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Abstract
The emergence of artemisinin-resistant variants of Plasmodium falciparum necessitates the urgent search for novel anti-
malarial drugs. In this regard, an in silico study to screen antimalarial drug candidates from a series of benzimidazole-
thiosemicarbazone hybrid molecules with interesting antiplasmodial properties and explore their falcipain-2 (FP2) inhibitory 
potentials has been undertaken herein. FP2 is a key cysteine protease that degrades hemoglobin in Plasmodium falciparum 
and is an important biomolecular target in the development of antimalarial drugs. Pharmacokinetic properties, ADMET 
profiles, MM/GBSA-based binding free energies, reaction mechanisms, and associated barrier heights have been investi-
gated. DFT, molecular dynamics simulation, molecular docking, and ONIOM methods were used. From the results obtained, 
four 4N-substituted derivatives of the hybrid molecule (E)-2-(1-(5-chloro-1H-benzo[d]imidazol-2-yl)ethylidene)hydrazine-
1-carbothioamide (1A) denoted 1B, 1C, 1D, and 1E are drug-like and promising inhibitors of FP2, exhibiting remarkably 
small inhibitory constants (5.94 ×  10–14 − 2.59 ×  10–04 n M) and favorable binding free energies (−30.32 to −17.17 kcal/mol). 
Moreover, the ONIOM results have revealed that 1B and possibly 1C and 1D may act as covalent inhibitors of FP2. The 
rate-determining step of the thermodynamically favorable covalent binding mechanism occurs across a surmountable bar-
rier height of 24.18 kcal/mol in water and 28.42 kcal/mol in diethyl ether. Our findings are useful for further experimental 
investigations on the antimalarial activities of the hybrid molecules studied.
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Introduction

Malaria is a life-threatening parasitic disease caused by 
intracellular protozoans of the genus Plasmodium. Among 
the etiological agents of the disease, Plasmodium falcipa-
rum is the most prevalent [1, 2]. The disease is transmitted 
to humans through the bites of infected female Anopheles 
mosquitoes. Its pathogenesis is characterized by high mor-
bidity and mortality, most especially in children under five 
years of age [3–5]. According to the 2021 world malaria 
report [6], there were an estimated 241 million malaria 
cases and 627,000 malaria deaths across the globe in 2020, 
and about 47,000 of the death cases were linked to service 
disruptions during the COVID-19 pandemic. According to 
that report, most of the malaria cases and deaths occurred 
in Africa. In fact, the severity and lethality of malaria are 
almost entirely restricted to the disease-endemic regions, 
including Sub-Saharan Africa, South-East Asia, Eastern 
Mediterranean, Western Pacific, and Latin America [6, 7]. 
During the intraerythrocytic stage of their life cycle, malaria 
parasites digest the host hemoglobin to obtain the amino 
acids needed for protein synthesis [1, 8]. Unfortunately for 
the parasites, free heme that is highly cytotoxic is released 
as a by-product of hemoglobin metabolism. However, the 

parasites evade the toxicity of free heme by converting it into 
a nontoxic insoluble crystalline substance called hemozoin, 
which is structurally similar to �-hematin [1, 4, 9]. In an 
effort to eradicate this devastating disease, several antima-
larial drugs comprising quinolines, atovaquones, antifolates, 
and artemisinin-based combination therapies (ACTs) have 
been developed in the past years [2]. Their modes of action 
include the inhibition of free heme biocrystallization into 
hemozoin, disruption of mitochondrial function, inhibition 
of folate metabolism, and the prevention of hemoglobin 
degradation in plasmodia [10, 11]. However, the emergence 
of antimalarial drug-resistant variants of plasmodium spe-
cies with reduced sensitivity toward the ACTs (first-line 

Fig. 1  Molecular structures of the benzimidazole-thiosemicarbazone 
hybrids studied. The TSC moiety is shown in red
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antimalarial drug regimens) has been reported, necessitat-
ing the development of new and more effective antimalarial 
drugs [2, 4, 5, 7].

As part of the ongoing search for more reliable antima-
larial therapeutics, medicinal chemists have directed consid-
erable research attention toward thiosemicarbazones (TSCs) 
due to their wide range of biological activities, including 
antimalarial properties. Accordingly, several TSCs have 
been synthesized in the past decades and found to exhibit 
interesting antiplasmodial properties [12–16]. However, 
there are hardly any literature reports of TSC-based anti-
malarial lead compounds with known biomolecular targets 
and precise mechanisms of action [17]. Against this back-
drop, Chellan and co-workers [18] investigated the ability 
of 3,4-dichloroacetophenone thiosemicarbazone to inhibit 
hemozoin formation in Plasmodium falciparum. Their 
results revealed that the molecule’s antimalarial properties 
cannot be attributed to the prevention of free heme detoxi-
fication in plasmodia, which is somewhat in disagreement 
with our previous findings on a similar TSC, 4-methoxy-
acetophenone thiosemicarbazone [19], which demonstrated 
the thermochemical viability of its interaction with free 
heme. Chellan and co-workers further speculated that the 
antimalarial mechanism of TSCs may be dependent on some 
TSC-induced processes that disrupt hemoglobin digestion by 
plasmodia, such as inhibition of key cysteine proteases in the 
food vacuole of the parasites [18]. To aid the development of 
antimalarial drugs containing the TSC pharmacophore, lead 
compounds with a clear mechanism of action are imperative. 
The development of such compounds has been immensely 
facilitated by in silico methods, which do not necessitate 
the synthesis of every compound studied. Moreover, many 
sophisticated computational chemistry programs that can be 
used to determine reaction mechanisms, pharmacokinetic 
profiles, and pharmacodynamic properties of drug candi-
dates have been developed in the recent decades.

Among the TSC-based compounds exhibiting significant 
antiplasmodial properties are those synthesized by Diva-
tia and co-workers in 2019 [14] and earlier in 2013 [20]. 
They demonstrated experimentally that 4N-substitution in 
the TSC moiety of two benzimidazole-thiosemicarbazone 
hybrid molecules, namely (E)-2-(1-(5-chloro-1H-benzo[d]
imidazol-2-yl)ethylidene)hydrazine-1-carbothioamide (1A) 
and (E)-2-(1-(1H-benzo[d]imidazol-2-yl)ethylidene)hydra-
zine-1-carbothioamide (2A) has remarkable effects on their 
antiplasmodial activities [14]. According to their results, 
certain 4N-substituents significantly improved the antiplas-
modial activities of these hybrid molecules, whereas other 
substituents produced an opposite effect. Unfortunately, 
there is no literature report on the antiplasmodial mode of 
action, pharmacokinetic properties, and toxicity of these 
hybrid molecules and their 4N-substituted derivatives, as far 
as we know. Therefore, in silico studies to complement the 

experimental findings on these molecules are imperative. A 
plausible explanation of the impact of 4N-substitution on the 
antiplasmodial activities of the molecules is needed, as this 
may constitute a means of modulating their antiplasmodial 
potencies and/or efficacies. It is noteworthy that undesirable 
pharmacokinetic properties and toxicity of drug candidates 
are among the main causes of clinical trial failures [21–23]. 
It is therefore worthwhile to carry out early toxicological 
and pharmacokinetic analyses of drug candidates in the drug 
discovery and development process.

The main objective of this work was to investigate the fal-
cipain-2 inhibitory potentials and mechanisms, pharmacoki-
netic/ADMET profiles, and toxicity of some 4N-substituted 
derivatives of the benzimidazole-thiosemicarbazone hybrid 
molecules 1A and 2A as depicted in Fig. 1 using compu-
tational chemistry methods such as the density functional 
theory (DFT), molecular dynamics (MD) simulation, molec-
ular docking and Our own N-Layered Integrated Molecular 
Orbital and Molecular Mechanics (ONIOM). Among several 
known antimalarial drug targets [17], falcipain-2 (FP2) was 
chosen because the cysteine residue in its active site may 
react covalently with the TSC moiety in the hybrid mol-
ecules. Moreover, it is known that FP2 can be inactivated by 
TSCs either reversibly or irreversibly [24]. In addition, FP2 
is one of the key proteases involved in different processes of 
the erythrocytic life cycle of plasmodium parasites, includ-
ing the degradation of the host hemoglobin and the invasion/
rupture of the erythrocytes [5, 9, 17, 25]. Indeed, FP2 has 
become an important biomolecular target for the develop-
ment of novel antimalarials [2, 8, 17, 26]. To achieve the 
above goal, the benzimidazole-thiosemicarbazone hybrids 
studied were first subjected to pharmacokinetic and toxico-
logical screening of the most drug-like molecules. This was 
followed by molecular docking of the adequately drug-like 
molecules (ligands) in the binding site of FP2 (receptor) 
to generate ligand‒FP2 complexes with the most prob-
able binding modes of the ligands. Then, MD simulations 
to assess the stability of the ligand‒FP2 complexes and to 
generate conformational structures of the complexes useful 
for binding free energy calculation through the Molecular 
Mechanics Generalized Born Surface Area (MM/GBSA) 
method were next performed. Finally, mechanistic and 
kinetics studies on the covalent reaction between FP2 and 
the most biologically active molecule among the drug-like 
benzimidazole-thiosemicarbazone hybrids was performed 
using the ONIOM method.

The TSC moiety in the benzimidazole-thiosemicarbazone 
hybrids is a reactive warhead endowed with an electrophilic 
center (the thiocarbonyl carbon), which is a probable site of 
attack by the active site cysteine thiol/thiolate group in FP2 
[27]. Such a nucleophilic attack on the electrophilic center 
can lead to reversible or irreversible covalent modification 
of the cysteine residue in the enzyme’s binding site [18, 28]. 
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Generally, covalent inhibitors of falcipains rely on a chemi-
cal warhead to accomplish their inhibitory activities [8, 29]. 
The catalytic/inhibitory activities of most cysteine proteases 
begin with the activation of the active site cysteine residue 
by a proximal histidine residue leading to the formation of 
a thiolate–imidazolium ion pair. This is usually followed by 
covalent bond formation between the thiolate sulfur of the 
activated cysteine residue and an electrophilic center in the 
substrate/inhibitor molecule [28, 30].

Computational details and relevant theory

Preparation of the initial structures of the receptor 
and the ligands

The crystallographic structure of FP2 (PDB code: 3bpf) was 
downloaded from the RCSB protein data bank and chain A 
of the protein was extracted. The native ligand, E64, was 
eliminated along with all crystallographic solvent species. 
The missing amino acid residues were added with the aid 
of the CHARMM-GUI pdb manipulator [31]. The protein 
was next protonated at pH 7.4 using the H ++ webserver 
[32], taking account of the pKa of the titratable residues. 
The guess geometries of the ligands were constructed with 
Avogadro 1.2 [33] and optimized using the composite DFT-
based  r2SCAN-3c [34] method implemented in the ORCA 
5.0.3 program package [35]. Harmonic frequency calcula-
tions at the same level of theory confirmed all optimized 
structures as minima on the potential energy surface.

Drug‑likeness and ADMET screening of the ligands

It is well known that the pharmacokinetic (PK) properties 
of drug candidates, most especially absorption, distribution, 
metabolism, excretion, and toxicity (ADMET), are crucial 
during the drug discovery and development process [36]. 
Accordingly, the benzimidazole-thiosemicarbazone hybrid 
molecules under study were first subjected to critical drug-
likeness screening based on computed physicochemical and 
ADMET-related properties via the SwissADME [37] and 
ADMETlab 2.0 [22] webservers. The SMILES strings of 
the ligands used as molecular data input for both servers are 
provided in supplementary Table S1. Indeed, undesirable 
PK properties of drug candidates are a major cause of failure 
during clinical trials. Therefore, preclinical evaluation of the 
PK properties of potential drugs is necessary [38].

Molecular docking

The docking abilities of two programs from the Autodock 
suite, namely Autodock vina 1.2 (ADVina) [39, 40] and 

AutodockFR (ADFR) [41], with FP2 as receptor were first 
assessed through self-docking (re-docking) of the native 
ligand E64. The best program was then used for molecu-
lar docking of the sufficiently drug-like and safer ligands. 
The PDBQT files of both the ligands and the receptor were 
prepared using the python scripts prepare_ligand.py and 
prepare_receptor.py, respectively, provided in the ADFR 
program suite. To prepare the PDBQT files, polar hydro-
gen atoms were added and the non-polar ones were merged 
with the heavy atoms. Moreover, Gasteiger charges were 
computed and the ligand torsional tree root and rotatable 
bonds were defined. In all ADFR docking calculations, 60 
Lamarckian genetic algorithm (LGA) runs were performed 
alongside 2,500,000 energy evaluations and 27,000 gen-
erations per LGA run, to search for ligand binding poses 
and predict their binding affinities. In the case of ADVina, 
an exhaustiveness of 32 was used together with 2,500,000 
energy evaluations. In both cases, a search grid box with 
center x = −57.042 Å, y = −1.174 Å, z = −15.913 Å (center 
of the native ligand) and size 22.5 Å × 22.5 Å × 22.5 Å was 
used in all docking computations. All post-docking process-
ing was performed with the programs: Biovia Discovery 
Studio v.21.1.0 [42],  LigPlot+ v2.2 [43] and PyMol v2.6 
[44, 45].

Molecular dynamics simulation

All molecular dynamics (MD) simulations of the ligand-
FP2 complexes in explicit water solvent were started from 
the atomic coordinates of the complexes obtained from 
molecular docking. The GROMACS-2022 software package 
[46] was used together with the Amber ff99SBildn force-
field [47] for the protein, the generalized Amber force-field 
(GAFF2) [48] for non-standard residues, and the TIP3P sol-
vent model [49] for the water molecules. The ff99SBildn 
force-field was preferred over ff99SB due to its improved 
amino acid side-chain torsion potentials (for Ile, Leu, Asp 
and Asn residues) compared to the latter. The second genera-
tion of GAFF (GAFF2) was chosen because of its updated 
bonded and non-bonded parameters, and its high-quality 
charge model [50]. The classical 3-point rigid water model 
TIP3P was used due to its popularity and computational effi-
ciency. The GAFF2-based ligand topologies and parameters 
were generated with the aid of the Antechamber module 
[51] of AmberTools2021 [52]. The newly generated topolo-
gies and parameters were converted into GROMACS format 
using the ACPYPE software [53]. The partial charges of the 
ligand atoms were derived using the AM1-BCC method of 
the Antechamber program. The default parameters of the 
ff99SBildn force-field were used at physiological pH 7.4 for 
the termini, disulfide bridges and protonation states of the 
amino acid residues.
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In the MD simulations, each ligand-FP2 complex was 
placed and centered in a periodic dodecahedral box at least 
1.2 nm from the box edge. The system was neutralized and 
a salt concentration of 0.15 mol/L was obtained by add-
ing  Na+ and  Cl− ions. The structure was next subjected to 
steepest descent energy minimization in 5000 steps in order 
to remove steric clashes and irregular geometry. Thereaf-
ter, a two-step equilibration run was performed to equili-
brate the solvent around the protein. A short 250 ps posi-
tion-restrained equilibration under the canonical ensemble 
(NVT) in which the system was coupled to a temperature of 
310.15 K was followed by a 500 ps run under the isothermal-
isobaric (NPT) ensemble at a reference pressure of 1 bar. 
The temperature and pressure couplings were accomplished 
by means of the Nosé-Hoover thermostat and the Parrinello-
Rahman barostat, respectively. A force constant of 1000 kJ/
mol in the LINCS algorithm was used to restrain all heavy-
atom positions so as to preserve the original protein structure 
during equilibration. The LINCS algorithm was also used to 
constrain all covalent bonds to hydrogen atoms. After suc-
cessful minimization and equilibration, the position restrain 
potential was removed and 5, 10, and 15 ns independent 
production runs per ligand-FP2 complex were performed 
under the NPT ensemble maintained at 310.15 K tempera-
ture and 1 bar pressure. Coordinate sampling was performed 
every 10, 20, and 30 ps, respectively. Furthermore, a 150-ns 
production run was performed on the ligand-FP2 complex 
of the most biologically active drug-like ligand. In the latter 
case, coordinate sampling was performed every 100 ps. All 
simulations were performed at 2 fs time-step using periodic 
boundary conditions (PBC) to eliminate the effects of walls. 
The long-range electrostatic interactions were treated by the 
Particle-Mesh Ewald (PME) algorithm. The verlet cut-off 
distance of 1.0 nm was chosen for both van der Waals and 
short-term electrostatic interactions.

The 150  ns trajectory was analyzed using various 
GROMACS tools to obtain the Root-Mean-Square Deviation 
(RMSD), Root-Mean-Square Fluctuation (RMSF), radius of 
gyration, hydrogen bond, and protein secondary structure 
plots of the ligand-FP2 complex concerned. All trajectory 
analyses were performed after aligning the protein with 
respect to the backbone atoms to eliminate translations and 
rotations due to diffusion during the simulation.

MM/GBSA free energy calculations

Docking programs use highly simplified scoring functions 
to predict protein–ligand binding affinities, hence their abil-
ity to determine sufficiently accurate binding strengths is 
limited [54–57]. To obtain more accurate FP2-binding affini-
ties of the ligands studied, their binding free energies were 
calculated using the Molecular Mechanics/Generalized Born 

Surface Area (MM/GBSA) method as implemented in the 
gmx_MMPBSA-1.5.1 program [58, 59]. Here, end-state 
free energy calculations were performed based on the single 
trajectory (ST) approach, using the Amber ff99SBildn and 
GAFF2 force fields for the protein and ligands, respectively. 
500 snapshots obtained from the trajectory of each of the 5, 
10 and 15 ns MD simulations discussed earlier were used in 
the binding free energy calculations.

In the MM/GBSA approach, the free energy change 
( ΔG

bind
 ) arising from receptor/ligand binding to form a 

receptor–ligand complex is given by:

where G
complex

 is the free energy of the complex, G
receptor

 is 
the free energy of the receptor, and G

ligand
 is the free energy 

of the ligand. ΔG
bind

 is also calculated as;

where

In the above equations, ΔEMM , ΔGsolv and −TΔS repre-
sent changes in gas-phase molecular mechanical energy, sol-
vation free energy, and conformational entropy, respectively, 
upon protein–ligand binding. In this work, these changes 
were computed by means of ensemble averaging over the 
500 snapshots sampled from the various MD trajectories. 
ΔEMM comprises the bond stretching energy ( Ebond ), angle 
bending energy ( Eangle ), torsional energy ( Etorsion ), electro-
static energy ( Eele ), and van der Waals energy ( EvdW ). ΔGsolv 
is the sum of two energy contributions namely electrostatic 
or polar solvation ( ΔGpolar ) and non-electrostatic or non-
polar solvation ( ΔGnon−polar ). Herein, ΔGpolar was obtained 
based on the generalized born continuum solvation model 
and ΔGnon−polar was estimated from the solvent accessible 
surface area (SASA). The entropic contribution −TΔS is 
traditionally estimated by normal modes analysis (NM) on 
a few conformational snapshots generated by MD simula-
tion, but the method is computationally expensive [58, 60]. 
Recently, cheaper alternatives such as the simplified ver-
sions of NM and interaction entropy (IE) [61] have been 
introduced [58, 62]. The IE method was used in this work, 
although the entropic contribution is often neglected due to 
the high uncertainty and computational cost associated with 
its calculation [54, 62, 63].

(1)ΔG
bind

= G
complex

−

(

G
receptor

+ G
ligand

)

(2)ΔG
bind

= ΔH − TΔS ≈ ΔEMM + ΔGsolv − TΔS

(3)ΔEMM = ΔEcovalent + ΔEele + ΔEvdW

(4)ΔEcovalent = ΔEbond + ΔEangle + ΔEtorsion

(5)ΔGsolv = ΔGpolar + ΔGnon−polar = ΔGGB + ΔGSA
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Trajectory clustering and ONIOM calculations

Because covalent interactions are best treated quantum 
mechanically, a multiscale quantum chemical method com-
prising the DFT and the Grimme’s extended Tight-Binding 
(xTB) method was used to study the covalent interaction 
between the active site cysteine residue (Cys42) of FP2 and 
the benzimidazole-thiosemicarbazone hybrids under study. 
The hybrids were represented by 1B because it possesses a 
favorable docking score and is the most biologically active 
molecule among the drug-like and safer hybrids. It must be 
pointed out that the covalent binding study was preceded by 
noncovalent docking and MD simulation because the initial 
contacts or collisions between FP2 and each ligand must 
initially form an encounter complex before a covalent bond 
is formed [64, 65]. The most representative configuration of 
the 1B‒FP2 complex was first generated by clustering its 
150 ns MD simulation trajectory with the TTClust-4.10.0 
[66] program using the RMSD approach. While the back-
bone atoms of the protein were used for alignment, the 
ligand atoms were used for the computation of RMSD val-
ues. Apart from the atom selection for RMSD calculation, 
the default TTClust parameters were used.

The geometry of the dominant configuration of the 1B‒
PF2 complex was first energy-minimized with the L-BFGS 
minimizer in ORCA 5.0.3 using parameters of the Amber 
force-field earlier utilized in the MD simulations. There-
after, a quantum mechanical cluster model comprising the 
ligand 1B, the catalytic dyad of FP2 (Cys42 and His174), 
and other amino acid residues with atoms within 4.0 Å of 1B 
(Gln36, Gly40, Trp43, Cys80, Asn81, Gly82, Gly83, Leu84, 
Ser149, Val152, Ser153, Ala157, Leu172, Asn173, Ala175, 
and Trp206) in the 1B‒PF2 complex was constructed. The 
model was used to study the covalent reaction between 1B 
and FP2 by means of the two-layered ONIOM method in 
ORCA 5.0.3. The ONIOM calculations were aimed at deter-
mining the minimum energy path (MEP) and the associated 
stationary points of all reaction pathways studied. In these 
calculations, the atoms of the directly reacting moieties 
(fragments of the catalytic dyad and the chemical warhead) 
were represented with the DFT-based composite electronic 
structure method  r2SCAN-3c, while the rest of the system 
was described by the xTB method via the GFN2-xTB Ham-
iltonian [67]. The initial structures of the reactant, products, 
and the thiolate-imidazolium ion pair, gotten from relaxed 
geometry scans along the various reaction coordinates, 
were further optimized without constraints of any kind. 
Vibrational frequency calculations to confirm the above-
mentioned states as minima on the potential energy surface 
(PES) were also performed. The MEP of each reaction path-
way was next determined using the climbing image Nudged 
Elastic Band method followed by Transition State optimiza-
tion (NEB-TS) [68]. Each transition state had one and only Ta
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one imaginary frequency, while the other stationary points 
had none. More accurate electronic energies of the station-
ary points were calculated at two levels of theory obtained 
by replacing the  r2SCAN-3c method with the functional and 
basis set combinations: M06-2X/def2-TZVPPD [69, 70] and 
DSD-PBEB95/def2-TZVPPD [70, 71] in conjunction with 
the Grimme D3 dispersion correction [72] with zero and 
Becke-Johnson damping [73, 74], respectively. Finally, the 
Shermo code [75] was used to perform thermochemical 
analyses at 310.15 K and 1 atm using the more accurate 
electronic energies, but with vibrational frequencies calcu-
lated using the  r2SCAN-3c method. Further details on the 
ONIOM and NEB-TS methods are provided in Supplemen-
tary Information.

Results and discussion

Drug‑likeness and ADMET profiles 
of the benzimidazole‑thiosemicarbazone hybrids

Based on the fact that a drug-like molecule is that which 
possesses sufficiently acceptable pharmacokinetic (PK) 
properties and a good ADMET profile [76, 77], the phys-
icochemical properties of the benzimidazole-thiosemicar-
bazone hybrids under study (listed in Tables 1 and 2) were 
computed. The PK parameters important for good in vivo 
activity of a drug include its systemic exposure (depend-
ent on absorption, distribution, metabolism, and excretion), 
its bioavailability (dependent on absorption and metabo-
lism), and its elimination from the body (dependent on 
metabolism, distribution, and excretion) [78]. Some drug-
likeness rules/filters based on physicochemical properties 
are widely used to filter out undesirable drug candidates 
[22, 36, 38]. Among these, the Lipinski’s rule-of-five that 
is based on physicochemical properties used to predict the 

oral bioavailability of drugs is the most famous. According 
to the Lipinski’s rule, human oral absorption is unlikely if a 
molecule violates two or more of the following guidelines: 
molecular weight (MW) ≤ 500 Da, logarithm of n-octanol/
water partition coefficient (LogP) < 5, number of hydrogen 
bond acceptors (HBA) ≤ 10 , and number of hydrogen bond 
donors (HBD) ≤ 5 [79]. An additional guideline for num-
ber of rotatable bonds (NRB ≤ 10) is often added. Other 
drug-likeness rules include the Veber’s rule, Ghose’s rule, 
Egan’s rule, Muegge’s rule, Pfizer’s rule, GlaxoSmithKline’s 
(GSK’s) rule, and the Golden Triangle (GT) rule (details are 
provided in the footnotes of Tables 1 and 2).

Inspection of Tables 1 and 2 reveals that the hybrids 
satisfy the Lipinski’s, Ghose’s, Veber’s, Egan’s, Muegge’s, 
and the golden triangle rules, which is indicative of their 
likelihood of good oral bioavailability, especially good oral 
absorption and gastrointestinal permeability. This is sup-
ported by their moderate aqueous solubility (expressed by 
the LogS values), which can aid their transport across the 
intestinal epithelial cell lining via paracellular absorption. 
Accordingly, the physicochemical properties of these com-
pounds are suitable enough to ensure desirable PK proper-
ties in the human body.

From the foregoing results, the benzimidazole-thiosemi-
carbazone hybrids studied can be regarded as drug-like mol-
ecules that may suffer minimal attrition rates during clinical 
trials. However, nearly all of the 4N-substituted hybrids fail 
to satisfy the Pfizer’s and GSK’s rules, suggesting some defi-
ciencies in their drug-likeness behavior.

Besides the physicochemical properties, some ADMET-
related properties were computed. These include gastrointes-
tinal (GI) absorption or human intestinal absorption (HIA), 
blood–brain barrier (BBB) penetration, volume of distribu-
tion (VD) at steady state, bioavailability  (F20% and  F30%), 
plasma protein binding (PPB), the fraction unbound (Fu) in 
plasma, the human colon carcinoma (Caco-2) cell membrane 

Table 2  Physicochemical properties and drug-likeness assessment of the hybrids based on ADMETLab 2.0 results

LogS scale: Optimal values range from − 4 to ~ 0.5
Pfizer’s rule: LogP > 3 and TPSA < 75
GlaxoSmithKline’s (GSK’s) rule: MW ≤ 400 and LogP ≤ 4
Golden Triangle (GT) rule: 200 ≤ MW ≤ 50 and LogD ≤ 5

Molecule MW (g/mol) HBA HBD NRB TPSA (Å2) LogP LogS LogD Lipinski’s rule Pfizer’s rule GSK’s rule GT rule

1A 361.06 5 3 5 65.1 4.64  − 6.001 4.202 Yes No No Yes
1B 410.99 5 3 5 65.1 5.52  − 6.392 4.563 Yes No No Yes
1C 468.96 5 3 5 65.1 5.51  − 6.365 4.084 Yes No No Yes
1D 371.06 6 3 6 82.17 4.12  − 5.342 4.018 Yes Yes No Yes
1E 357.08 5 3 5 65.1 4.92  − 6.141 4.420 Yes No No Yes
2A 315.15 5 3 5 65.1 4.09  − 4.505 4.067 Yes No No Yes
2B 275.12 5 3 5 65.1 3.17  − 4.001 3.577 Yes No Yes Yes
2C 339.12 6 3 6 74.33 3.95  − 5.407 3.854 Yes No Yes Yes
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permeability, the madin-darby canine kidney (MDCK) cell 
membrane permeability, P-glycoprotein (P-gp) substrates 
and inhibitors, cytochrome P450 substrates and inhibitors, 
drug-induced liver injury (DILI), rat oral acute (ROA) toxic-
ity, human hepatotoxicity (H-HT), the human ether-a-go-go-
related gene (hERG) inhibition, and AMES toxicity [21, 38, 
39, 41]. The calculated values of these properties, listed in 

Tables 3 and S2, were used to determine whether the hybrid 
molecules studied can be adequately absorbed into the body 
from their sites of administration, effectively distributed to 
their targets, metabolized in a way that does not quickly 
annihilate their therapeutic effects, properly eliminated from 
the body, and are of acceptable toxicity [22, 80].

Table 3  ADMET-related properties of the hybrid molecules studied, as predicted by ADMETLab 2.0

The prediction probability values are replaced by the symbols: –(0–0.1), –(0.1–0.3), –(0.3–0.5),  + (0.5–0.7),  +  + (0.7–0.9) and  +  +  + (0.9–1.0), 
where  +  +  + or  +  + indicates a more likely toxic or defective molecule,  −  −  −  or  −  − indicates a nontoxic or appropriate molecule, and  +  
or  − presents inconclusive information that warrants further assessment [22]

Molecule 1A 1B 1C 1D 1E 2A 2B 2C

Absorption
Caco-2 Permeability (Log unit)  − 5.714  − 5.664  − 5.76  − 5.914  − 5.693  − 5.297  − 5.604  − 5.856
MDCK Permeability (cm/s) 1.6 ×  10–5 2.0 ×  10–5 1.5 ×  10–5 1.6 ×  10–5 1.3 ×  10–5 1.4 ×  10–05 6.3 ×  10–06 7.7 ×  10–6

P-gp inhibitor −  − − −  − − −  − − −  − − −  − − −  − − −  − − −  − − 
P-gp substrate −  − − −  − − −  − − −  − − −  − − −  − − −  − − −  − − 
HIA −  − − −  − − −  − − −  − − −  − − −  − − −  − − −  − − 
F20% −  − − −  − − −  − − −  − − −  − − − −  − − −  − − 
F30% −  −  +  + −  − −  − − −  − −  +  + −  − −
Distribution
PPB (%) 99.90 100 100 99.39 99.78 97.16 96.52 98.61
VD (L/kg) 0.963 1.41 0.621 0.345 0.924 1.478 1.339 0.669
BBB Penetration − −  − − −  − −  +  + −  −  +  +  +  +  + +
Fu (%) 0.89 0.92 0.62 0.90 1.00 1.10 2.80 1.32
Metabolism
CYP2 inhibitor  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
CYP2 substrate  +  +  +  +  +  + +  +  +  +  +  +  +  +  +  +  +  +  + 
CYP2C19 inhibitor  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
CYP2C19 substrate −  − − −  − − −  − − −  − − −  − −  − − −  − −  − 
CYP2C9 inhibitor  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
CYP2C9 substrate  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
CYP2C6 inhibitor +  +  + + −  − − – −  − −  − − −  − 
CYP2C6 substrate  +  +  +  +  +  + –  +  +  +  +  +  +  +  +  + 
CYP3A4 inhibitor +  +  + + +  +  +  +  +  + +  +  + 
CYP3A4 substrate −  − – – −  − + −  − – –
Excretion
Clearance (ml/min/kg) 2.632 2.619 1.584 1.242 2.504 2.916 4.172 3.937
Half-life (h) 0.612 0.594 0.504 0.831 0.769 0.855 0.921 0.890
Toxicity
hERG Blockers −  − − −  − − −  − − −  − − −  − − −  − − −  − − −  − − 
H-HT  +  + + – + + + +  +  + 
DILI  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
AMES Toxicity – −  − − −  − − −  − – −  − −  − − +
ROA Toxicity  +  +  + + +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
Skin Sensitization −  − − −  − − −  − − −  − − −  − − −  − −  − − −  − − 
Carcinogenicity  +  + – + + +  +  +  +  +  +  + 
Eye Corrosion −  − − −  − − −  − − −  − − −  − − −  − − −  − − −  − − 
Eye Irritation −  − – −  − −  − − – −  − − −  − − –
Respiratory Toxicity  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
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It is evident from Tables 3 and S2 that the hybrids exhibit 
desirable intestinal absorption and permeability. Nearly 
all of the compounds show high Caco-2 cell permeability 
(greater than −5.15 Log unit) and high MDCK cell perme-
ability (with nearly all values greater 20 × 10−6 cm/s). This 
suggests that their high intestinal absorption (revealed by 
high GI and HIA) can be mainly through passive transcellu-
lar transport across the epithelial cell lining. The compounds 
are potential inhibitors of P-gp (an efflux transporter of xeno-
biotics and drugs), which can lead to increased bioavailabil-
ity as suggested by  F20% and somewhat by  F30%. However, 
this may also lead to interaction with other drugs transported 
by the P-gp efflux pump. According to the drug distribution 
parameters, all of the hybrids are liable to high plasma pro-
tein binding (with PPB > 90% in all cases), which can block 
access to their therapeutic targets. However, their predicted 
VD values are within the optimal range of 0.04‒20 l/kg, 
suggesting that a significant amount of the compounds can 
be contained in the tissues rather than in plasma. In all cases, 
the predicted fraction unbound to plasma proteins is low 
(Fu < 5%). Note that Fu affects the volume of distribution 
and potency because only unbound (free) drugs can diffuse 
across cell membranes from plasma to the tissues [77, 81].

In the case of drug metabolism, most of the molecules 
are potential inhibitors of five cytochrome P450 enzymes 
(CYP2, CYP2C9, CYP2C19, CYP2C6 and CYP3A4), 
which is likely to improve their metabolic stability. Inhibi-
tion of these enzymes can result in increased bioavailability, 

but may lead to drug-drug interactions when co-adminis-
tered with prodrugs that require these P450 enzymes to 
be converted into the active metabolites. From the values 
in Table 3, the hybrids can be principally metabolized by 
CYP2C19 and to a lesser extent by CYP3A4, which is a 
means of mitigating their undesirable effects. After phase 
I metabolism of drugs by the cytochrome P450 or other 
enzymes, most of the drug metabolites undergo a conju-
gation reaction (phase II metabolism) that facilitates their 
irreversible elimination from the body, usually via excretion 
[82]. From the excretion assessment parameters, the com-
pounds have a low clearance rate of ~ 5 ml/min/kg or lower. 
Nevertheless, they have a short elimination half-life of ~ 1 h 
or less, hence drug accumulation in the body is unlikely.

From the toxicological data, the hybrids may have a high 
risk of respiratory toxicity and liver injury. In addition, the 
hybrids apart from 1B and 1C are susceptible to acute oral 
toxicity. Moreover, 1A and 2C may lead to human hepato-
toxicity, as well as 1A and 2A‒2C are likely to be carci-
nogenic. Interestingly, none of the hybrids is predicted to 
have a high risk of hERG inhibition, skin sensitization, eye 
corrosion, and eye irritation. The compounds 1B, 1C, 1D, 
and 1E apparently have the lowest toxicity risk since they 
have the lowest probability of human hepatotoxicity and car-
cinogenicity, although further assessments in these regards 
are required because the prediction probabilities are + or − . 
Henceforth, attention herein is focused on these safer com-
pounds (1B, 1C, 1D and 1E).

Table 4  Docking scores (in 
kcal/mol) of the most drug-
like and safer benzimidazole-
thiosemicarbazone ligands 
investigated, along with their 
interactions with FP2 as 
revealed by Biovia Discovery 
studio (in comparison with 
those of the native ligand, E64)

Ligand Score Noncovalent interactions Interacting residues*
1B - 7.900 Conventional Hydrogen-bond

Pi-sulfur

Pi-Pi T-shaped stacking

Alkyl and Pi-Alkyl

Asn173, Cys42

Cys42

Hsd174

Trp206, Val152, Ala175, Trp43, Leu84, Ile85

1C - 8.300 Conventional Hydrogen-bond

Non-conventional Hydrogen-

bond

Halogen bond

Pi-sulfur

Pi-Pi stacking

Alkyl and Pi-Alkyl

Asn81, Gly40, Cys42, Gly83

Ser149

Asp234

Trp43

Tyr78

Ala175, Leu84, Ile85

1D - 8.200 Conventional Hydrogen-bond

Non-conventional Hydrogen-

bond

Pi-sulfur

Pi-sigma

Alkyl and Pi-Alkyl

Leu172, Gly83, Hsd174, Val150, Asp234, Asn173

Gly40

Cys42

Ala175

Ile85, Leu84

1E - 7.500 Conventional Hydrogen-bond

Pi-sigma

Alkyl and Pi-Alkyl

Gly83

Leu84

Ile85, Ala175, Cys42

E64 - 6.300 Conventional Hydrogen-bond

Non-conventional Hydrogen

* The residue color code: Green = S1 subsite; Purple = S1′ subsite; Blue = S2 subsite; red = S3 subsite of FP2

-

bond

Pi-cation

Cys42, Ser41, Asn173, Gly83, Asn81, Hsd174, Gln36

Gly40, Trp43

Tyr78
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Molecular docking studies

Self-docking of FP2’s native ligand (E64) was used as 
a means of selecting the best docking program between 

ADVina and ADFR. Note that ADFR is a new docking 
engine based on the Autodock4 scoring function, but has 
a new Genetic Algorithm (GA) [83]. The docking effi-
ciency of the programs was validated by assessing the 

(a) (b)

(c) (d)

1B

1B

1C

1C

Fig. 2  The top-ranked docking pose of 1B (panel a) and 1C (panel c) 
in the binding site of FP2, along with the  LigPlot+ ligand interaction 
diagram of 1B (panel b) and 1C (panel d). The yellow spot in the sur-

face defining the active site cleft (panels a and c) corresponds to the 
position of the active site cysteine residue, Cys42
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ability of each program to generate a top-ranked native-
like pose. The top-ranked pose of E64 as generated by 
each program is compared with the native pose in Fig. 

S1. The heavy-atom RMSD value of the ADFR-generated 
top-ranked pose relative to the crystallographic structure 
of E64 is 1.7255 Å, which is in good agreement with a 

(a) (b)

(c)

1D

(d)

1D

1E

1E

Fig. 3  The top-ranked docking pose of 1D (panel a) and 1E (panel c) 
in the binding site of FP2, along with the  LigPlot+ ligand interaction 
diagram of 1D (panel b) and 1E (panel d). The yellow spot in the sur-

face defining the active site cleft (panels a and c) corresponds to the 
position of the active site cysteine residue, Cys42
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previously reported value of 1.84 Å elsewhere [5] obtained 
using Autodock4. On the other hand, the heavy-atom 
RMSD value of the ADVina-generated top-ranked pose 
is 5.7298 Å. Generally, self-docking solutions are consid-
ered good when RMSD ≤ 2.0 Å, acceptable when RMSD 
is between 2.0 and 3.0 Å, and bad when RMSD ≥ 3.0 Å 
because such solutions are completely wrong [84, 85]. 
Clearly, ADFR outperforms ADVina as far as the FP2 pro-
tein is concerned, and was then chosen for cross-docking 
of the hybrid molecules earlier selected based on drug-
likeness and ADMET predictions.

The docking scores and the interaction types of the 
ligands 1B, 1C, 1D, and 1E with FP2 are given in Table 4, 
while the binding poses are depicted in Figs. 2 and 3. The 
listed interactions were identified using Biovia Discovery 
studio. The associated 2-dimensional diagrams are shown 
in supplementary Fig. S2.

The top-ranked docking scores of 1B, 1C, 1D, and 1E 
with FP2 are favorable and relatively lower than that of E64, 
suggesting that these compounds may be better inhibitors 
of FP2 than the native ligand. It is worth noting that E64 is 
a well-known potent and specific irreversible inhibitor of 
cysteine proteases [26, 86]. The principal noncovalent inter-
actions between the ligands and FP2 are hydrogen bonds, Pi 
and alkyl interactions with the binding site amino acid resi-
dues such as Cys42, His174, Asn173, Trp43, Gly83, Asn81, 
Gly40, Tyr78, and Trp43. It can be seen from the  LigPlot+ 
maps in Figs. 2 and 3 that the binding interactions in the 
ligand‒FP2 complexes are also more or less dominated 

by hydrophobic interactions between the ligands and the 
hydrophobic side chains of FP2, which should contribute 
significantly to the binding affinities of the ligands. Indeed, 
hydrophobic interactions usually contribute considerably 
to protein–ligand binding free energies, as they constitute 
the structural parameter that correlates best with binding 
free energy [87]. The  LigPlot+ maps further highlight the 
importance of the Gly83 residue as the main anchor of most 
of the ligands in the binding site of FP2. The yellow spot in 
the active site cleft in Figs. 2 and 3 indicates the position of 
the sulfur atom in the active site cysteine residue (Cys42) 
of the catalytic dyad. The distance between the sulfur atom 
and the thiocarbonyl carbon (the electrophilic center) is 3.90, 
4.46, 8.10, and 4.52 Å in 1B, 1C, 1D, and 1E, respectively. 
The close proximity of the pre-reactive species in the 1B‒
PF2, 1C‒PF2, and 1E‒PF2 complexes can facilitate any 
covalent interaction between them. Indeed, the proximity of 
the ligand binding site to the catalytic residues is an impor-
tant factor that influences the ease and rate of covalent bond 
formation between the ligand and the catalytic residues [30, 
65]. Moreover, the ligands bind mainly in the S1 and S2 (as 
well as S1′ in some cases) subsites of FP2 (see Table 4) to 
form a noncovalent encounter complex necessary for cova-
lent reaction with Cys42.

Molecular dynamics simulation

MD simulations were performed herein firstly to generate 
conformational snapshots for use in binding free energy 

Table 5  MM/GBSA-based 
binding free energies, free 
energy contributions, inhibitory 
constants, and ligand efficiency 
indices of the benzimidazole-
thiosemicarbazone ligands 
studied

a Experimental values obtained from the literature [14]
b Consult the supplementary material for details on the inhibitory constant ( Ki ) and ligand efficiency (LE)
Bold indicate Calculated binding free energies are highlighted in bold

Parameter Ligand‒FP2 complex

1B‒PF2 1C‒PF2 1D‒PF2 1E‒PF2

ΔEbond 1.13 ×  10–06  − 4.67 ×  10–07 5.33 ×  10–07 6.67 ×  10–07

ΔEangle  − 1.20 ×  10–06 8.00 ×  10–07  − 4.00 ×  10–07  − 2.00 ×  10–07

ΔEtorsion 9.33 ×  10–07 1.07 ×  10–06 4.67 ×  10–07 1.20 ×  10–06

ΔEvdW  − 36.86  − 30.22  − 26.34  − 23.55
ΔEele  − 15.19  − 14.92  − 12.60  − 8.58
1–4 ΔEvdW  − 9.77 ×  10–16  − 1.73 ×  10–06  − 1.20 ×  10–06 7.33 ×  10–07

1–4 ΔEele  − 4.00 ×  10–07 7.33 ×  10–07  − 6.00 ×  10–07 6.67 ×  10–07

ΔGGB 25.44 24.14 22.42 17.78
ΔGSA  − 3.71  − 3.30  − 3.04  − 2.82
ΔGGas  − 52.05  − 45.14  − 38.94  − 32.13
ΔGsolv 21.73 20.85 19.38 14.96
ΔG

bind
(kcal/mol)  − 30.32  − 24.29  − 19.57  − 17.17

Ki(nM)# 5.94 ×  10–14 1.56 ×  10–09 4.54 ×  10–06 2.59 ×  10–04

IC50 (µg/ml)a 0.005 0.012 0.023 0.025
LE (kcal/mol)b 1.213 1.012 0.783 0.715
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calculations, and secondly to investigate the stability of the 
best ligand‒FP2 complex.

Binding free energy analysis

The calculated binding free energies ( ΔG
bind

 ) in this work 
using the MM/GBSA method are presented in Table 5 
(highlighted in bold). Note that the reported values were 
averaged over the 500 snapshots selected from each of 
the 5, 10, and 15 ns independent MD simulations per 
ligand-FP2 complex. The detailed results are reported in 

supplementary Table S3. Relatively short MD simulations 
were performed here because literature survey reveals 
that simulations longer than 5 ns are not necessarily ben-
eficial [54–57, 88] to binding free energies calculated 
using the MM/GBSA and MM/PBSA methods. For some 
molecules, the binding free energies predicted based on 
short MD simulations have been found to be slightly bet-
ter than those obtained from much longer simulations 
[88]. It is more effective to employ the MM/GBSA and 
MM/PBSA methods together with many short independ-
ent simulations than with a single long simulation [54, 

Fig. 4  Backbone RMSD plots 
of the protein and ligand (top), 
and the RMSF plot of the 
protein (bottom) for 150 ns MD 
simulation

Fig. 5  The Radius of gyra-
tion (Rg) plot per residue (top) 
and the H-Bond plot (bottom) 
of the protein for 150 ns MD 
simulation
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57]. As can be seen from Table 5, 1B exhibits the lowest 
average binding free energy of −30.32 kcal/mol and thus 
possesses the highest binding affinity for the FP2 enzyme. 
Clearly, the four ligands studied here are capable of non-
covalent binding to FP2, but 1D and 1E have relatively 
high ΔG

bind
 values indicative of their weaker interaction 

with the protein’s binding site residues. The inhibitory 
constants, Ki , of the ligands are listed in Table 5 together 
with the experimental values of IC50 gotten from the lit-
erature [14]. Also presented in Table 5 are ligand effi-
ciency (LE) indices.

The values of Ki and IC50 are commonly used to com-
pare the relative potencies of inhibitor molecules. Typi-
cally, smaller Ki and IC50 values indicate tighter ligand 
binding to the receptor and consequently better inhibitory 

activities [89]. It can be seen that the Ki values are well 
below single-digit n M, showing that the ligands can bind 
very tightly to the FP2 enzyme. Interestingly, the trend in 
the Ki values (1B < 1C < 1D < 1E) is the same as that in 
the  IC50 values. Accordingly, 1B is the strongest binder 
of FP2 and also the most biologically active compound 
among the hybrid molecules studied. All calculated LE 
indices are favorable since they are greater than 0.3 kcal/
mol in each case, thus confirming the suitability of the 
benzimidazole-thiosemicarbazone hybrids as drug candi-
dates. It is also clear from Table 5 that the van der Waals 
and electrostatic interactions contribute significantly to 
the binding free energies. It can be seen from Table S3 
that the IE standard deviations, �(Int. Energy), are all 
greater than the highest allowable value of 3.6  kcal/
mol (~ 15 kJ/mol). Therefore, the calculated interaction 

Fig. 6  The DSSP plot of PF2 in 
complex with 1B for 150 ns MD 
simulation

Fig. 7  a the clustering histo-
gram, b the principal binding 
modes of 1B, c the timeline 
bar plot, and d the RMSD plot 
of ligand 1B for 150 ns MD 
simulation
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entropy values were considered unreliable [90] and were 
excluded from the reported ΔG

bind
 values.

Stability analysis of FP2 in complex with 1B

MD simulation of the best noncovalently docked ligand-FP2 
complex was performed to verify its stability and correct-
ness. The 150 ns MD trajectory of the complex was used to 
calculate the RMSD and RMSF of the protein, as well as the 
RMSD of the ligand, all of which are depicted graphically in 
Fig. 4. It is important to note that the reported RMSD values 
of the protein were calculated with respect to its crystallo-
graphic structure after least square fitting to the backbone 
atoms, while those of the ligand were calculated relative 
to its docked conformation within FP2’s binding site. The 
RMSD plot is often used to validate the stability of a pro-
tein–ligand complex and to predict any ligand-induced per-
turbations, while the RMSF plot is used to assess the local 
structural flexibility of the amino acid residues of a protein. 
FP2 in complex with 1B (black) showed the most stable 
backbone RMSD between 55 and 150 ns of the simulation, 
and no sharp fluctuations were observed during this time 
frame. On the other hand, the ligand (red) showed a fairly 
stable RMSD between 5 and 114 ns of the simulation. From 
the 115th ns to the end of the simulation, the structure of 
the ligand alternated between two binding states with aver-
age RMSD values of about 0.21 and 0.15 nm. The RMSD 

of the protein backbone increased to a maximum value at 
the 52nd ns and eventually stabilized at an average value of 
0.23 ± 0.02 nm (or 2.3 ± 0.2 Å) during the rest of the simula-
tion time. Interestingly, the average RMSD of the protein in 
complex with 1B remained below 3 Å, indicating the stabil-
ity of the 1B‒PF2 complex in which the ligand is tightly 
bonded to the protein without significantly perturbating its 
secondary structure.

To validate the predictions of the RMSD analysis, RMSF 
values were computed and analyzed. It is worth noting that 
the RMSF plot of a protein provides important informa-
tion regarding its stability. Generally, high fluctuations in 
the RMSF plot indicate more flexible and relatively unsta-
ble bonds, while low fluctuations indicate well-structured 
regions with less distortion. As can be seen from Fig. 4, the 
most fluctuating residues of FP2 bound to 1B are within the 
range 185‒195, which corresponds to a loop and randomly 
coiled region of the protein. Hence, such flexibility is con-
sidered ordinary. The low average RMSF value of the pro-
tein (0.10 ± 0.07 nm) confirms the stability of the 1B‒PF2 
complex as predicted by the RMSD plots.

To determine the compactness of the 1B‒PF2 complex, 
its radius of gyration (Rg) was calculated and plotted against 
simulation time as shown in Fig. 5. In general, high Rg val-
ues signify less compactness, while low values indicate more 
folded and hence highly stable protein structures. As can 
be seen from Fig. 5, the calculated Rg values of FP2 bound 

1B

Balls and sticks showing 
atoms modeled by DFT
(Mechanism II only)

Balls and sticks showing 
atoms modeled by DFT 
(Mechanism I only)

*
*

Balls and sticks showing atoms 
modeled by DFT (Mechanisms I and II)

The wireframe 
and plane sticks 
represent atoms
modeled by 
xTB

Fig. 8  The cluster model of the 1B‒PF2 complex used herein. The C, 
H, O, N, S, and Cl atoms are shown in gray, pink, red, blue, yellow, 
and green colors, respectively. Electrophilic centers of the chemical 

warhead are indicated by the red-colored asterisks. Mechanisms I and 
II are described below
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to 1B lie within the narrow range 1.80–1.87 nm through-
out the MD simulation, implying that the binding of 1B to 
FP2 does not induce any noticeable structural changes. This 
further affirms the stability of the 1B‒PF2 complex. Hydro-
gen bonds on their part play a crucial role in determining 
the protein–ligand binding strength. It is clear from Fig. 5 
that the number of hydrogen bonds in the 1B‒PF2 complex 
remained fairly constant during the simulation, suggesting 
that the secondary structure of FP2 is minimally impacted 
by 1B.

The definition secondary structure of protein (DSSP) plot 
of PF2 in complex with 1B is shown in Fig. 6. A DSSP 
plot can provide valuable information on the nature of the 
secondary structure elements of a protein (such as the alpha-
helices, beta-sheets, random coils, bends, and turns) during 
MD simulation. It can be seen from Fig. 6 that nearly all 
of the alpha-helices and beta-sheets of PF2 were conserved 
during the simulation. Some interconversion among the 
random coils, bends, and turns is observed, but cannot be 
attributed to the presence of the ligand because these sec-
ondary structure elements are usually composed of highly 

flexible amino acid residues. Generally, the DSSP plot has 
not revealed any alterations in the secondary structure ele-
ments of PF2 that can lead to protein instability.

Clustering of the trajectory

The trajectory clustering results are presented in Fig. 7. Two 
clusters comprising different binding modes of ligand 1B in 
the binding site of FP2 have been generated by the TTClust 
program.

Recall that the trajectory was clustered based on RMSD 
values calculated using the ligand atoms. The histogram in 
panel (a) describes the population of the clusters and the 
timeline bar plot in panel (c) shows the distribution of clus-
ter members along the entire MD trajectory. The two bind-
ing orientations of the ligand are shown in panel (b). It is 
clear from both the RMSD plot of 1B in panel (d) and the 
timeline bar plot that the ligand was predominantly stable 
in the interval 5–114 ns of the simulation in the binding 
mode depicted in blue. This binding mode is therefore the 
ligand’s dominant configuration, since it pertains to the most 

Scheme 1  Two pathways of the reaction between 1B and PF2 suggested in this work. The electrophilic centers of the chemical warhead are indi-
cated by the red-colored asterisks
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populated cluster. The timeline bar plot also confirms that 
the structure of the ligand alternated between two binding 
states from the 115th ns to the end of the simulation. Notice 
that the two binding modes differ mainly in the orientation 

of the dichloro phenyl group enclosed in the dashed-line 
circle. Hence, the orientation of the ligand’s reactive war-
head in both binding states are virtually the same, imply-
ing that the two states are likely to follow the same cova-
lent binding mechanism to the reactive active site cysteine 
residue of FP2. The cluster representative of the dominant 

Fig. 9  The energy profiles for mechanism I computed at a (M06-2X/def2-TZVPPD)/xTB and b (DSD-PBEB95/def2-TZVPPD)/xTB levels of 
theory. All relative energy values are in kcal/mol

Fig. 10  The energy profiles for mechanism II computed at a (M06-2X/def2-TZVPPD)/xTB and b (DSD-PBEB95/def2-TZVPPD)/xTB levels of 
theory. All relative energy values are in kcal/mol
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configuration of the 1B‒PF2 complex was chosen for mech-
anistic and kinetic studies described below.

ONIOM‑based mechanistic and kinetics studies 
of covalent modification of FP2 by 1B

The optimized structure of the truncated cluster model of 
FP2 noncovalently bound to 1B for the reactant state is 
shown in Fig. 8. Remember that the model was constructed 
by extracting ligand 1B, along with all amino acid residues 
in the 1B‒PF2 complex with atoms within 4.0 Å of 1B 
(Gln36, Gly40, Cys42, Trp43, Cys80, Asn81, Gly82, Gly83, 
Leu84, Ser149, Val152, Ser153, Ala157, Leu172, Asn173, 
His174, Ala175, and Trp206).

All broken N-terminal and C-terminal bonds were manu-
ally capped with hydrogen atoms, and the original positions 
of the peripheral atoms of the model at the truncation points 
were constrained. The constraints were intended to prevent 
spurious displacements of atoms during geometry optimiza-
tion and NEB-TS calculations in order to preserve the struc-
tural integrity of the enzyme’s binding site. The presence of 
the entire protein environment of a catalytic site has a sig-
nificant impact on the energetics of a reaction, but is unlikely 
to alter the kinetics and mechanistic features of the reac-
tion [30, 91]. Implicit solvation was applied in all ONIOM 
calculations, and the solvent effects were included via the 
Analytical Linearized Poisson-Boltzmann (ALPB) solvation 
model along with diethyl ether and water as solvents, consid-
ered individually. Diethyl ether was chosen so as to include 
the effects of the low dielectric constant (usually 4.0) of the 
protein environment, and water was chosen because many 
biochemical reactions in the human body occur in the aque-
ous medium. The cluster model was made up of 303 atoms 
and a total charge of zero. The link hydrogen atoms between 
the ONIOM layers were automatically generated and charge 
alteration applied by the ORCA program to prevent over-
polarization of the electron density.

Two pathways of the reaction between 1B and PF2, 
depicted in Scheme  1, were studied, each comprising 
two sequential steps: (1) the deprotonation of the thiol 
group of Cys42 by His174 leading to the formation of 
 Cys42−/His174+, called the thiolate-imidazolium ion pair 
(IP) and (2) covalent modification of the thiolate sulfur 
of  Cys42− by the carbon atom serving as the electrophilic 
center of the chemical warhead.

In step 1 of each mechanism, the reactant state (RS) is 
transformed into the IP state through a transition state TS1, 
while in step 2, the thiolate sulfur of  Cys42− and the cor-
responding electrophilic center combine covalently yield-
ing the product state (PS) via a transition state TS2. The 
optimized geometries of TS1 and TS2 for each mechanism 
are shown in supplementary Fig. S3. The energy profiles 
for Mechanisms I and II computed at (DSD-PBEB95/

def2-TZVPPD)/xTB and (M06-2X/def2-TZVPPD)/xTB 
theoretical levels are displayed in Figs. 9 and 10, respec-
tively. For each mechanism, the reaction coordinate for 
step 1 (RS → TS1 → IP) is the proton transfer path between 
the gamma sulfur (SG) of Cys42 and the epsilon nitro-
gen (NE) of His174. The reaction coordinate for step 2 
(IP → TS2 → PS) of Mechanism I is the path linking the 
thiocarbonyl carbon of the TSC moiety and the SG atom of 
Cys42. For Mechanism II, the reaction coordinate for step 2 
is the path linking the meta-carbon atom of the 4N-substitu-
ent and the SG atom of Cys42. Notice that in the latter case, 
a chloride ion is eliminated as a leaving group.

It is clear from Figs. 9 and 10 that similar energy pro-
files are obtained at the two levels of theory used, although 
the Gibbs free energy changes calculated using the double-
hybrid functional DSD-PBEB95 are slightly higher than 
those calculated using the global hybrid meta-GGA func-
tional M06-2X. Since the double-hybrid functionals often 
outperform the global hybrid counterparts in typical ther-
mochemical applications, attention herein is henceforth 
shifted toward the energy profiles obtained using the DSD-
PBEB95 functional. It is clear from the energy profiles that 
the reaction described by Mechanism I is endergonic in both 
water and ether ( ΔGrxn = 5.13 and 6.09 kcal/mol), while that 
described by Mechanism II is exergonic ( ΔGrxn = −21.71 
and −11.84 kcal/mol) in both solvents. As a consequence, 
Mechanism II is thermodynamically favorable, whereas 
Mechanism I is thermodynamically unfeasible. The nonvi-
ability of Mechanism I can be partly attributed to the steric 
effects of the bulky 4N-substituent, which probably render 
the thiocarbonyl group of the TSC moiety less attractive as 
a chemical warhead. From our results, the deprotonation of 
the thiol group of Cys42 by the NE atom of His174 occurs 
across a very low energy barrier in diethyl ether (2.41 kcal/
mol for Mechanism I and 3.34 kcal/mol for Mechanism II), 
which either doubles or triples in water. Interestingly, the 
barrier heights associated with TS1 as calculated herein 
is roughly in good agreement with the value 5.3 kcal/mol 
obtained for a similar reaction elsewhere [24]. The foregoing 
results suggest that the transformation of the neutral active 
site residues into the IP state is not the rate-determining step 
in both mechanisms studied. The rate-determining step is 
undoubtedly that involving the formation of a covalent bond 
between Cys42 and the chemical warhead in 1B, which in 
the case of Mechanism II, occurs across a relatively high 
barrier height of about 28.42 kcal/mol in diethyl ether and 
24.18 kcal/mol in water. In the case of the thermodynami-
cally favorable mechanism, the aqueous medium stabilizes 
both the IP and PS states and also reduces the energy bar-
rier between them. As a result of such stabilization, the IP 
state is appreciably lower in energy than the neutral form, 
which is in good qualitative and quantitative agreement with 
the results of some previous works [92]. Our energy barrier 
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for the rate-determining step of Mechanism II in aqueous 
medium (24.18 kcal/mol) is in excellent agreement with 
those reported in the literature [26] for similar covalent 
interactions between FP2 and E64 (24.3 and 23.6 kcal/mol) 
obtained using the Potential of Mean Force (PMF) computed 
at AM1d/MM level.

Arguably, the cluster model and ONIOM methodology 
used in this work correctly describe the reaction between 
PF2 and 1B. Interestingly, the ONIOM results have revealed 
that ligand 1B may act as a covalent inhibitor of FP2 via 
Mechanism II suggested in this work. This observation may 
be extended to ligand 1C (containing a para-carbon in its 
4N-substituent bonded to a fluorine atom) and ligand 1D 
(possessing a carbonyl carbon in its 4N-substituent). Unex-
pectedly, the results show that the meta-carbon of the aro-
matic ring in the 4N-substituent of ligand 1B is more suscep-
tible to nucleophilic attack by the thiolate sulfur of Cys42 
than the thiocarbonyl carbon. The said aromatic ring forms 
a Pi-sulfur interaction (of length 5.68 Å) with the Cys42 
sulfur atom, as shown in Fig. S2, implying that it is within 
the reach of the Cys42 sulfur atom. The fact that the cova-
lent interaction between the sulfur atom of Cys42 and the 
meta-carbon of the aromatic ring is thermodynamically and 
kinetically favorable as opposed to that between the sulfur 
and the thiocarbonyl carbon (which is more proximal to the 
Cys42) shows that the aromatic ring is a fast-reacting war-
head. The electrophilic center of the ring is also less steri-
cally hindered than that of the thiocarbonyl group, since the 
attached chlorine atom is eliminated as an anion prior to 
attack on the Cys42 sulfur atom. It can be inferred from the 
foregoing observations that 4N-substituents which improve 
the antiplasmodial activity of the parent ligand 1A are those 
equipped with adequately reactive and less sterically hin-
dered chemical warheads.

Conclusions

The effectiveness of Artemisinin Combination Therapies 
(ACTs), the first-line treatments for malaria, is declining 
in some malaria-endemic areas due to the emergence of 
artemisinin-resistant Plasmodium falciparum species. This 
warrants the urgent search for alternative antimalarial drugs 
with novel modes of action. Against this background, an 
in silico study to screen antimalarial drug candidates from 
a series of benzimidazole-thiosemicarbazone hybrid mol-
ecules with significant antiplasmodial properties and explore 
their falcipain-2 inhibitory potentials has been undertaken 
herein. Pharmacokinetic properties, ADMET profiles, MM/
GBSA-based binding free energies, reaction mechanisms, 
and associated barrier heights have been investigated. DFT, 
molecular dynamics simulation, molecular docking, and 
ONIOM methods were employed. Computational chemistry 

methods were chosen because in silico predictions of recep-
tor‒ligand binding affinities and interactions have become 
an excellent approach in drug discovery and development. 
From the results obtained, four 4N-substituted derivatives 
of the hybrid molecule (E)-2-(1-(5-chloro-1H-benzo[d]
imidazol-2-yl)ethylidene)hydrazine-1-carbothioamide 
(1A) denoted 1B, 1C, 1D, and 1E are drug-like and promis-
ing covalent binders of falcipain-2, exhibiting remarkably 
small inhibitory constants (5.94 ×  10–14 − 2.59 ×  10–04 n M) 
and favorable binding free energies (−30.32 to −17.17 kcal/
mol). The rate-determining step of the thermodynamically 
favorable mechanism occurs across a surmountable barrier 
height of 24.18 kcal/mol in water and 28.42 kcal/mol in 
diethyl ether. It is also apparent from our results that the 
4N-substituents which improve the antiplasmodial activity 
of 1A are those equipped with adequately reactive and less 
sterically hindered chemical warheads.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11030- 022- 10594-3.
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