Matcher
methods. Additionally, critical interaction data such as ligand
receptor interactions and the amino-acid backbone involved, bind-
ing energy and kind of interaction were saved when the process
was completed60. The docking protocol was validated by redock-
ing co-crystal ligand and RMSD of produced pose was compared
to native pose of the ligand. The RMSD value less than 2 ang-
stroms validated the docking protocol. The visualisation of 3D and
2D poses of tope ranked conformation was retrieved form
PyMOL61 and LigPlot plus62 respectively.

Molecular dynamics (MD) simulations

Molecular dynamics simulation is inevitable to integrate the
motion equation of atoms with respect to the reference frame63.
Desmond software was used to simulate the protein–ligand com-
plex for 100 ns in the TIP3P solvent model. The optimised
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potential for liquid simulations (OPLS3) forcefield64 was used to
simulate the complex under PBC (periodic boundary conditions).
The orthorhombic solvation box was used to solvate the system
with TIP3P water molecules. The counter ions (NaCl) were incorpo-
rated at a concentration of 0.15M for neutralisation purposes. The
initial energy minimisation was carried out for 2000 steps using
the steepest descent method to omit any steric clashes. At 300 K
and 1.01 bar pressure, the system was adjusted in an isothermal
and isobaric (NPT) ensemble. A cut-off distance of 10 angstroms
was used to take into account short-range van der Waals interac-
tions. A Martyna–Tobias–Klein barostat65 and Nose–Hoover
thermostat were also utilised to keep the pressure steady and
temperature during simulation66. The final production run was
conducted for 100 ns, and trajectories were saved at every 100 ps.
The time step of 2 fs was utilised to integrate the motion equa-
tions. The particle mesh Ewald method67 was employed for pre-
cise and reliable investigation of electrostatic interactions. The
Desmond simulation interaction diagram protocol was used to
analyse the simulated trajectories of protein–ligand complexes68.

Results and discussion

Chemistry

By reacting potassium thiocyanate with various acid chlorides in dry
acetone, followed by the addition of 3-aminoquinoline to produce
the appropriate acyl thioureas, a range of new quinolinyl iminothia-
zolines were synthesised. After purification, the acyl thioureas were
reacted with p-bromophenacylbromide to obtain the (E)-N-(4-(4-bro-
mophenyl)-3-(quinolin-3-yl)thiazol-2(3H)-ylidene)alkyl/aryl amides 6(a–
j) as shown in Scheme 1. The reactions were carried out in dry sol-
vents because intermediate 2 undergo hydrolysis in the presence of
moisture. The last step was completed in inert atmosphere to avoid
the formation of side products.

Spectroscopic characterisation

The newly developed scaffolds of quinolinyl iminothiazolines were
characterised by NMR, HPLC-MS and FT-IR. FT-IR spectra of

synthesised compounds demostrated the absorption band for C–H
aromatic at 3059–3115 cm�1, C–H thiazoline at 2957–3062 cm�1

and C¼O at 1679–1738 cm�1. The 1H NMR spectra of compound
6(a–j) contained three characteristic signals, aromatic protons of
quinolinyl and phenyl ring appeared at d 8.95–7.28 ppm, singlet of
proton located at thiazoline ring observed at d 6.39–6.53 ppm and
alkyl protons give rise to signals at d 2.37–0.86 ppm. In 13C NMR
spectra signal for carbonyl carbon appeared at d 171.2–173.6 ppm,
signal for imine carbon of thiazoline ring observed at d 168.9–
171.3 ppm and carbon at 5-position of thiazoline ring give rise to
signal at d 103.6� 106.2 ppm. Aromatic carbons of quinolinyl and
phenyl moiety signals appeared at d 149.4–126.4 ppm while ali-
phatic carbons were appeared at d 30.5–13.5 ppm. These signals
indicated the formation of desired analogue. HPLC plot of com-
pound 6a contained the band with retention time of 8.7min. DAD
spectrum involved two main band and one shoulder band.
Among the two main bands, the band appeared at 343 nm was
due to the quinolinyl group while the band observed at 237 nm
was due to styrenyl moiety. The one shoulder band appeared at
255 nm was due to iminothiazoline ring with less conjugation. The
positive mode ESI/MS of compound 6a contained a peak at
m/z¼ 453 assigned as molecular ion peak [MþH]þ.

Density functional theory studies

The functional correlation DFT/B3LYP was used to optimise the
structures and geometry with the basis set STO-3G. Optimisation
was the arranging of atoms in a molecule with the goal of mini-
mising energy consumption. Table 1 summarises the optimised
geometry parameters, including optimisation energy, polarizability,
and dipole moment.

The synthesised derivatives’ obtained optimised geometries
represented real local minima without the inclusion of imaginary
frequencies. To achieve the sharpest energy gradient, these struc-
tural geometries were optimised. Figure 2 illustrates the optimised
structures for several derivatives.

The highest occupied molecular orbital, HOMO, possesses a
nucleophilic characteristic. The lowest unoccupied molecular
orbital, LUMO, is having electrophilic characteristic. The LUMO

Scheme 1. Synthetic route for synthesis of quinolinyl iminothiazoline 6(a–j).
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HOMO energy gap is critical for anticipating a compound’s reactiv-
ity. The majority of electronic changes have occurred in the LUMO
HOMO gap. Because it is the outermost orbital, HOMO tends to
give an electron. Due to the fact that the innermost orbital con-
tains open space, LUMO tends to take an electron (Figure 3).

Compound with the smallest energy gap would be the reactive
one among all. While the compound with the best kinetic stability
is the compound showing great energy gap among all. The com-
pound with the highest HOMO energy is the compound that
would be the best electron donor. Whether the compound show-
ing lowest LUMO value is the compound that would be the best
electron acceptor. In current scenario, compound 6g would be
the highly reactive with energy gap of 0.142 eV. The most kinetic-
ally stable compound is 6i with HOMO/LUMO energy gap of
0.147 eV. Compound 6e would be the best electron donor with
the highest HOMO energy of �0.121. Compound 6i would be the
best electron accepter with the lowest LUMO energy of 0.016.
Energetic parameters are shown in Table 2.

Alkaline phosphatase (ALPs) inhibition assay

The ten synthesised derivatives were subjected to evaluation for
alkaline phosphatase inhibition. KH2PO4 was the reference sub-
stance used for screening, and Table 3 summarises the findings of
evaluation as IC50. Interestingly, most of the synthesised com-
pounds demonstrated promising inhibitory potential against alka-
line ALPs. Moreover, most of the compounds showed better
inhibition activity comparative to KH2PO4. Compound 6g was
compared to other analogues in the series, and was found as ser-
ies’ significant alkaline phosphatase inhibitor.

Structure activity relationship (SAR)

In Scheme 1, total 10 derivatives of the (E)-N-(4-(4-bromophenyl)-
3-(quinolin-3-yl)thiazol-2(3H)-ylidene)alkyl/aryl amides 6(a–j) were
synthesised bearing various alkyl or aryl group substitution. The
nature of functionalities substituted around iminothiazoline

Table 1. Geometrical Parameters of selected compounds.

Sr. no. Compound code Optimisation energy (hartree) Polarizability (a) (a.u.) Dipole moment (Debye)

01. 6a �4014.881 206.169 1.245
02. 6b �4053.730 212.856 1.251
03. 6c �4092.578 219.034 1.269
04. 6d �4131.426 225.013 1.251
05. 6e �4170.274 230.332 1.345
06. 6f �4247.970 242.821 1.249
07. 6g �4126.566 245.221 1.212
08. 6h �4165.418 246.059 1.159
09. 6i �5035.731 250.268 3.576
10. 6j �4529.915 265.240 4.745

Figure 2. Optimised structures of potent compounds (6d, 6e, 6g and 6i).
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moiety influenced the alkaline phosphatase inhibition activity.
Quinolinyl iminothiazoline moiety substituted with aromatic sub-
stituents (6g–6j) exhibit better inhibition activity comparative to
aliphatic analogues (6a–6f). Among the analogues 6g–6j, the
compound 6g having unsubstituted benzene ring proved as most
potential inhibitor which might be due to less steric crowd. The
compound 6g (IC50 ¼ 0.337 ± 0.015 mM) containing benzoyl moiety
around iminothiazoline component exhibited greater inhibition
potential among all other equivalents. The analogue 6j (IC50 ¼
0.509 ± 0.036 mM) was retrieved as second best inhibitor due to
the presence substituted aryl ring instead of long alkyl chain.
However, the substitution on the aryl ring slightly reduced the
inhibitory effect due to enhanced steric hindrance. The inhibitory
activities of both phenyl bearing compounds against alkaline
phosphatase was stronger than standard KH2PO4 (5.245 ±
0.477 mM). While in the aliphatic analogue (6a–6f), long alkyl
chains, which are sterically hindered substituents, reduced the
potential inhibitory effect. The compound 6f (IC50 ¼ 8.681 ±
0.908 mM) showed relatively low inhibitory efficacy, perhaps as a
result of its lengthy alkyl chain. However, compounds 6d and 6e
possessing hexyl and heptyl substituents, respectively, exhibited a
comparatively better inhibition profile than standard compounds.
The inhibitory activities of compound 6d and 6e were 0.886 ±
0.074 and 0.754 ± 0.055 mM respectively. Table 3 is representing
inhibition profile of all synthesised derivatives.

Kinetic mechanism for ALPs

The current most effective compound, 6g, has been investigated
for its mechanism of alkaline phosphatase inhibition. According to
the EI and ESI constants, respectively, it was determined if the
compounds had the ability to inhibit the free enzyme and the
enzyme-substrate complex. Figure 4 illustrates a succession of

straight lines obtained from the Lineweaver–Burk plot of the
enzyme’s kinetic studies against the substrate para nitrophenyl
phosphate disodium salt at various inhibitor doses (A).
Compounds 6g’s outcomes demonstrated that they intersected in
the 2nd quadrant. The results exhibited that whereas Km remained
constant, Vmax fell in response to new, increasing inhibitor doses.
This behaviour suggests that compounds 6g produce an enzyme
inhibitor complex by non-competitively inhibiting alkaline phos-
phatase. The secondary plot of slope vs inhibitor concentration
shown in Figure 4 revealed the enzyme–inhibitor dissociation con-
stant (Ki) (B). Table 4 displays the kinetic results (Kinetic parameter
table).

Molecular docking

The Molecular Operating Environment (MOE) program was used
to determine the most likely molecular interactions between
ligands and targeted protein. The synthesised derivatives demon-
strated potential in-vitro activities were selected for evaluation of
binding mode inside active pocket of protein. The amino acid resi-
dues engaged in the molecular interactions were as follows;
His331, Asp327, Asn263, Lys328, Asp153, Lys167, Tyr169, Arg166,
Gly118, Asn117, Asp101, Glu411, His412, Val99, Arg24, Arg62,
Arg10, Asp76, Arg418, Phe71, Thr81, Leu25, Ser409, Gln410,
Ser409, Lys328, Tyr169, and Arg166. The docking score of com-
pound 6d, 6e, 6g, 6i and 6j were tabulated in Table 5.

The docked conformation analysis for compound 6d exhibited
strong molecular interactions. Conclusively, two hydrogen bonds
were observed with the targeted protein. The first hydrogen bond
was present between the electronegative oxygen atom and
Arg166 with a bond length of 3.04 angstroms. A second hydrogen
bond was observed between N3 of compound 6 and Asn263,
with a bond length of 3.27 angstroms. In addition, hydrophobic
interactions were engaging His 331, Asp327, Asn263, Lys167,

Figure 3. HOMO-LUMO structures of potent compounds (6d, 6e, 6g and 6i).

Table 2. Energetic parameters that predict reactivity of compounds.

Compound EHOMO (eV) ELUMO (eV) DEgap (eV) Hardness (g) Softness (S)

6a �0.12215 0.02109 0.1432 0.072 6.98
6b �0.12197 0.02102 0.1430 0.071 6.99
6c �0.12197 0.02109 0.1431 0.072 6.99
6d �0.12188 0.02107 0.1430 0.071 7.00
6e �0.12190 0.02118 0.1431 0.072 6.99
6f �0.12189 0.02108 0.1430 0.071 6.99
6g �0.12368 0.01890 0.1426 0.071 7.01
6h �0.12235 0.01975 0.1421 0.071 7.04
6i �0.13031 0.01668 0.1470 0.073 6.80
6j �0.13625 0.00330 0.1396 0.070 7.17

Table 3. IC50 values of compounds 6(a–j) values of alkaline phosphatase inhibi-
tory activity.

Compound
Alkaline phosphatase

Compound
Alkaline phosphatase

IC50 ± SEM (mM) IC50 ± SEM (mM)

6a 7.247 ± 0.435 6f 8.681 ± 0.908
6b 3.154 ± 0.251 6g 0.337 ± 0.015
6c 4.239 ± 0.241 6h 6.304 ± 0.634
6d 0.886 ± 0.074 6i 0.957 ± 0.071
6e 0.754 ± 0.055 6j 0.509 ± 0.036
KH2PO4 5.245 ± 0.477

Values are presented as Mean ± SEM (Standard error of mean).
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Tyr169, and Asp153. These interactions were collectively stabilising
the protein–ligand complex with a docking score of
�26.75 kJ/mol.

The binding orientation of compound 6e exhibited potential
molecular interactions with the targeted protein. It was observed
that compound 6e was involved in single hydrogen bonding
between electronegative oxygen and His412 residue. The bond
length of hydrogen bonding was 3.09 angstroms, indicating its
good strength. The docking score of conformation was
�25.96 kJ/mol, which is slightly lower than compound 6d. It was
expected because compound 6D formed strong hydrogen bonds.
In addition, the following amino acid residues were involved in
hydrophobic interactions with compound 6e: Arg166, Gly118,
Asn117, Asp101, Glu411, His412, and Val99.

The analysis of the binding orientation of compound 6g dem-
onstrated significant molecular interactions and exhibited the
highest docking score. Interestingly, compound 6G demonstrated
potential in vitro activity against alkaline phosphatase, which is
further supported by in silico findings. Critical analysis revealed
that compound 6G involved important amino residues at the
active site with strong molecular interactions. A single hydrogen
bond was observed between electronegative oxygen and Ser409
with a strong bond length of 2.93 angstroms. Furthermore, hydro-
phobic interactions involved His331, Gln410, Glu411, Asp101, and
His412 amino acid residues with strong strength. The docking
score of the protein-6g conformation was �28.86 kJ/mol.

In terms of molecular interactions, compounds 6i and 6j exhib-
ited strong chemical bonding with targeted proteins. However,
the chemical bonding strength of compound 6j was stronger than
compound 6i. Briefly, it was observed that compound 6i was
engaging Arg24, Arg62, Arg10, Asp76, Arg418; Phe71; Thr81; and

Leu25 amino acid residues in important molecular interactions,
and the docking score of conformation was observed to be
�25.10 kJ/mol. Whereas, compound 6j demonstrated equipotent
activity with compound 6g with a docking score of �28.45 kJ/mol.
It was observed that a total of three hydrogen bonds were pro-
duced by compound 6j. Electronegative oxygen atoms O4 and O5

were engaging Ser409 in hydrogen bonding with bond lengths of
3 and 3 angstroms, respectively. Another hydrogen bond was
observed between O2 of compound 6j and Arg166 of the targeted
protein. These hydrophilic interactions stabilised the protein–lig-
and complex. In addition, His331, Lys328, and Tyr169 were
engaged in hydrophobic interactions, including alkyl, pi-alkyl, and
aromatic interactions, respectively. The presumed 3D and 2D inter-
actions of top-ranked compounds 6d, 6e, 6g, 6i, and 6j are illus-
trated in Figure 5.

Molecular Dynamics simulation studies

The Molecular dynamics simulations are used to estimate the
thermodynamic parameters of living systems under physiological
conditions. The best docked conformation was subjected to MD
simulations studies using Desmond program. The simulation stud-
ies for 100 ns provided significant insight into stability of protein
ligand complex. MD simulation trajectories were used to derive
various analytic matrices including RMSD, RMSF, contact profile
and ligand interaction profile. The RMSD plot for protein(C alpha)
and protein–ligand complex is represented in Figure 6. The RMSD
pattern for C alpha atoms of protein exhibited significant stability.
It was revealed that initially RMSD fluctuate around 2 Å which
rose up to 2.4 Å. The amino acid residues Thr17, Gly14, Asn15,
Gln13, Gly27 and Thr1 exhibited variations up to 2.4 Å. However,
the average RMSD for protein C alpha atom was 2.01 Å which is
perfectly in acceptable limit. In terms of complex RMSD, it was
slightly higher than c-alpha atoms of protein. Initially complex
fluctuated around 2–2.5 Å which jumped to 3.5 Å after 50 ns of
simulation. Interestingly, after rising to 3.5 Å, RMSD again dropped
to 2.5 Å and get stable and equilibrated throughout the trajectory.
The higher fluctuations of complex were due to structural changes
of ligand inside active pocket. After 50 ns, ligand established new
and stronger interactions which stabilised the trajectory during
the simulated time. The average RMSD of the complex was found

Figure 4. Alkaline phosphatase inhibition by compounds 6g as shown by Lineweaver-Burk plots (a). The plot of the slope vs inhibitor concentrations to get the inhib-
ition constant is shown in the insets (b). Using the linear least squares fit, the lines were drawn.

Table 4. Kinetic parameters of the alkaline phosphatase for para nitrophenyl
phosphate disodium salt activity in the presence of different concentrations
of 6g.

Concentration (mM)
Vmax

(DA /Min)
Km
(mM) Inhibition type

Ki
(mM)

0.00 0.00354 0.31 Non-Competitive 0.47
0.169 0.00204 0.31
0.337 0.00175 0.31
0.674 0.00133 0.31

Ki¼ EI dissociation constant; Vmax ¼ the reaction velocity; Km ¼ Michaelis-
Menten constant.
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to be 2.69 Å which is acceptable69. The Figure 6 is illustrating the
RMSD pattern for protein and protein–ligand complex.

The analysis of root mean square fluctuations (RMSF) is crucial
analytical metric in characterising the local structural changes in
the protein. In current study, residue wise RMSF was generated

for each residue. RMSF exhibited optimal fluctuations for majority
of residues but residues Thr1, Asn15, Ile16, THr17, Ala18, Pro19,
Gly20, Gly21, Ala22, and Arg23 exhibited substantial structural var-
iations up to 8 Å. These residues were belongs to C and N ter-
minal which are comparatively less compact than backbone and
alpha strands residues. The average RMSF value for whole protein
was calculated as 1.14 Å which is quite acceptable. The RMSF evo-
lution is presented in Figure 7.

The contact linkages play important role in establishing the
significant contacts between ligand and protein. Type and inter-
action time determine the stability of complex. In present com-
plex, hydrogen bonding, water bridges and hydrophobic
interactions were observed between protein and ligand. Important
hydrogen bonding was observed between ligand and Asn35 and
Thr26 of targeted protein. Hydrogen bonding was established for
more than 15% of simulation time. In terms of hydrophobic inter-
actions, Pro1 and Pro5 established significant hydrophobic con-
tacts for 30% and 80% of simulation time respectively. These
interactions were contributing substantially in stabilising the pro-
tein ligand complex. Figure 8 is representing the contact profile
for simulated complex.

Table 5. Binding energies of the potent inhibitors of alkaline phosphatase.

Compound Binding energies (kJ/mol) Hydrogen bonding residues Bond length (angstroms)

6d �26.75 Lys328, Arg166 3.27, 3.04
6e �25.94 His412 3.09
6g �28.86 Ser409 2.93
6i �25.10 – –
6j �28.45 Ser409, Ser409, Arg166 3.0, 3.0, 3.03

Figure 5. Illustrating the 3D and 2D binding interactions of potent compounds (6d, 6e, 6g, 6i and 6j).

Figure 6. RMSD trajectory analysis for protein (brown coloured trajectory), pro-
tein ligand complex (blue coloured trajectory).
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Ligand properties were also evaluated to determine its stability
and variation profile. Atomic fluctuations, solvent accessibility and
compactness of ligand remained in the acceptable limit. The lig-
and properties are illustrated in the Figure 9.

Radius of gyration (Rg) is important analytic metrics for deter-
mination of centre of mass and compactness of protein. A low
value for Rg depicts the high compactness and low structural var-
iations of the protein. Whereas, high Rg is predictive of poor sta-
bility and more structural changes of a particular protein. In
current study, protein exhibited optimal structural changes with
Rg ranges for 21.8–22.6 Å. These findings predict that mass of pro-
tein was equally distributed around single point and remained
well compact through simulated trajectory. Figure 10 is illustrating
the Rg for targeted protein.

Conclusions

The quinolinyl based iminothiazoline analogues 6(a–j) containing
alkyl and aryl groups were prepared and characterised by FT-IR,
1H NMR, 13C NMR and HPLC-MS. All the analogues were evaluated

for alkaline phosphatase inhibition potential. The compound (E)-
N-(4-(4-bromophenyl)-3-(quinolin-3-yl)thiazol-2(3H)-ylidene)benza-
mide 6g exhibited the maximum alkaline phosphatase inhibitory
effect (IC50 ¼ 0.337 ± 0.015 mM comparative to other synthesised
derivatives and reference compound KH2PO4 (IC50 ¼ 5.245 ±
0.477 mM). DFT studies were performed and compounds 6j, 6g
and 6h were found to be the reactive ones among all com-
pounds. Kinetic analysis exhibited that the analogue (6g) was
non-competitive inhibitor of alkaline phosphatase with Ki value of
0.47 mM. The molecular docking displayed that the compounds
6d, 6e, 6g and 6i possesses efficient binding affinity but we con-
sidered 6g because the result of docking is proved confirmatory
for kinetic analysis as well that our 6g compound is a good inhibi-
tor of the targeted protein alkaline phosphatase. Comprehensive
MD investigations were carried out in an effort to further evaluate
the validity of docking data, further validating the inhibitory cap-
ability of 6g. The quinolinyl and aryl or alkyl moiety in iminothia-
zolines play significant role in alkaline phosphatase inhibition
potential. The derivative 6g may be considered to design more
potent drug for the alkaline phosphatase inhibition.

Figure 7. Evolution of RMSF for amino acid residues of targeted protein.

Figure 8. Contact profile for protein-ligand complex. Green coloured peaks are representing hydrogen bonding while purple peaks are representing hydrophobic inter-
actions. Blue coloured histograms are water bridges.
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