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Abstract: The hospital environment favors the circulation of drug-resistant bacteria. The researcher has
oriented this public health problem to find an ideal tool for better patient management. Therefore, this
study aims to assess the biological activity of some synthetic molecules against multidrug-resistant
bacterial isolates from patients suspected of nosocomial infections. After synthesizing and
characterizing five targeted compounds 5(a-e), a sensitivity test is carried out to screen their
antibacterial activity via microbiological methods (diffusion and microdilution). The forgoing results
confirmed that (5¢) compound has better potential against all studied strains with a minimum inhibitory
concentration (MIC) that varies between 6.25 - 50 mg/mL. The lowest MIC values were observed with
Klebsiella pneumonia, while the greatest value of the same parameter was obtained with L.
monocytogenes. On the other side, in silico pharmacological studies like ADME and docking data were
implemented for the selected compounds 5(a-€) to comprehensively understand the plausible mode of
interaction with the target. Docking results indicated that the compounds 5¢ and 5b have considerable
binding energy towards the active site of Escherichia coli MurB and S. aureus DNA gyrase B. In vitro
and in silico data have confirmed the antimicrobial potentials of the five synthetic compounds; this data
can be added and supported the literature on the bioactivity of pyrano[2,3-c] pyrazole.

Keywords: Synthesis; Multiresistant; Pyrano[2,3-c] pyrazole; In-vitro; In-silico.
© 2021 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Antibiotics are considered the leading source for treating nosocomial infection (Nis)
diseases. While, the uncontrolled spread of new multiresistant strains to antibiotics among
Gram-negative and Gram-positive bacteria is considered a limited therapeutic option, which
raises the risks of treatment failure and patient management [1]. Recently, the scientific
community has been facing an alarming healthiness threat, that is, the emergence of these MDR
strains and the lack of real prospects for discovering new antibiotics led us to develop other
therapeutic strategies able to fight against these multidrug-resistant bacteria. For that reason, a
new research field starts to take place position in medical research, namely, « synthetic drug
discovery » [2]. According to the literature, many synthetic motifs are considered a superseded
source for new drugs with a large spectrum of activities. Among them, we can cite the
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pyrano[2,3-c] pyrazole that displayed a prominent antibacterial [3], analgesic, antimicrobial,
anticancer role [4].

Additionally, these heterocyclic compounds revealed higher antibacterial activity due
to their structure [5]. In this context and to complement our previous studies on pyrano[2,3-c]
pyrazole bioactivity [6], the present work envisaged discovering the relationship between the
structural merger and biological activity of these compounds [7]. Firstly, we evaluated the
antibacterial properties of the synthesized compounds on the in vitro growth of some
microorganisms recognized as pathogen strains. We succeeded in preparing these compounds
under eco-friendly conditions via the one-pot method [6,8]. Therefore, we screened their
antibacterial propriety by using fast bioassays, including diffusion and microdilution [9]. Then
Docking studies were performed for the five compounds to evaluate their affinity to inhibit
bacterial proteins that are known as targets for some antibiotics with different mechanisms of
action: inhibitors of cell wall synthesis, inhibitors of protein synthesis, inhibitors of nucleic
acid synthesis, and antimetabolites [10-12]. After the molecular docking simulation and
calculation of pharmacological or ADMET properties, we noticed that the in-silico data results
are in harmony with the in vitro funding.

2. Materials and Methods
2.1. Chemical experimental data.
2.1.1. Synthesis and characterization of the catalyst.

2.1.1.1. Instruments.

The crystalline structure of the Na.CaP.O7 was identified by using X-ray diffraction
analysis (XRD). The melting point of the selected compounds was studied using a Buchi 510
device. The NMR spectra data of Hydrogen and carbon were determined via Bruker 300 MHz.
The chemical shifts (8) are expressed in ppm. Then, IR spectra of the synthesized compounds
were collected using FTIR (IR Affinity - 1S, Fourier Transform Infrared Spectrophotometer,
SHIMADZU). The purification of samples was acquired using analytical thin-layer
chromatography, performed with Silica on TLC Alu foils purchased from Sigma Aldrich, and
High-performance light chromatography (HPLC). All reactions were performed under air.
Solvents and raw materials (Aldrich) were used without further purification.

2.1.1.2. Method for the preparation of the catalyst.

The synthesis of the Na>CaP,O; has been performed using Na>COs, CaCOs, and
NH4H2POj4 (see Figure 1). These components were mixed in an agate mortar and then gradually
heated in a porcelain crucible. Then, the synthesis of Na,CaP.Oy particles was confirmed by
powder XRD, IR, SEM, and TEM studies. The steps of Na.CaPO- synthesis are summarized
in figure 1.
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Figure 1. Steps of Na,CaP,0y synthesis.
2.1.1.3. XDR of the catalyst.

The powder obtained was studied using an X-ray diffractometer, and the diffraction
pattern was recorded via the Bruker D8 Advance diffractogram. The obtained spectrum and
the crystallographic data of the catalyst Na>CaP»O- are reproduced in Figure S17and Table
Sl

2.1.1.4. Infrared spectra.

After the synthesis of the catalyst, we proceed to the characterization via the IR method,
and the infrared spectrum of the diphosphate Na.CaP207 in powder form is shown in Figure
S18 and Table S2.

2.1.1.5. TEM and SEM.

During this study, the surface morphology of Na.CaP,0- was also carried out using the HIROX
SH-4000M scanning electron microscope. To visualize the microstructure of this catalyst, the authors
used Transmission Electronic Microscopy (TEM), which is an FEI microscope operated at 120 kV/(see
Figure S19 and S20.)

2.1.2. The general protocol of pyrano[2,3-c] pyrazoles synthesis.

The pyrano[2,3-c] pyrazole product was prepared according to the method of Zahouily
et al. reported in the literature[13]. Firstly, the catalyst Na,CaP.O7(20mol %) was added to a
mixture of the aldehyde (1 mmol), Ethyacetoacetate (1mmol), Malononitrile (1.2 mmol),
Hydrazine hydrate (2 mmol), and 1 ml of water in a flask fitted with a reflux condenser. The
resulting mixture was heated to reflux (oil bath) with stirring for 20 min. Then acetone (2 ml)
was added, and the mixture was stirred for 2 min. Thereafter, the products and catalysts were
isolated as described above and recrystallized from ethanol (96%) to afford pyrano[2,3-c]
pyrazole 5(a-e) (Figure 2).
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Figure 2. Proposed one-pot reaction of pyrano[2,3-c] pyrazoles 5(a-€) catalyzed by NaycaPO-.
2.1.3. Characterization of the five selected compounds 5 (a-€).

6-Amino-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile  (5a) :
White solid; m.p. 245-246 °C (lit. 244-245 °C); Rf (20% AcOEt/hexane) 0.61; (HPLC): (iR =
3.63 min); 1H NMR (300 MHz, DMSO-d6, ppm): 6 1.73 (s, 3H), 4.54 (s, 1H), 6.83 (s, 2H),
7.11-7.45 (m, 5H), 12.11 (s, 1H); 13C NMR (75 MHz, DMSO-d6, ppm): & 9.7 (CH3), 36.2
(pyran C4), 57.2 (C5-CN), 97.6 (C8), 120.7 (CN), 126.7, 127.4, 127.5, 128.4, 128.5, 135.5
(aromatic carbons), 144.4 (C3), 154.7 (C7), 160.8 (C6-NH2); IR (KBr, cm™): 3473 (NH2),
3170 (NH), 2191(CN), 1649 (C=N), 1604 (Ar) [6].
6-Amino-3-methyl-4-(4-methylphenyl)-1,4-dihydropyrano[2,3-c]pyrazole-5-
carbonitrile 5b White solid; m.p. 205-207 °C (lit. 206-207 °C); Rf (20% AcOEt/hexane) 0.7;
(HPLC): (tR = 3.53 min); 1H NMR (300 MHz, DMSO-d6, ppm):  1.75 (s, 3H, CH3), 2,22 (s,
3H, CH3), 4.51 (s, 1H, C4-H), 6.81 (s, 2H, NH2), 7,03 (m, 4H, HAr), 12.06 (s, 1H, NH); 13C
NMR (75 MHz, DMSO-d6, ppm): 6 9.7 (CH3), 20.5 (CH3), 35.8 (pyran C4), 57.4 (C5-CN),
97.7 (C8), 120.7 (CN), 127.3-129.1, 136.7 (6 aromatic carbons), 141.4 (C3), 154.7 (C7), 160.7
(C6-NH2) ; IR (KBr, cm™): 3483 (NH2), 3113 (NH), 2193 (CN), 1641 (C=N), 1602 (Ar) [6].
6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c]pyrazole-5-
carbonitrile 5¢ White solid; m.p. 215-218 °C; 1H NMR (300 MHz, DMSO-d6, ppm): 6 1.9 (s,
3H), 4.56 (s, 1H), 6.70 (2H), 6.94-7.18 (m, 5H), 11.00 (s, 1H); 13C NMR (75 MHz, DMSO-
d6, ppm): 8 9.85, 28.64, 55.06, 104.95, 115.1, 120.79, 123.53, 124,25, 127.55, 128.93, 136.52,
148.39, 159.09, 160,08; IR (KBr, cm™): 3448, 3419, 3352, 2189, 1660, 1610 [6] .
6-Amino-3-methyl-4-(4-methoxyphenyl)-1,4-dihydropyrano[2,3-c]pyrazole-5-
carbonitrile 5d White solid; m.p. 210-212 °C; 1H NMR (300 MHz, DMSO-d6, ppm): & 1.78
(s, 3H), 3.72 (s, 3H), 4.54 (s, 1H), 6.83 (2H), 6.86-7.08 (m, 4H), 12.09 (s, 1H); 13C NMR (75
MHz, DMSO-d6, ppm): 6 9.66, 35.51, 55.00, 57.9, 97.89, 113.79, 120.69, 128.44, 135,64,
136.43, 154.77, 158.01, 160.68; IR (KBr, cm™): 3483, 3255, 3113, 2193, 1643, 1602 [6].
6-Amino-3-methyl-4-(4-nitrophenyl)-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile
5e Wellow solid; m.p. 248-250 °C (lit. 248-249 °C); Rf (20% AcOEt/hexane) 0.64; (HPLC):
(tR = 3.56 min); 1H NMR (300 MHz, DMSO-d6, ppm): & 1.8 (s, 3H, CH3),4.51 (s, 1H, C4-
H), 7.05 (s, 2H, NH2), 7,46 (d, 2H, HAr), 8,21 (d, 2H, HAr), 12.20 (s, 1H, NH); 13C NMR (75
MHz, DMSO-d6, ppm): 8 9.6 (CH3), 35.8 (pyran C4), 55.9 (C5-CN), 96.5 (C8), 120.4 (CN),
123.8, 124.1, 128.8, 135.8 (5 aromatic carbons), 146.3 (C3), 152.0 (C7), 154.6 (CAr-NO2),
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161.1 (C6-NH2); IR (KBr, cm™): 3477, 3228 (NH2), 3118 (NH), 2196 (CN), 1651 (C=N),
1595 (Ar) [6] (See Figures S1-S16 of ESI part).

2.3. Microbiology.

2.3.1. Tested strains.

Four bacterial strains, E. coli, S. aureus, K. pneumoniae, and L. monocytogenes have
been used in this study. All strains were isolated, purified, and identified in the laboratory of
physiopathology, molecular genetics, and Biotechnology at the Faculty of Sciences, Ain
Chock, Casablanca.

2.3.2. Bacterial growth.

The media used for antibacterial screening was Lauria Broth (LB) and Brain Heart
Infusion (BHI) medium. All used media were sterilized for 20 min at 120 ° C. The fresh culture
was prepared by inoculating a liquid medium tube (5 ml) with 50 ul of preculture and incubated
overnight. Thereafter, the strains are used at a 108 CFU/mL concentration for agar diffusion
technique and microdilution assays. Then the targeted strains are incubated at 37° C for 24h.
All microbial assays were carried out in triplicate, and results were expressed as mean=SD.

2.3.3. Preparation of stock solutions.

To prepare a final concentration of 25mg/ml, we solubilized the selected compounds in
DMSO. Then the stock solutions were stored in sterile containers in obscurity. The dilutions
of molecules were prepared in a concentration range (from 0.390 to 25mg/ml), stored in the
same condition as a stock solution until their use.

2.3.4. Well diffusion method.

The targeted compounds 5(a-e) were tested for their antibacterial activity against E.
coli; S.aureus, K.pneumonia, and L.monocytogene by using the agar diffusion method as
described by the National Committee for Clinical Laboratory Standards (NCCLS)[14]. The
susceptibility of the bacterial strains to the tested compounds was determined by measuring the
inhibition zone diameters (I1ZD) which are expressed in mm. To access the antibacterial effect
of these compounds, we subculture the different strains by streaking the supercooled media
(LB and BHI) with bacterial inoculum adjusted to 108 CFU (bacteria/MI) and then poured into
Petri dishes. After solidification of the agar medium, wells of 5 mm were made on each plate.
Under aseptic conditions, we injected separately 50 pl of the tested molecule (Figure 3). Then
the plates were incubated at 30 - 37 ° C for 24h. Thereafter, we measured the inhibition zone
size, and the results were gathered in Table 2. We used as positive control some standard
antibiotics (Chloramphenicol, rifampicin, penicillin G, Tetracycline; Novobiocine, and
Ampiciline) and as negative control DMSO. All tests were performed for each strain and
repeated in triplicate.
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Figure 3. The agar diffusion method for the evaluation of pyrano[2,3-c] pyrazole activity.

2.3.5. Antibacterial sensitivity test: Broth Microdilution.

Antibacterial sensitivity test: Broth Microdilution. For initial screening, 100 uL of
antibacterial drugs (designated as (5a-€)), and 20 uL of bacterial suspension with a final
concentration of 1 x 108 CFU (strains/MI) were injected separately in each well that contained
the BHI medium (100 pL) previously. A Positives and negatives control was also prepared (see
Figure 4). Then microplates were incubated at 37°C for 18 - 24 hours. After incubation time,
the determination of MIC was based on visual growth (turbidity), which was revealed by
supplementation with 10 pL of resazurin (0.01%) and then the microplate of 96-wells incubated
at 37 °C for 2h. The MIC values reflected the minimal inhibitory concentration of the selected
compounds at which no change in resazurin staining (from pink to purple) has occurred[9]. The
obtained results were expressed as an average of at least three independent assays.
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Figure 4. The microdilution method for pyrano[2,3-c] pyrazole screening.
2.4. Studies in silico.
2.4.1. In-Silico predictive studies: ADME/Tox.

Drug-likeness plays a key role in the prediction of drug-like properties. It is defined as
guidelines for the structural properties of compounds, used for fast prediction of drug
absorption and drug-like properties of molecules to confirm their ability to be used as a drug
candidate. The selected compounds 5(a-e) were appraised based on the various
pharmacokinetic rules including Veber, and Lipinski rules (absorption, distribution,
metabolism, excretion, and toxicity) accompanying ADMET parameters scores using two
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freely accessible web server "Swiss ADME" (http://swissadme.ch/index.php#undefined) and
"PreADMET ver 2.0" (https://preadmet.omdrc.kr/) [10].

2.4.2. Docking studies.

2.4.2.1. Preparation of target.

The proteins used were the following(table 1 and figure 5): The X-ray crystal data of
target enzyme MurB (PDB id: 1IMBT) and DNA gyrase(PDB ID 3G7B ) was retrieved from

Protein Data Bank (RCSB) (http://www.rcsb.org/pdb)[7,15-17]. Published structures were
edited to remove water and heteroatoms using Discovery Studio Visualizer.

Table 1. The data of the respective protein target have been extracted from the PDB.
Target

Class PDB(ID)
MurB Al 1MBT
DNA Gyrase B2 3G7B

L Inhibitor of cell wall synthesis; 2 Inhibitor of nucleic acid.

= lpl"
H By

o
)
_4
PROTEIN DATA BANK

Target Protein

Figure 5. Enzyme MurB(A) and Protein Gyrase B(B) were downloaded from the Protein data bank.

2.4.2.2. Preparation of ligand structures.

The SDF files of the synthesized compounds were retrieved from NCBI PubChem and

saved in PDB extension [15]. The 3D structures of the selected ligands from Pub chem NCBI
are represented in Figure 6.

5d

5e
Figure 6. The three-dimensional structure of the selected ligand is visualized by Biova Discovery Studio
Visualizer [15].
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2.4.2.3. Protein-Ligand Docking studies.

We stimulated the docking interaction by using the software AutoDock 1.5.6 (MGL
tools- 1.5.6). Polar hydrogen atoms and Kollman united charges were added to all target
proteins, and the resulting file has been saved in the pdbqt extension[15]. For the docking
calculation, a grid box of 60x60x60 A in x, y, z directions was created to cover the active site
of the target [5,18,19]. The default grid points spacing was fixed to 0.375 A and centred at x =
42.527,y = -46.679, z = 65.559. We used the Lamarckian Genetic Algorithm (LGA) [19]for
flexible docking calculations in this work. The LGA parameters included size, energy
screening, mutation rate, and crossover rate. After the calculation procedure, we selected the
best conformations of the complex from the 10 calculated based on their binding energy scores.
Then the complex interaction map was displayed using Discovery Studio Visualizer.

3. Results and Discussion
3.1. Antibacterial test.

3.1.1. Agar diffusion method.

The antibacterial effect of the five synthesized compounds against the four strains was
investigated using the diffusion method, and the results are reported in Table 2.

Table 2. The inhibition of bacterial growth after treatment with the synthesized pyrano[2,3-c] pyrazole 5(a-e).

Zone of inhibition (in mm) at concentration 25 mg/mL after 24h
Compounds Bacterial strains
E. coli K. pneumonia S. aureus L.monocytogene

5a 10mm=0.045 10mm=0.03 8mmz=0.03 10mm=0.03
5b 10mmz+0.04 11mmz0.05 10mm=0.04 11mmz0.03
5¢c 12mm=0.05 13mmz0.04 12mmz=0.04 13mm=0.05
5d 8mm=0.03 NA NA NA

5e NA1 13mmz0.03 NA NA

Tera 20 mm0.05 7 mmz0.05 10 mm=0.05 22 mm=0.05
Rif 7 mm=0.05 15 mmz0.05 15 mm=0.05 8 mm=0.05
Vanc 6 mm=0.05 NA NA NA

Amp NA NA NA NA

Values were means of three experiments + SD.
L NA: No activity of the selected compounds on the inhibition of the growth of the strain. Rif: Rifampicin, Tetr:

Tetracycline, Amp: Ampicillin, and Vanc: Vancomycin.

According to the tabulated statistics, all studied compounds exhibited excellent to poor
activity against the different strains (Table 2). Interestingly, we noticed that the 5c derivative
afforded outstanding inhibition potential against the selected bacteria. At the 25 mg/mL
concentration, we obtained an 1ZD (inhibition zone diameter) of 13 mm. Indeed, the
antimicrobial susceptibility testing results of the selected compound 5¢ compared to a panel of
control antibiotics were also gathered in Table 2. Among the antibiotics used, chloramphenicol
gave the best inhibition result. For novobiocin, penicillin G, Ampicillin, and vancomycin, no
significant inhibition was observed compared to (5¢).

3.1.2. MIC screening.

The foregoing results prompt us to evaluate the sensitivity of the studied strains toward
the targeted derivatives. Minimum inhibitory concentration (MIC) results of the most active
compounds were projected in Figures 6 and 7. All synthesized compound 5a—e was found to
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display noticeable antimicrobial behavior against the tested microorganisms. The MIC value
reported herein demonstrated that the studied strains are sensitive to these derivatives,
especially the 5¢ that showed the most significant activity against E. coli and K. pneumonia
(MIC is 6.25mg/mL). Besides that, this product is also active on L. monocytogenes and S.
aureus strain at 12.5 mg/mL concentrations. On the other side, the 5a, 5b, 5d, and 5e products
own their top activity against E. coli and K. pneumonia (MIC=12.5mg/mL). We also noticed
that S. aureus is more sensible to 5d and 5 e (the MIC has recorded 12.5mg/mL) than 5a and
5b (Figure 7 and Figure S 21).

30+ ,
Bl E.coli

- Bm S aureus
?Em 20+ Bm K.pneumoniae
E Bl [ .monocytogenes
=
O 10-
=

o-

5a 5b 5c 5d Se
Figure 7. Minimum inhibitory concentration (MIC) of the selected compounds against four multidrug-resistant
bacteria.

3.2. Virtual screening of the studied compounds.
3.2.1. Prediction of Toxicity.

Considering the importance of predicting toxicity in drug design, two computer
interfaces have been used in the current study: SwissADME and preADMET. This software
predicts the probability of carcinogenicity and mutagenicity in various organisms using in
silico models. The toxicity analysis also provides information on the lipophilicity of the
ligands, which is predicted by the Mllog P parameter, the hydrogen bonding potential of the
compounds, and their molecular flexibility[19,20]. The different drug-likeness proprieties for
all selected compounds were in harmony with Lipinski's rule of five[17] and were considered
safe for biological experiments. The results of the prediction are presented in Tables S3 and
S4(Supplementary Files)

3.2.2. Docking studies and scoring of the synthesized pyrano[2,3-c] pyrazoles.
3.2.2.1. Calculation of binding energy.

Modeling studies are essential to find an exact image for the mechanisms of action of
these designed compounds. Our Docking investigation has been performed by using AutoDock
tools software. The lowest free energies of binding (AG) are observed with the compounds 5b
and 5c, which confirmed the good affinity between the protein and ligand in contrast to the
ligand of reference (ciprofloxacin).

https://biointerfaceresearch.com/ 4713
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Table 3. Representing the binding affinity (kcal/mol) and details of H-bond interactions of the best performing

pyrano[2,3-c] pyrazole derivatives with DNA gyrase B and MurB.

Ligand | Score(kcal/mol) | Résidu | Liaison H
Enzyme MurB of E. coli
5a -6.73 ILE59 Asn178 Tyrl79 Leu57 Val181 Arg207 2
5b -7.05 Tyrl79 Val181 ILE59 1
5¢ -6.73 Vall181 Tyrl79 Arg207 Gly135 3
5d -6.64 Vall181 Tyrl79 ILE59 ILE174 Gly161 Ser220 Ser64 | 3
5e -7.63 Gly 161 Gly 163 Gly127 ARG207 Ser64 5
CPF -7.62 SER 64 ASN 62 TYR179 Ser125 Gly63 4
DNA gyrase B of S. aureus
5a -4.36 Thr 171 1
Glu 50
5b -5.46 Asp 81 1
Lys78
5¢ -5.45 Glu 68 3
Lys 170
GIn66
5d -4.07 Lys78, Glu 72, Asp81 Thr80 Glu68 2
5e -4.95 11e102 Val 130 Glu 68 Lys 78 2

3.2.2.2. Interaction with the enzyme MurB.

The selected compounds 5 (a-€) interacted with Mur B of E. coli via several residues
(see table 3). Compound 5 e takes the first position with a high binding energy of -7.63, which
is similar to the score of ciprofloxacin. This derivative forms hydrogen bonds within the active
site of the enzyme MurB. Additionally, 5b is considered a good inhibitor due to their high
binding energy of -7.05 and the tight interaction formed with residues observed in the enzyme's
active pocket, including SER 64, ASN 62, TYR179 Ser125 Gly63 (table 3). Also, the 5c and
5a derivatives bind efficiently to the enzyme of E. coli with a binding energy of — 6.75 through
the formation of a complex stabilized with a hydrogen bond. For the (5c), the residues
implicated in the interaction are Val181, Tyr179, Arg207, Gly135, Nevertheless the 5a formed
a tight interaction with the ILE59, Asn178 Tyrl179 Leu57 Val181 Arg207(see figure 8).

E=-6.73kcal/mol

GLY
A7

ASN
AGS

Ly LEU
ARO

Gty E=-6.73kcal/mol

A6

GLY
A28

GLY
A27

B A9

VAL SER
A8y :

CYS.
A218

SER
A4

ne
A22

PRO
A23

CYS
A218

E=-7.63kcal/mol

Figure 8. Representation of the 2D interaction between the tested compounds and the main MurB enzyme of E.
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3.2.2.3. Interaction with DNA gyrase B.

A very similar value of binding free energy (~-5.46 kcal/mol) was found for compounds
5b, 5¢, and ciprofloxacin against topoisomerase || DNA gyrase. In all investigated systems, we
found H-bond interactions (Figure 9) involving the bases of DNA and the ligand. Compounds
5b and 5c displayed a higher number of hydrogen bond interactions. In addition, the free
binding energy of -4.95 kcal/mol (Table 3) was found for compound (5e). However, the lowest
value was for compound 5d (-4.07 kcal/mol). The observed trend in the binding free energy
was found to be consistent with the experimental inhibition trend for the molecules.
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Figure 9. Schematic representation of the complex pyrano[2,3-c] pyrazoles -DNA gyrase and their energy
values.

4. Discussion

Innovative therapeutic pyrano[2,3-c] pyrazoles were successfully prepared by using the
eco-friendly synthetic route via the multicomponent reaction[21-24]. Then the selected
compounds are tested for their antimicrobial effectiveness against four microbial strains. The
antibacterial effects of the compounds that produced a zone of inhibition were further tested
quantitatively by the broth microdilution method to determine MIC value (the lowest
concentration of the compound inhibiting the growth of the tested bacteria).

The sensitivity of the studied strains against the selected derivatives provides their
antibacterial behavior estimated by measuring the inhibition zone formed and using the value
of MICxSD. By analyzing the obtained results, we can classify these products as follows: the
5¢ compound takes the place position due to their great effect against the four multiresistant
strains viz, S. aureus, E. coli et L. monocytogenes, and especially K. pneumonia(5¢>5e> 5d
>5b>5a).

While the four other compounds possessed variable antibacterial activity as a function
of the strain used and the nature of the substituted derivatives, for example, the 5d and 5e
derivatives are more active against gram-positive strains (S. aureus). Nevertheless, the 5a and
5b derivatives are more efficient against gram-negative strains (K. pneumonia). It's gratifying
to elucidate that this antibacterial sensitivity is presumably related to the structure of the tested
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compounds; as described previously, the substitution of bioactive motives methyl; hydroxyl,
and methoxy in the phenyl ring enhance this activity[25]; accordingly, when the aromatic
aldehyde is replaced with hydroxyl scaffold, we notice a slight and inconspicuous antibacterial
activity(5c). Therefore, the activity of molecules can also be explained by the nature of the
strain; for example, the synthesized compounds can inhibit the growth of gram-negative
bacteria (viz K.pneumonaie), which confirmed their potential against these resistant strains
characterized by their surface membrane wall that performance as a fence or selective barrier
to the penetration of substances soluble and various elements, including antibacterial
agents[18,26].

Our results are in harmony with some previous studies published in 2019[27] that
showed clearly the excellent antibacterial behavior of the pyrano[2,3-c] pyrazole derivative,
especially against S. aureus with a zone of inhibition> 8mm and MIC of 64mg/mL. Another
research work achieved in 2008 [28] also confirmed the prominent antibacterial activity of
some pyrano[2,3-c] pyrazole (6d 6f and 6g) against a panel of gram-positive and negative
strains ( S.aureus B.subtilis and E.coli ) with a significative MIC varied between 12.5-
50mg/mL.

On the other side, molecular docking was used to investigate and support the
experimental data through the binding mode interaction between the selected compounds and
receptors at binding sites. MurB enzyme of E. coli is essential for the formation of muramyl
sugar [29] which is essential for peptidoglycan biosynthesis, and DNA gyrase B is important
for the supercoiling of DNA during replication and plays a vital role in the growth of S.aureus.
Docking analysis of the five pyranopyrazoles derivatives, compared to the drug ciprofloxacin,
revealed important interactions between these derivatives and enzymes.

For Mur B, the selected compounds established H-bonds with one or more amino acids
in the target active pocket. We observed an interaction of compound (5e) with Gly 161,
Gly 163, Gly127, ARG207, Ser64, whereas compound (5c) constructed a tight interaction
with Val181, Tyr179 Arg207 Gly135. These amino acids reside at the active site of the enzyme,
are crucial in the biosynthesis of peptidoglycan. Any modification in these amino acids
could downregulate the enzyme activity, which induces bacterial cell death[29]. However, the
docking studies with the pyrazole derivatives showed that our derivatives established a tight
interaction with the target DNA gyrase B of S. aureus. Through Molecular docking and
dynamics studies, it was clear that among the five derivatives, the compounds 5c, 5b, and 5 e
are the most active compounds and can present very interesting in vitro antimicrobial activities.

These compounds could be considered as a valuable tool for the design and
development of new effective compounds. Our docking studies have been performed on two
important targets to elucidate the mechanism of action for these compounds. Both Mur B of E.
coli and topoisomerase |1 DNA gyrase from S. aureus were studied as potential targets[11,30-
32]. The observed inhibitory activity and the in silico molecular docking were correlated scores
of the best compounds 5b, 5c, and 5e was obtained. Moreover, these compounds also
exhibited drug-likeness properties, leading us to consider them as a potential scaffold for
improving antibacterial activity.

From the current biological funding and those of the literature, we confirmed the
outstanding activity of this motif, which oriented us to use the green synthetic approach as a
great attempt to formulate new biologically active compounds. As a consequence, there is a
high necessity for additional preclinical examination to discover novel, innovative drugs
or adjuvants more efficient and able to control the emergence of Nls disease
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5. Conclusions

The current study reported in silico design, synthesis, and evaluation of the antibacterial
activity of five pyrano[2,3-c] pyrazole 5(a-e) derivatives. As expected, pyrano[2,3-c] pyrazole
has superior antibacterial activity than standard antibiotics. Our finding revealed that the
selected compounds act as potential antibacterial agents against four human pathogenic
bacteria: E. coli, S. aureus, L. monocytogenes, and K. pneumoniae. Careful investigation in this
series gave the molecule 5c¢ the most promising inhibitor of DNA-gyrase and MurB based on
the calculations of score energies, drug-likeness predictions, and antibacterial screening.
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Supplementary Materials

We report in Supplementary Material (ESI) additional data from the characterization of
the synthesized compounds (see Figures S1-S16) to the antibacterial assays (Figure S 21 ). See
also Tables S3 and S4 to have a comprehensive image of toxicological studies (ADMET)
performed in silico via Computer-aided Drug Design Tools.

1. Characterization of the compounds

6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5a
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Figure S1. NMR H of pyranopyrazoles 5a.

6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5b
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Figure S2. NMR H of pyranopyrazoles 5b.
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ADNONMOG DN © ~ mo £
CONAMAETEO w o am e e ST a
SOOI~ o n oo 1
.......... = H iy EXPNO 10
N R T T - N PROCNC 1
F2 - Acquisition Parame
Date_ 20170531
Time 12.39
INSTRUM spact
PROBHD 5 mm QNP 1H/13
PULPROG 2g30
£ 5536
SOLVENT DMSO
NS 8
s 4
SHH 4194631
FIDRES 0.064005
AQ 7.8119411
RG 114
o 119.200
DE 7,00
TE 298,5
o1 2.00000000
MCREST 000000000
MCHRR 0.01500000
===emae= CHAINEL £1 ===
NUCL 18
1 6.00
PLl 0.00
sFo1 300.1318533

F2 - Processing paramet
32768

s8I 2

SF 300.1300000
WOW EM
SsB o
1B 0.30

GB o
PC 1.00

Figure S3. NMR *H of pyranopyrazoles 5c.

6-Amino-3-methyl-4-(4-methoxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile
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6-Amino-3-methyl-4-(4-methoxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5e
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Figure S5. NMR *H of pyranopyrazoles 5e.

6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5a
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Figure S6. NMR 3 C of pyranopyrazoles compound 5a.
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6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5b
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Figure S7. NMR 2 C of pyranopyrazoles compound 5b.

6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5¢
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Figure S8. NMR 3 C of pyranopyrazoles compound 5c.
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6-Amino-3-methyl-4-(4-methoxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile
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Figure S9. NMR 3 C of pyranopyrazoles compound 5d.

6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5e
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Figure S10. NMR 2 C of pyranopyrazoles compound 5e.
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6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5a

Figure S11. IR pattern of the synthesized compound of 5a.

6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5b
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Figure S12. IR pattern of the synthesized compound of 5b.

6-Amino-3-methyl-4-(2-hydroxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5¢
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Figure S13. IR pattern of the synthesized compound 5c.
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6-Amino-3-methyl-4-(4-methoxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile
5d
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Figure S14. IR pattern of the synthesized compound 5d.

6-Amino-3-methyl-4-(4-methoxyphenyl)-1,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile 5e
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Figure S15. IR pattern of the synthesized compound 5e.

2. HPLC Analyses
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Figure S16. HPLC chromatograms of pyranopyrazoles 5a-e.

3. Synthesis and characterization of the catalyst

The diffractometer uses copper anticathode radiation Cu-Kao radiation: A = 1.5406 A°.
The crystalline parameters were refined on a computer using the least-squares method via the
AFPAR program. The acquisition is carried out at ambient temperature with a scanning mode
0/2 (and a Bragg angle 6 spanning from 10° to 50°[20]
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Figure S17. The XDR pattern of the diphosphate Na,CaP,0-.
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Table S1. Allotment of the observed bands of Na,CaP,0O- analyzed by X-ray diffractometer

4. Infrared of the catalyst

Crystallographic data

Space group Triclinic,PI

M(g/mol) 260.0
a(A) 5.361
b(A) 7.029
c(A) 8.743

o (°) 69.4

B (°) 89.02

y (°) 88.78

V (A3 308.5

Z 2

The appearance of symmetrical vibration bands of P-O-P at 720 cm™ and anti-
symmetric vibration bands at 893 cm™ confirm the existence of P.O; (Figure S19). Two
vibration fields have proved the presence of the PO4 group, the first at 996 cm*and 1031
cm and the second going from1130 to 1278 cm ™ [32]
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Figure S18. The infrared pattern of the catalyst was measured by using the FITR apparatus.

Table S2. Attribution of the observed bands of Na,CaP,0; analyzed by FTIR spectroscopy.

Observed band(cm™)

Awarding

407
419
483
511
548
577
626

o(P207)

Smme—

Distortion Vibrations
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720
893
996

1031
1130
1175
1278

5. TEM and SEM
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Valence vibrations
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6. ADMET/TOX screening

Figure S20.TEM images of Na,CaP,0.

Table S3. In silico physicochemical parameters for good oral bioavailability of synthesized compounds 5(a-e).

Compounds Log P MM Hydrogen Hydrogen
bond donor bond acceptor
5a 2.3 252.27 g/mol 2 4
5b 2.7 266.3 g/mol 2 4
5¢ 2.3 282.3 g/mol 2 5
5d 2 268.27 g/mol 3 5
5e 2.1 297.27 g/mol 2 6

All the ADMET parameters were found to be favourable for all selected compounds 5(a-e).
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Table S4. Drug likeness predictions of tested compounds 5(a-€).

Absorption Distribution
HIA (%) Cells Caco-2 MDCK Skin BBB
(nm sec?) Permiability

5a 86.259135 8.35134 122.163 -4.29465 0.727216

5b 86.801884 0.414056 198.378 -4.23184 1.07902

5¢c 86.421462 7.08002 56.5433 -4.43997 0.565816

5d 76.953830 21.1136 47.9383 -4.48835 0.397176

5e 68.466285 17.972 31.1239 -4.3418 0.673673
Ampicillin 81.478448 0.630713 0.937589 -5.03574 0.0587946

HIA: Human intestinal absorption (HIA, %)
BBB : in vivo blood-brain barrier penetration (C.brain/C.blood)
Caco-2 cell : in vitro Caco-2 cell permeability (nm/sec) [33]

MDCK: in vitro MDCK cell permeability (Mandin Darby Canine Kidney) [34]
Intestinal absorption has been predicted to be more than 80% for compounds 5a (86.25%) 5b(86.8%) and 5¢
(86.42%), which is greater than reference drugs Ampicillin (81.478%).

7. Antibacterial activity

N2 N7

S
S

S S S

D

y

A
Y

0

)
‘.4‘

<

)
9

V
Y

/)

4
$

S
0

™,
s

9,
.l

y
(A
$

Figure S21. Resazurin Dye Test for determining the Minimum Inhibitory Concentration of pyrano[2,3-
c] pyrazole inoculated with bacterial strains: S. aureus (A), E. coli(B), and K. pneumonia(C). Purple coloration:
no change of resazurin coloration reflected the inhibition of bacterial growth. Pink coloration: Reduction of
resazurin that can be explained by the metabolic activity of MDR (multidrug-resistant strains).

https://biointerfaceresearch.com/

4730


https://doi.org/10.33263/BRIAC124.47054730
https://biointerfaceresearch.com/

