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Abstract: In the framework of the multitarget inhibitor study, we report an in silico analysis of
1,2-dibenzoylhydrazine (DBH) with respect to three essential receptors such as the ecdysone receptor
(EcR), urease, and HIV-integrase. Starting from a crystallographic structural study of accidentally
harvested crystals of this compound, we performed docking studies to evaluate the inhibitory
capacity of DBH toward three selected targets. A crystal morphology prediction was then performed.
The results of our molecular modeling calculations indicate that DBH is an excellent candidate as a
ligand to inhibit the activity of EcR receptors and urease. Docking studies also revealed the activity
of DBH on the HIV integrase receptor, providing an excellent starting point for developing novel
inhibitors using this molecule as a starting lead compound.

Keywords: 1,2-dibenzoylhydrazine; computational drug design; EcR; urease; HIV-1 integrase; crystal
morphology; multitarget activity

1. Introduction

The growing evidence of molecules with multitarget properties encourages the shift to
joint experimental and computational multitarget approaches [1–4]. It is now evident that
a drug acting on a single receptor is not as effective as expected from the reductionist point
of view based on the so-called lock and key model. Recently, our research group has been
involved in computational drug design and methodologies to understand structure-activity
relationships (SARs), as well as drug repurposing [5–13]. Like the lock and key model,
one of the current challenges is finding the “master keys” that operate multiple locks
to gain access to the desired pharmacological effect. This is a general concept reminis-
cent of the “molecular master keys” proposed by Müller, who has extensively discussed
using privileged structures, frequently employed in medicinal chemistry, to address tar-
gets from a family of genes [14]. Another essential aspect being evaluated is the easy
accessibility of synthetic potential drugs that can be used for multiple drug targets and
would facilitate the work of pharmaceutical industries. In this regard, we have focused
on 1,2-dibenzoylhydrazine (DBH) (Figure 1). This compound has been widely used in
various pharmacological fields, and finding other targets with different pharmacological
applications would increase interest in such compounds and their derivatives [15,16]. Our
modeling calculation suggested ecdysone receptor (EcR), urease, and HIV-1 integrase as
interesting targets. DBH derivative compounds are non-ecdysteroid activators of insects’
ecdysone receptor complex.
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involved in peptic ulcer disease and stomach cancer [20]. Urolithiasis, urinary catheter 
encrustation, hepatic coma, hepatic encephalopathy, and pyelonephritis could result from 
increased urease levels. Compounds containing a fragment of urea or thiourea are a 
natural choice for the construction of inhibitors of this enzyme [21]. Among these, DBH 
and its derivatives showed promising results as urease inhibitors [22]. 

Furthermore, in the context of a human pharmacological application, 
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study using DBH as a binder on each protein mentioned above. The inhibitory activity of 
DBH with respect to each enzyme has been compared with some potent ligands reported 
in the literature, showing, in two cases, better inhibitory activity. Remarkably, DBH has a 
further application due to its remarkable ability to complex ions such as cobalt, nickel, 
and cadmium, providing an excellent antimicrobial capacity [27]. The ability to form 
complexes is due to the absence of substituents linked to nitrogen, and it could be used in 
different areas, such as heavy metal sequestering or as a sensor. Given the many uses of 
this compound and its derivatives, after verifying its binding activity, we decided to focus 
our attention on the structural characteristics of DBH by reporting the crystalline 
structure, already known, together with the crystal morphologies. This latter information 
can be of great help while considering all the issues related to active pharmaceutical 
ingredients (APIs), i.e., their solubilization, dissolution rate, and mechanical properties, 
which affect the final tableting. In fact, the solid form of pharmaceuticals has a tremendous 
impact on their material properties. Solubility is one of the main challenges in drug 
development, and it is particularly relevant in the case of oral medicine. Poor solubility of 
a pharmaceutical form can cause failure to bring it to market, as happened already in the 
case of ritonavir [28]. Consequently, the design and study of solid forms in drug products 
have become a significant research area, particularly when formulation approaches can 
overcome poor solubility/permeability [29]. 
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Since these receptors are limited to invertebrates, they represent an attractive target
for insecticide development. Indeed, bisacylhydrazine insecticides exert their activity
by binding to ecdysone receptors and activating them inappropriately [17]. Their use as
insecticides is based on their ability to induce a premature and incomplete molt, during
which susceptible insects die from desiccation and starvation [18,19].

Urease is a nickel metalloenzyme that catalyzes the hydrolysis of urea into carbamates
and ammonia, thus generating the preferred nitrogen source for many organisms. At the
same time, the rise in ammonia levels increases the alkalinity in the stomach, leading to
the survival of some bacterial pathogens, such as Helicobacter pylori, involved in peptic
ulcer disease and stomach cancer [20]. Urolithiasis, urinary catheter encrustation, hepatic
coma, hepatic encephalopathy, and pyelonephritis could result from increased urease
levels. Compounds containing a fragment of urea or thiourea are a natural choice for
the construction of inhibitors of this enzyme [21]. Among these, DBH and its derivatives
showed promising results as urease inhibitors [22].

Furthermore, in the context of a human pharmacological application, benzohydrazides
have been tested as inhibitors of the human immunodeficiency virus type 1 (HIV-1) inte-
grase [23]. The viral integration process consists of two steps: 3′-processing and strand
transfer [24]. Since the active site of the integrase enzymes consists of a motif that coor-
dinates two Mg2+ ions [25], the chelation of these metal cofactors represents a promising
approach to selective inhibition of strand transfer. A chelating motif and coplanar hy-
drophobic aryl group are the common pharmacophores for an integrase strand transfer
inhibitor [26].

In this framework, for the first time in the literature, we report a molecular modeling
study using DBH as a binder on each protein mentioned above. The inhibitory activity of
DBH with respect to each enzyme has been compared with some potent ligands reported
in the literature, showing, in two cases, better inhibitory activity. Remarkably, DBH has
a further application due to its remarkable ability to complex ions such as cobalt, nickel,
and cadmium, providing an excellent antimicrobial capacity [27]. The ability to form
complexes is due to the absence of substituents linked to nitrogen, and it could be used
in different areas, such as heavy metal sequestering or as a sensor. Given the many uses
of this compound and its derivatives, after verifying its binding activity, we decided to
focus our attention on the structural characteristics of DBH by reporting the crystalline
structure, already known, together with the crystal morphologies. This latter information
can be of great help while considering all the issues related to active pharmaceutical
ingredients (APIs), i.e., their solubilization, dissolution rate, and mechanical properties,
which affect the final tableting. In fact, the solid form of pharmaceuticals has a tremendous
impact on their material properties. Solubility is one of the main challenges in drug
development, and it is particularly relevant in the case of oral medicine. Poor solubility of
a pharmaceutical form can cause failure to bring it to market, as happened already in the
case of ritonavir [28]. Consequently, the design and study of solid forms in drug products
have become a significant research area, particularly when formulation approaches can
overcome poor solubility/permeability [29].

2. Results and Discussion
2.1. Molecular Modeling Studies

The identification of the three targeted proteins was initially conducted using DBH,
dibenzoylhydrazine, and hydrazine derivatives as keywords on Scopus and Google Scholar
(accessed on 10 September 22). By comparison of the common results from the databases,
we selected the most studied targets for developing ligands with a hydrazine moiety. To
assess the molecular similarity within the compounds retrieved from the literature and
DBH, a pairwise similarity was calculated by using ECFP4/FCFP4 and ECFP6/FCFP6
circular fingerprints. Extended-Connectivity Fingerprints (ECFPs and FCFPs) are circular
topological fingerprints optimized and designed for molecular characterization, similarity
searching, and ligand-based molecular modeling. They are among the most common
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similarity search tools in drug discovery and are actually used in many applications.
Comprehensive studies demonstrated that these methods are typically among the best-
performing search tools [30,31].

The results of the fingerprint analyses are reported in Figure 2. Circular fingerprints
showed that DBH has a structure similar to that of the most potent compounds acting
as ligands for EcR, urease, and HIV-1 integrase recovered from the literature [32–40]. A
docking and MD study was performed to better understand DBH’s chemical interaction
with the selected proteins.
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Figure 2. Calculated value (0 low similarity, 1 max similarity) of similarity index between DBH and
the most potent compounds acting as ligands of EcR, urease, and HIV-1 integrase with ECFP4/6 and
FCFP4/6 fingerprint similarity matrices.

The AutoDock Vina software was chosen based on its ability to excellently reproduce
both the pose and the binding constant for the co-crystallized ligands in each of the Protein
Data Bank (PDB) structures used in this work. To improve the quality of results, after the
DBH docking, we performed a 100 ns molecular dynamics (MD) simulation, using the
ligand/protein complex in the best-docked pose to ensure the best accommodation of the
ligand in the enzyme pocket. Finally, we redocked the ligand using the last 3 ns averaged
structure. The workflow of the procedure we used is reported in Figure S1.

We first performed docking studies on the hemipteran EcR (PDB ID: 1Z5X) to evaluate
the agonist activity of DBH. Table 1 shows the predicted free energies of binding (∆G) and
inhibition constant (Ki) values compared to the co-crystallized Ponasterone A.

Table 1. Predicted free energies of binding (∆G, kcal/mol) and inhibition constant (Ki, nM) for the
EcR receptor.

Compound Predicted ∆G Predicted Ki Experimental Ki

Ponasterone A a −11.37 4.6 4.8 b

DBH −9.01 249.9 —
a Co-crystallized ligand. b From reference [17].

A recent work by Purohit et al. confirms this data, which likewise uses RH-5849,
possessing a hydrazine moiety, as a model ligand for docking studies [41]. Looking at the
poses within the receptor site (Figure 3), we note that DBH establishes three hydrogen
bonds with the residues Ile227, Thr231, and Tyr296 and two π-π interactions with Phe285
and Trp412 residues. For comparison, the 2D interactions of the reference compound
Ponasterone A are reported in Figure S2.
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Figure 3. 3D and 2D pictures of the DBH interactions within the EcR receptor.

The results obtained from the docking on the urease receptor showed a superior
inhibitory activity of DBH compared to thiourea (Table 2), which has often been used in the
literature as a standard urease inhibitor [42,43].

Table 2. Predicted free energies of binding (∆G, kcal/mol) and inhibition constant (Ki, µM) for the
urease receptor.

Compound Predicted ∆G Predicted Ki Experimental Ki

Thiourea a −5.55 85.06 21.00 b

DBH −7.06 6.71 —
a Co-crystallized ligand. b From reference [42].

Even in this case, the 3D and 2D poses of DBH in the urease receptor site (Figure 4)
has three hydrogen bonds with the His519, His593, and Arg609 residues, one π-π in-
teraction with His492, and three π-alkyl interactions with Ala 440, Leu523, and Ala 636.
For comparison, the 2D interactions of the reference compound, thiourea, are reported in
Figure S3.
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The inhibitory activity of DBH against the HIV-1 integrase was compared with that
of the compound CHEMBL3259898 (also noted as 4BI or GS-C), currently one of the
best inhibitors for this receptor [44]. Although DBH turned out to be less active than
CHEMBL3259898 (Table 3), these docking studies lay the foundation to evaluate structural
changes to be implemented on DBH to increase the inhibitory activity against the HIV-1
integrase receptor.
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Table 3. Predicted free energies of binding (∆G, kcal/mol) and inhibition constant (Ki, nM) for the
HIV integrase receptor.

Compound Predicted ∆G Predicted Ki Experimental Ki

CHEMBL3259898 a −8.62 476.8 49.00 b

DBH −7.10 6,246.0 —
a Co-crystallized ligand. b From reference [45].

3D and 2D poses at the HIV-1 integrase receptor site show that DBH (Figure 5) estab-
lishes one hydrogen bond with the Thr174 residue, two π-alkyl interactions with Ala128 and
Ala129 residues, and one π-sulfur interaction with the Met178. The insertion of some sub-
stituents in the DBH’s phenyl groups to increase the interactions with the CHEMBL3259898
compound could be considered. For comparison, the 2D interactions of the reference
compound CHEMBL3259898 are reported in Figure S4.
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2.2. Crystal Morphology Prediction

We used the already-deposited WOBNAC.cif file (the Cambridge Structural Database)
to start our calculations. This file is a plain text file used to represent crystallographic
information. The compound crystallizes in the monoclinic C 2/c group, and its main cell
parameters are a = 14.5439(2) Å, b = 9.7314(3) Å, c = 9.0181(3) Å, and b = 110.9380(10)◦.

As a whole, the presence of H-bonds and several non-covalent interactions, or, in
other words, of a significant overall bond anisotropy, makes the DBH a challenging case for
crystal morphology prediction [46,47].

Figure 6 reports the predicted morphology obtained by the growth morphology (GM)
and Bravais-Friedel-Donnay-Harker (BFDH) methods and the Miller indices of the morpho-
logically important (MI) faces. Table 4 reports the more relevant
morphological data.

Although we don’t have any images of the experimental crystal morphology, we can
rely on the habit comments left in their CSD deposited file: block-shaped. The predicted
morphology and the most protruding groups relative to its MI (Table 4) are sketched in
Figure 6.

Both prediction methods could be considered to be in good agreement with the
reported blocking habit. However, we should remember that the BFDH method relies on
only geometrical considerations and therefore does not account for any energy interaction
between the growing crystal faces. We start our analysis by comparing the differently
predicted GM and BFDH models.
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Figure 6. BDH crystal morphology prediction employing the GM (left) and BFDH (right) methods,
respectively. MI faces are reported in round brackets. (002) is missing in the GM model (Table 4) and
present in the BFDH prediction only.

Table 4. MI faces and morphology predictions for DBH calculated by BFDH (upper) and GM
(lower) methods.

MI BDFH

h k l Multiplicity dhkl (Å)
% of Total Facet

Area a

1 1 0 4 12.641 40.749
2 0 0 2 14.724 15.253
1 1 -1 4 15.437 36.027
1 1 1 4 19.059 7.462
0 0 2 2 23.746 0.509

MI GM

h k l Multiplicity dhkl (Å)
Eatt (kcal
mol−1)

% of Total Facet
Area a

1 1 0 4 7.911 −56.874 50.624
1 1 -1 4 6.478 −60.875 41.367
1 1 -2 4 4.087 −89.625 0.241
1 1 1 4 5.247 −89.670 6.083
2 0 0 2 6.792 −93.379 1.686

a % of total facet area is calculated as 100 × (hkl facet area)/(total surface area).
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Figure 6 also sketches the most protruding groups corresponding to the slabs associ-
ated with each MI face. Without assuming a specific crystal nucleation model—classical
or two-step ones [48]—the presence of a fairly high packing index (69.3% [49]) suggests
the lack of residual solvent accessible, and we can assume that the attachment of the sol-
vent took place by the interaction of solvent molecules directly upon the growing crystal
face. This is true both for the nucleation, its “inverse” mechanism, and the solubilization.
Consequently, we can assume that the actual molecular layout on each crystal face can
affect the way different solvents, with different polarity and chemical characteristics, may
interact with each considered face. This is why a crystal morphology analysis is a key
piece of information for interpreting the solubilization behavior of a given crystalline com-
pound. Therefore, sketching their corresponding slabs, as reported in Figure 6, allows for
drawing hypotheses on the possible interactions of the solvent molecules and the chemical
environment on the face surface.

Ethanol shows a marked polarity among the most commonly used solvents [50]. A
strong interaction between the solvent and the face surface allows a slow, complete, and
more extensive crystal face development. In fact, the slower the crystal face grows, the
better [51,52]. Only (110) face, predicted in both the GM and BFDH models, although
with a different relative weight, shows a very small polar area. There is a constant apolar
environment for each MI considered. Therefore, the solvent’s overall effect is almost equal
in enhancing or hindering every crystal face growth.

(002) face is a minor MI face basing the calculation on the BFDH method, and it is
completely missing when considering the attaching energies. This behavior suggests that
this face is energetically penalized. On the other hand, energetics accounts (11–2) as another
minor MI face, but it is missing in the BFDH prediction. (110) and (200) show a markedly
apolar environment. The use of ethanol may eventually hinder the development of these
faces. Conversely, ethanol can enhance the growth of the other MI faces. As a whole, the
crystal habit should recall the block shape that is reported in the WOBNAC.cif file. In fact,
for the well-known Steno’s law—i.e., the law of constancy of interfacial angles—the angles
between two corresponding faces of a crystal are constant and are characteristic of the
species; however, as a consequence of several experimental factors, the size of each face
may vary, leaving unaltered the relative angles but affecting the crystal habit.

3. Materials and Methods
3.1. Structure Preparation and Minimization

All the molecules used in this study were built using Marvin Sketch (18.24, ChemAxon
Ltd., Budapest, Hungary). The PM6-D3H4 Hamiltonian, implemented in the MOPAC
package (MOPAC2016 v. 18.151, Stewart Computational Chemistry, Colorado Springs, CO,
USA), was then used further to optimize the 3D structures before the docking calculations.
The pairwise similarity was calculated using ECFP4/FCFP4 circular fingerprints using
Flare v 6.1 (Cresset Biomolecular Discovery Ltd., Litlington, Cambridgeshire, UK) [31].

3.2. Docking and Molecular Dynamics Studies

Flexible ligand docking experiments were performed employing AutoDock Vina
implemented in YASARA (v. 22.9.24, Vienna, Austria), using the EcR crystal structure
of Bemisia tabaci (PDB ID: 1Z5X), the urease crystal structure of Canavalia ensiformis (PDB
ID: 4H9M), and the HIV-1 integrase crystal structure (PDB ID: 4NYF) retrieved from the
PDB_REDO Data Bank. A periodic simulation cell with boundaries extending 5 Å [53]
from the surface of the ligand was employed.

The MD simulations of the complexes were performed with the YASARA structure
package. A periodic simulation cell with boundaries extending 10 Å [53] from the surface
of the complex was employed. The box was filled with water, with a maximum sum of all
water bumps of 1.0 Å and a density of 0.997 g/mL.

The setup included optimizing the hydrogen bonding network [54] to increase the
solute stability and a pKa prediction to fine-tune the protonation states of protein residues
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at the chosen pH of 7.4 [55,56]. NaCl ions were added at a physiological concentra-
tion of 0.9%, with an excess of either Na or Cl to neutralize the cell. Water molecules
were deleted to readjust the solvent density to 0.997 g/mL. The final system dimen-
sions were approximately 81 × 81 × 81 Å3 for EcR, 101 × 101 × 101 Å3 for urease, and
76 × 76 × 76 Å3 for HIV integrase protein/ligand complexes.

The simulation was run using the ff14SB force field [57] for the solute, the GAFF2 force
field [58] with AM1BCC [59] calculated charges for ligands, and the TIP3P force field for
water. The cutoff was 10 Å for van der Waals forces (the default used by AMBER) [60], and
no cutoff was applied to electrostatic forces (using the Particle Mesh Ewald algorithm) [61].
The equations of motion were integrated with multiple time steps of 2.5 fs for bonded
interactions and 5.0 fs for nonbonded interactions at a temperature of 298 K and a pressure
of 1 atm (NPT ensemble) using algorithms described in detail previously [62,63]. A short
MD simulation was run on the solvent only to remove clashes. The entire system was then
energy minimized using the steepest descent minimization to remove conformational stress,
followed by a simulated annealing minimization until convergence (<0.01 kcal/mol Å). Finally,
100 ns MD simulations without any restrictions were conducted, and the conformations of
each system were recorded every 200 ps. The last 3 ns averaged structures were considered
for redocking.

3.3. Crystal Morphology Prediction

The crystal morphology prediction was accomplished through an equilibration pro-
tocol based on the Forcite module included in the BIOVIA Material Studio 2021 (Vélizy-
Villacoublay, France). For this purpose, molecular mechanics approximation and the
Compass III Force Field (FF) were employed [64,65]. The morphology protocol is based on
the so-called GM [66–70] and BFDH [71] methods. The calculations were performed in fine
detail, allowing a minimum interplanar distance (dhkl) of 1.000 Å without setting any limit
to the values of the three MI or the overall number of growing faces.

The morphology prediction accounts for two main contributions to the crystallization
energy (Ecr): the energy of each slice (Eslice), i.e., the energy resulting from the lateral
interaction of each formula unit within a slice; and the attachment energy (Eatt), related
to the energy released as a result of the vertical interaction of the formula unit with an
underlying slice [72]. This can be summarized as:

Ecr = Eslice + Eatt (1)

It was also demonstrated [69] that the growth rate (Gr) is directly proportional to the
attachment energy:

Gr ∝ Eatt (2)

Assuming Ecr to be a constant, an interesting consequence of Equations (1) and (2)
is that the bigger the Eslice, the smaller the Eatt, and consequently, the slower the growth
rate Gr. A relationship between the molecular interactions—intra- and inter-molecular
ones—and the crystal morphology can be inferred from the combined analysis of the
periodic boundary conditions present in a slice and the Eatt related to them. Within this
framework, the GM method calculates Eatt as stated in eq. 1. For a detailed description of
the method, see references [66,67,69,73–77]. All these calculations were carried out at 0 K
without surface relaxation. Furthermore, the surface is considered a perfect termination of
the bulk.

The search for possible solvent-accessible voids was performed using the VOID algo-
rithm [78], by setting a grid of 0.20 Å and a probe radius of 1.20 Å.

4. Conclusions

Interested in the multitarget properties of DBH, we conducted a molecular modeling
study of the DBH activity against three receptors to be exploited as potential targets
for different pharmacological treatments. The three targeted proteins were identified by
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assessing the molecular similarity within compounds retrieved from the literature and DBH
with a pairwise similarity. The fingerprint analyses showed that DBH has a structure similar
to that of the most potent compounds acting as ligands for EcR, urease, and HIV-1 integrase
recovered from the literature. Our molecular modeling experiments then indicate DBH is
an excellent candidate for inhibiting the activity of EcR and urease. This interesting activity
is added to the evident ability of DBH to complex ions, which, as already reported in the
literature, enables its antimicrobial activity. The chelating nature of this compound could
also be used to remove polluting metals as an ion detector and as a sensor. Furthermore,
another attractive target, the HIV-1 integrase, was identified thanks to our docking studies.
Further optimization of the structure of DBH could provide an excellent starting point for
developing new inhibitors using this novel information. We used the already deposited
.cif file as a starting point to perform a crystal morphology prediction. Overall, this study
may help understand compound solubility, a thermodynamic property. It also provides
information on a mainly kinetic-driven phenomenon such as dissolution rate. It sheds
light on the crystal habit, a surface property, and helps the comprehension of mechanical
properties, affecting API tableting [79]. We also predicted the possible effects of solvent
on the real crystal growth, i.e., the real experimental conditions used for crystallization.
All of this information could be of great help when considering potential issues with
DBH tableting.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24021425/s1. Figure S1: Workflow of the procedure used for the
molecular modeling studies; Figure S2: Ponasterone A within the EcR receptor; Figure S3: Thiourea
within the urease receptor; Figure S4: CHEMBL3259898 within the HIV integrase receptor.

Author Contributions: Conceptualization, A.R. and F.P.; methodology, G.F., V.P. (Venerando Pistarà),
V.P. (Vincenzo Patamia), C.Z. and F.P.; software, A.R. and F.P.; validation, G.F., V.P. (Vincenzo Patamia)
and C.Z.; formal analysis, G.F. and F.P.; investigation, G.F., V.P. (Venerando Pistarà), C.Z. and V.P.
(Vincenzo Patamia); resources, A.R., V.P. (Venerando Pistarà), and F.P.; data curation, G.F., V.P.
(Vincenzo Patamia), C.Z. and F.P.; writing—original draft preparation, G.F., V.P. (Vincenzo Patamia)
and F.P.; writing—review and editing, V.P. (Venerando Pistarà), G.F., F.P. and A.R.; supervision,
A.R.; project administration, A.R. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created.

Acknowledgments: We gratefully acknowledge ChemAxon Ltd. for the free academic license of
their software.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Medina-Franco, J.L.; Giulianotti, M.A.; Welmaker, G.S.; Houghten, R.A. Shifting from the single to the multitarget paradigm in

drug discovery. Drug Discov. Today 2013, 18, 495–501. [CrossRef]
2. Gentile, D.; Patamia, V.; Fuochi, V.; Furneri, P.M.; Rescifina, A. Natural Substances in the Fight of SARS-CoV-2: A Critical

Evaluation Resulting from the Cross-Fertilization of Molecular Modeling Data with the Pharmacological Aspects. Curr. Med.
Chem. 2021, 28, 8333–8383. [CrossRef]

3. Floresta, G.; Zagni, C.; Gentile, D.; Patamia, V.; Rescifina, A. Artificial Intelligence Technologies for COVID-19 De Novo Drug
Design. Int. J. Mol. Sci. 2022, 23, 3261. [CrossRef]

4. Floresta, G.; Amata, E.; Gentile, D.; Romeo, G.; Marrazzo, A.; Pittalà, V.; Salerno, L.; Rescifina, A. Fourfold Filtered Statisti-
cal/Computational Approach for the Identification of Imidazole Compounds as HO-1 Inhibitors from Natural Products. Mar.
Drugs 2019, 17, 113. [CrossRef] [PubMed]

5. Medina-Franco, J.L.; Yongye, A.B.; Pérez-Villanueva, J.; Houghten, R.A.; Martínez-Mayorga, K. Multitarget Structure–Activity
Relationships Characterized by Activity-Difference Maps and Consensus Similarity Measure. J. Chem. Inf. Model. 2011, 51,
2427–2439. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24021425/s1
https://www.mdpi.com/article/10.3390/ijms24021425/s1
http://doi.org/10.1016/j.drudis.2013.01.008
http://doi.org/10.2174/0929867328666210614114032
http://doi.org/10.3390/ijms23063261
http://doi.org/10.3390/md17020113
http://www.ncbi.nlm.nih.gov/pubmed/30759842
http://doi.org/10.1021/ci200281v
http://www.ncbi.nlm.nih.gov/pubmed/21842860


Int. J. Mol. Sci. 2023, 24, 1425 10 of 12

6. Floresta, G.; Patamia, V.; Gentile, D.; Molteni, F.; Santamato, A.; Rescifina, A.; Vecchio, M. Repurposing of FDA-Approved Drugs
for Treating Iatrogenic Botulism: A Paired 3D-QSAR/Docking Approach(dagger). Chemmedchem 2020, 15, 256–262. [CrossRef]
[PubMed]

7. Floresta, G.; Gentile, D.; Perrini, G.; Patamia, V.; Rescifina, A. Computational Tools in the Discovery of FABP4 Ligands: A
Statistical and Molecular Modeling Approach. Mar. Drugs 2019, 17, 624. [CrossRef]

8. Gentile, D.; Floresta, G.; Patamia, V.; Chiaramonte, R.; Mauro, G.L.; Rescifina, A.; Vecchio, M. An Integrated Pharmacophore/
Docking/3D-QSAR Approach to Screening a Large Library of Products in Search of Future Botulinum Neurotoxin A Inhibitors.
Int. J. Mol. Sci. 2020, 21, 9470. [CrossRef] [PubMed]

9. Varrica, M.G.; Zagni, C.; Mineo, P.G.; Floresta, G.; Monciino, G.; Pistarà, V.; Abbadessa, A.; Nicosia, A.; Castilho, R.M.; Amata,
E.; et al. DNA intercalators based on (1,10-phenanthrolin-2-yl)isoxazolidin-5-yl core with better growth inhibition and selectivity
than cisplatin upon head and neck squamous cells carcinoma. Eur. J. Med. Chem. 2018, 143, 583–590. [CrossRef]

10. Rescifina, A.; Zagni, C.; Mineo, P.G.; Giofrè, S.V.; Chiacchio, U.; Tommasone, S.; Talotta, C.; Gaeta, C.; Neri, P. DNA Recognition
with Polycyclic-Aromatic-Hydrocarbon-Presenting Calixarene Conjugates. Eur. J. Org. Chem. 2014, 2014, 7605–7613. [CrossRef]

11. Gentile, D.; Coco, A.; Patamia, V.; Zagni, C.; Floresta, G.; Rescifina, A. Targeting the SARS-CoV-2 HR1 with Small Molecules as
Inhibitors of the Fusion Process. Int. J. Mol. Sci. 2022, 23, 10067. [CrossRef]

12. Zagni, C.; Pistarà, V.; Oliveira, L.A.; Castilho, R.M.; Romeo, G.; Chiacchio, U.; Rescifina, A. Serendipitous discovery of potent
human head and neck squamous cell carcinoma anti-cancer molecules: A fortunate failure of a rational molecular design. Eur. J.
Med. Chem. 2017, 141, 188–196. [CrossRef]

13. Floresta, G.; Cilibrizzi, A.; Abbate, V.; Spampinato, A.; Zagni, C.; Rescifina, A. FABP4 inhibitors 3D-QSAR model and isosteric
replacement of BMS309403 datasets. Data Brief 2019, 22, 471–483. [CrossRef]

14. Müller, G. Medicinal chemistry of target family-directed masterkeys. Drug Discov. Today 2003, 8, 681–691. [CrossRef]
15. Chen, M.; Chen, X.; Huang, G.; Jiang, Y.; Gou, Y.; Deng, J. Synthesis, anti-tumour activity, and mechanism of benzoyl hydrazine

Schiff base-copper complexes. J. Mol. Struct. 2022, 1268, 133730. [CrossRef]
16. Liu, X.; Cooper, A.M.; Yu, Z.; Silver, K.; Zhang, J.; Zhu, K.Y. Progress and prospects of arthropod chitin pathways and structures

as targets for pest management. Pestic. Biochem. Physiol. 2019, 161, 33–46. [CrossRef]
17. Graham, L.; Johnson, W.; Pawlak-Skrzecz, A.; Eaton, R.; Bliese, M.; Howell, L.; Hannan, G.; Hill, R. Ligand binding by recombinant

domains from insect ecdysone receptors. Insect Biochem. Mol. Biol. 2007, 37, 611–626. [CrossRef]
18. Morou, E.; Lirakis, M.; Pavlidi, N.; Zotti, M.; Nakagawa, Y.; Smagghe, G.; Vontas, J.; Swevers, L. A new dibenzoylhydrazine with

insecticidal activity against Anopheles mosquito larvae. Pest Manag. Sci. 2013, 69, 827–833. [CrossRef]
19. Bordas, B.; Belai, I.; Lopata, A.; Szanto, Z. Interpretation of Scoring Functions Using 3D Molecular Fields. Mapping the

Diacyl-Hydrazine-Binding Pocket of an Insect Ecdysone Receptor. J. Chem. Inf. Model. 2006, 47, 176–185. [CrossRef]
20. Ullah, H.; Uddin, I.; Misbah; Khan, F.; Taha, M.; Rahim, F.; Sarfraz, M.; Shams, S.; Nabi, M.; Wadood, A. Synthesis of substituted

benzohydrazide derivatives: In vitro urease activities and their molecular docking studies. Chem. Data Collect. 2021, 36, 100778.
[CrossRef]

21. Kafarski, P.; Talma, M. Recent advances in design of new urease inhibitors: A review. J. Adv. Res. 2018, 13, 101–112. [CrossRef]
22. Abbas, A.; Ali, B.; Kanwal; Khan, K.M.; Iqbal, J.; Rahman, S.U.; Zaib, S.; Perveen, S. Synthesis and in vitro urease inhibitory

activity of benzohydrazide derivatives, in silico and kinetic studies. Bioorg. Chem. 2019, 82, 163–177. [CrossRef]
23. Zhao, H.; Neamati, N.; Sunder, S.; Hong, H.; Wang, S.; Milne, G.W.A.; Pommier, Y.; Burke, T.R. Hydrazide-Containing Inhibitors

of HIV-1 Integrase. J. Med. Chem. 1997, 40, 937–941. [CrossRef] [PubMed]
24. Safakish, M.; Hajimahdi, Z.; Zabihollahi, R.; Aghasadeghi, M.R.; Vahabpour, R.; Zarghi, A. Design, synthesis, and docking studies

of new 2-benzoxazolinone derivatives as anti-HIV-1 agents. Med. Chem. Res. 2017, 26, 2718–2726. [CrossRef]
25. Hassounah, S.A.; Mesplède, T.; Wainberg, M.A. Nonhuman Primates and Humanized Mice for Studies of HIV-1 Integrase

Inhibitors: A Review. Pathog. Immun. 2016, 1, 41–67. [CrossRef]
26. Li, B.-W.; Zhang, F.-H.; Serrao, E.; Chen, H.; Sanchez, T.W.; Yang, L.-M.; Neamati, N.; Zheng, Y.-T.; Wang, H.; Long, Y.-Q. Design

and discovery of flavonoid-based HIV-1 integrase inhibitors targeting both the active site and the interaction with LEDGF/p75.
Bioorg. Med. Chem. 2014, 22, 3146–3158. [CrossRef]

27. Mohamed, N.A.; Abd El-Ghany, N.A.A.; Fahmy, M.M.; Khalaf-Alla, P.A. Novel polymaleimide containing dibenzoyl hydrazine
pendant group as chelating agent for antimicrobial activity. Int. J. Polym. Mater. Polym. Biomater. 2018, 67, 68–77. [CrossRef]

28. Desideri, I.; Martinelli, C.; Ciuti, S.; Barretta, G.U.; Balzano, F. Lopinavir/ritonavir, a new galenic oral formulation from
commercial solid form, fine-tuned by nuclear magnetic resonance spectroscopy. Eur. J. Hosp. Pharm. 2022, 29, 259–263. [CrossRef]

29. Taylor, L.S.; Braun, D.E.; Steed, J.W. Crystals and Crystallization in Drug Delivery Design. Cryst. Growth Des. 2021, 21, 1375–1377.
[CrossRef]

30. Rogers, D.; Hahn, M. Extended-Connectivity Fingerprints. J. Chem. Inf. Model. 2010, 50, 742–754. [CrossRef]
31. Cheeseright, T.; Mackey, M.; Rose, S.; Vinter, A. Molecular Field Extrema as Descriptors of Biological Activity: Definition and

Validation. J. Chem. Inf. Model. 2006, 46, 665–676. [CrossRef]
32. Liu, X.; Zhang, L.; Tan, J.-G.; Xu, H.-H. Design and synthesis of N-alkyl-N′-substituted 2,4-dioxo-3,4-dihydropyrimidin-1-

diacylhydrazine derivatives as ecdysone receptor agonist. Bioorg. Med. Chem. 2013, 21, 4687–4697. [CrossRef]
33. Dinan, L. Ecdysteroid structure-activity relationships. Stud. Nat. Prod. Chem. 2003, 29, 3–71.

http://doi.org/10.1002/cmdc.201900594
http://www.ncbi.nlm.nih.gov/pubmed/31774239
http://doi.org/10.3390/md17110624
http://doi.org/10.3390/ijms21249470
http://www.ncbi.nlm.nih.gov/pubmed/33322848
http://doi.org/10.1016/j.ejmech.2017.11.067
http://doi.org/10.1002/ejoc.201403050
http://doi.org/10.3390/ijms231710067
http://doi.org/10.1016/j.ejmech.2017.09.075
http://doi.org/10.1016/j.dib.2018.12.047
http://doi.org/10.1016/S1359-6446(03)02781-8
http://doi.org/10.1016/j.molstruc.2022.133730
http://doi.org/10.1016/j.pestbp.2019.08.002
http://doi.org/10.1016/j.ibmb.2007.03.006
http://doi.org/10.1002/ps.3441
http://doi.org/10.1021/ci600317v
http://doi.org/10.1016/j.cdc.2021.100778
http://doi.org/10.1016/j.jare.2018.01.007
http://doi.org/10.1016/j.bioorg.2018.09.036
http://doi.org/10.1021/jm960755+
http://www.ncbi.nlm.nih.gov/pubmed/9083482
http://doi.org/10.1007/s00044-017-1969-8
http://doi.org/10.20411/pai.v1i1.104
http://doi.org/10.1016/j.bmc.2014.04.016
http://doi.org/10.1080/00914037.2017.1297944
http://doi.org/10.1136/ejhpharm-2020-002389
http://doi.org/10.1021/acs.cgd.0c01592
http://doi.org/10.1021/ci100050t
http://doi.org/10.1021/ci050357s
http://doi.org/10.1016/j.bmc.2013.05.010


Int. J. Mol. Sci. 2023, 24, 1425 11 of 12

34. Seraj, F.; Khan, K.M.; Khan, A.; Ali, M.; Khalil, R.; Ul-Haq, Z.; Hameed, S.; Taha, M.; Salar, U.; Perveen, S. Biology-oriented drug
synthesis (BIODS), in vitro urease inhibitory activity, and in silico studies on ibuprofen derivatives. Mol. Divers. 2021, 25, 143–157.
[CrossRef]

35. Channar, P.A.; Saeed, A.; Afzal, S.; Hussain, D.; Kalesse, M.; Shehzadi, S.A.; Iqbal, J. Hydrazine clubbed 1,3-thiazoles as potent
urease inhibitors: Design, synthesis and molecular docking studies. Mol. Divers. 2021, 25, 1–13. [CrossRef]

36. Taha, M.; Ismail, N.H.; Khan, A.; Shah, S.A.A.; Anwar, A.; Halim, S.A.; Fatmi, M.Q.; Imran, S.; Rahim, F.; Khan, K.M. Synthesis of
novel derivatives of oxindole, their urease inhibition and molecular docking studies. Bioorg. Med. Chem. Lett. 2015, 25, 3285–3289.
[CrossRef]

37. Naseem, S.; Ashraf, M.; Khan, S.; Rafiq, M.; Kashif, M.; Rahman, J.; Rauf, M.K.; Halim, S.A.; Uddin, J.; Khan, A.; et al. Exploring
biologically active hybrid pharmacophore N-substituted hydrazine-carbothioamides for urease inhibition: In vitro and in silico
approach. Int. J. Biol. Macromol. 2021, 182, 534–544. [CrossRef]

38. Bénard, C.; Zouhiri, F.; Normand-Bayle, M.; Danet, M.; Desmaële, D.; Leh, H.; Mouscadet, J.-F.; Mbemba, G.; Thomas, C.-M.;
Bonnenfant, S. Linker-modified quinoline derivatives targeting HIV-1 integrase: Synthesis and biological activity. Bioorg. Med.
Chem. Lett. 2004, 14, 2473–2476. [CrossRef] [PubMed]

39. Jesumoroti, O.J.; Faridoon, F.; Mnkandhla, D.; Isaacs, M.; Hoppe, H.C.; Klein, R. Evaluation of novel N′-(3-hydroxybenzoyl)-2-oxo-
2H-chromene-3-carbohydrazide derivatives as potential HIV-1 integrase inhibitors. MedChemComm 2019, 10, 80–88. [CrossRef]
[PubMed]

40. Neamati, N.; Lin, Z.; Karki, R.G.; Orr, A.; Cowansage, K.; Strumberg, D.; Pais, G.C.G.; Voigt, J.H.; Nicklaus, M.C.; Winslow,
H.E.; et al. Metal-Dependent Inhibition of HIV-1 Integrase. J. Med. Chem. 2002, 45, 5661–5670. [CrossRef] [PubMed]

41. Singh, R.; Bhardwaj, V.K.; Das, P.; Purohit, R. New ecdysone receptor agonists: A computational approach for rational discovery
of insecticides for crop protection. Mol. Syst. Des. Eng. 2021, 6, 936–945. [CrossRef]

42. Khan, K.M.; Naz, F.; Taha, M.; Khan, A.; Perveen, S.; Choudhary, M.; Voelter, W. Synthesis and in vitro urease inhibitory activity
of N,N′-disubstituted thioureas. Eur. J. Med. Chem. 2014, 74, 314–323. [CrossRef]

43. Kanwal; Khan, M.; Arshia; Khan, K.M.; Parveen, S.; Shaikh, M.; Fatima, N.; Choudhary, M.I. Syntheses, in vitro urease inhibitory
activities of urea and thiourea derivatives of tryptamine, their molecular docking and cytotoxic studies. Bioorg. Chem. 2019, 83,
595–610.

44. Tsiang, M.; Jones, G.S.; Niedziela-Majka, A.; Kan, E.; Lansdon, E.B.; Huang, W.; Hung, M.; Samuel, D.; Novikov, N.; Xu, Y.; et al.
New Class of HIV-1 Integrase (IN) Inhibitors with a Dual Mode of Action. J. Biol. Chem. 2012, 287, 21189–21203. [CrossRef]

45. Fader, L.D.; Malenfant, E.; Parisien, M.; Carson, R.; Bilodeau, F.; Landry, S.; Pesant, M.; Brochu, C.; Morin, S.; Chabot, C.; et al.
Discovery of BI 224436, a Noncatalytic Site Integrase Inhibitor (NCINI) of HIV-1. ACS Med. Chem. Lett. 2014, 5, 422–427.
[CrossRef]

46. Pisarek, J.; Malinska, M. Structure and Morphology of Indole Analogue Crystals. ACS Omega 2020, 5, 17141–17151. [CrossRef]
47. Benz, K.-W. Handbook of Industrial Crystallization, 3rd ed.; Cambridge University Press: Cambridge, UK, 2020; Volume 53,

pp. 861–862.
48. Erdemir, D.; Lee, A.Y.; Myerson, A.S. Nucleation of Crystals from Solution: Classical and Two-Step Models. Acc. Chem. Res. 2009,

42, 621–629. [CrossRef]
49. Kitajgorodskij, A.I. Molecular Crystals and Molecules [Molekuljarnye Kristally, Engl.]; Elsevier: Amsterdam, The Netherlands, 1973.
50. Reichardt, C.; Welton, T. Appendix A. Properties, Purification, and Use of Organic Solvents; Wiley-VCH: Weinheim, Germany, 2010;

Volume 549.
51. Civati, F.; O’Malley, C.; Erxleben, A.; McArdle, P. Factors Controlling Persistent Needle Crystal Growth: The Importance of

Dominant One-Dimensional Secondary Bonding, Stacked Structures, and van der Waals Contact. Cryst. Growth Des. 2021, 21,
3449–3460. [CrossRef]

52. Piana, S.; Gale, J.D. Understanding the Barriers to Crystal Growth: Dynamical Simulation of the Dissolution and Growth of Urea
from Aqueous Solution. J. Am. Chem. Soc. 2005, 127, 1975–1982. [CrossRef]

53. Duan, Y.; Wu, C.; Chowdhury, S.; Lee, M.C.; Xiong, G.; Zhang, W.; Yang, R.; Cieplak, P.; Luo, R.; Lee, T.; et al. A point-charge force
field for molecular mechanics simulations of proteins based on condensed-phase quantum mechanical calculations. J. Comput.
Chem. 2003, 24, 1999–2012. [CrossRef]

54. Krieger, E.; Dunbrack, R.L.; Hooft, R.W.; Krieger, B. Assignment of protonation states in proteins and ligands: Combining pKa pre-
diction with hydrogen bonding network optimization. In Computational Drug Discovery and Design; Springer: Berlin/Heidelberg,
Germany, 2012; pp. 405–421.

55. Krieger, E.; Nielsen, J.E.; Spronk, C.A.; Vriend, G. Fast empirical pKa prediction by Ewald summation. J. Mol. Graph. Model. 2006,
25, 481–486. [CrossRef] [PubMed]
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