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Purpose: A new series of tetrazole derivatives, which are renowned antimicrobials posses-
sing a five-membered aromatic heterocyclic group, are synthesized herein and subjected to
antimicrobial and cytotoxicity screening.

Methods: The tetrazole derivatives were synthesized via ultrasonication using Mannich base
condensation. Structural verification of the products was performed using IR, '"H NMR, and
13C NMR spectroscopy, as well as mass spectroscopic and elemental analyses. The compounds
were then screened for antimicrobial and cytotoxic activity against HepG2 (liver), MCF-7
(breast), and HeLa (cervical) cell lines. Inter- and intra-molecular binding interactions were
determined using molecular docking studies. The exact binding mode between the most active
tetrazole derivatives (ie, 1b, 2a, and 2b) and the proteins (ie, 4OR7, 1AI9, and 4FM9) was
established using Autodock Vina 1.1.2 software and compared to the binding mode of the
reference compounds (ie, cefazolin, clotrimazole, and fluorouracil).

Results: Compound 1b was extremely active against Enterococcus faecalis relative to the
positive control cefazolin. Compounds 1b and le were active against Candida albicans and
Microsporum audouinii compared to the positive control clotrimazole in antifungal screen-
ing. The HepG2 (liver) and MCF-7 (breast) cancer cell lines were particularly susceptible to
the synthesized compounds. Compared to the control compound fluorouracil, 2a and 2b were
extremely active against all three cancer cell lines. Molecular docking studies showed that 2b
exhibited higher binding affinity (=7.8 kcal/mol) to the 4OR7 protein than the control
cefazolin (=7.2 kcal/mol).

Conclusion: Generally, 1b, 2a, and 2b exhibited impressive inhibitory capabilities in
antibacterial, antifungal, and cytotoxic screenings relative to the reference compounds. The
results of the molecular docking studies and both the microbial and anticancer screenings
indicate that these novel derivatives could be developed into potential therapeutic agents for
medical applications.

Keywords: antibacterial, antifungal, cytotoxic, molecular docking, N-Mannich base,

ultrasonication

Introduction

As promising molecular structures in new drug design concepts, heterocyclic com-
pounds, in particular azoles such as imidazoles, triazoles, and tetrazoles, are
renowned for their antimicrobial, antifungal, and anticancer capabilities and are
widely used for treating topical mycotic pathologies associated with AIDS.'
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Tetrazole derivatives are reputed to have antinociceptive,*

antimycobacterial,4 antibacterial, and antifungal

properties.> Many important tetrazole analogs (Figure 1)
have been reported, including the angiotensin II receptor
blocker losartan (commonly used for treating hypertension)
and the oral agonist of the human growth hormone secreta-
gogue (GHS) receptor BMS-317,180.” The tetrazole deri-
activity.®
Antifungal capabilities are well-documented in TAK-456

vative, cefazolin, possesses antibacterial
and other tetrazole-based derivatives.’
Ultrasonication is a good protocol for organic synthesis
compared to traditional methods because more high-yielding
organic reactions can be conducted in relatively shorter reac-
tion times or under milder reaction conditions.'® ' This is best
exemplified when synthesizing tetrazole derivatives via an
ultrasound-promoted, one-pot cyclization reaction.'® The
Mannich reaction has become the cornerstone in multidrug
synthesis, leading to the simplified synthesis of numerous
antimicrobial,“Hg cy‘totoxin,19 and anticonvulsant®® agents.
Inspired by the widespread applicability of the Mannich reac-
tion and the high product yield obtained under ultrasonication,
we synthesized a new series of tetrazole derivatives using a
combination of these techniques. Herein, the antibacterial,
antifungal, and cytotoxic activities of the products were eval-
uated against three major cancer cell lines, namely, HepG2
(liver), MCF-7 (breast), and HeLa (cervical), and various

microbes, albicans,

including  Candida

Microsporum

TAK- 456

Figure | Tetrazole bioactive compounds.

audouinii, and Enterococcus faecalis. Additionally, molecular
docking studies were performed to gain a deeper insight into
the binding modes of the most active derivatives using the
proteins 40R7, 1AI9, and 4FM9.

Experimental
Synthesis

All chemicals were purchased from Merck and Sigma-—
Aldrich, and were used without further purification. Pre-
coated silica gel plates impregnated with a fluorescent
indicator were used for analytical TLC. An ethyl acetate/
hexane solvent mixture was used as the eluent for both
TLC and column chromatography. The FT-IR spectra
were recorded using KBr pellets on a Shimadzu 8201pc
spectrometer operating between 4000 and 400 cm . The
'H and '>C NMR spectra were obtained on Bruker DRX-
300 MHz and Bruker DRX-75 MHz Avance spectro-
meters, respectively, and the resulting chemical shifts
were expressed in ppm using tetramethylsilane as the
internal standard. JEOL JMS D-300 spectrometer was
used to analysis the mass spectra (EI) all compounds.
Elemental analysis (C, H, N, and S) was conducted using
a Varian EL III elemental analyzer.

Synthesis of Compounds la — e
A mixture of 1H-tetrazole (0.01 mol), thiosemicarbazone
(0.01 mol, 0.9 g), and the respective aromatic aldehyde

O.__OH
(0] N:N
S7% /(
L E o
Cefazolin
EN]
N~
</ NHO N

\\N/N

tetrazole based antifungal against
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(0.01 mol) in ethanol was subjected to ultrasonication for
3 min. The final products were identified using TLC (hexane/
EtOAc, 4:1, v/v). After all starting materials were consumed,
the reaction was quenched with water (10 mL) before being
extracted with ethyl acetate (10 mL x 3). The solvent was
removed under vacuum and purification was conducted via
column chromatography on silica gel using the above-men-
tioned 4:1 hexane/ethyl acetate solvent mixture to give the
desired products (1a — e).

Synthesis of Compounds 2a — e

A mixture of 1 H-tetrazole (0.01 mol), 1.1-dimethylurea (0.01
mol), and the respective aromatic aldehyde (0.01 mol) in
ethanol was subjected to ultrasonication for 6 min. The

endpoint of the reaction was monitored via TLC using a
mixed hexane/EtOAc (4:1, v/v) solution. Once all starting
materials were consumed, the reaction was quenched using
water (10 mL) before being extracted using ethyl acetate
(10 mL x 3). The solvent was removed under vacuum and
purification was conducted via column chromatography on
silica gel using the above-mentioned 4:1 hexane/ethyl acetate
solvent mixture to give the desired products (2a — e).

Synthesis of Compounds 3a — e

A mixture of 1H-tetrazole (0.01 mol), benzylidenehydra-
zine (0.01 mol), and the respective aromatic aldehyde
(0.01 mol) in ethanol was subjected to ultrasonication for
7 min. The endpoint of the reaction was monitored via

N—N
N" \
- 2
R
(1a-e)
H,N
R-Ph-CHO + s T -
HN =
NH
N-N 2 p=N
N B N‘N) o)
N N\ (e I
Ne M) N~ SN-CHs
H O - _— H !
< ~ 5 = CHs
4a-
(da-e) ] So N, HzNJLN_CH3+R-Ph-CHo (2a-¢)
+ CHj,
R-Ph-CHO
H,N-N
s O
= +
R-Ph-CHO
s IN—N )
N/ \
B
H
R
(3a-e)

R =1a, 2a, 3a, 4a: -Ph;
1d, 2d, 3d, 4d: -NO,; 1e, 2e,

1b, 2b, 3b, 4b: -Cl; 1c, 2c, 3c, 4c¢:-OH;

3e, 4e; -OCH3

Scheme | Synthesis of tetrazole derivatives la—e, 2a—e, 3a—e, and 4a—e via ultrasonication.
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Table | Effect of Various Solvents on the Product Yield of la, 2a, 3a, and 4a

Compounds Solvent Ultrasonication Conventional Method
Time (Min) Yield (%) Time (Hrs) Yield (%)
la H,O - - - -
MeOH 6 72 4 40
H,O-Ethanol 5 79 4 47
EtOH 3 96 2 66
2a H,O - - - -
MeOH 12 58 5 22
H,O-Ethanol 10 66 4 35
EtOH 6 78 3 65
3a H,O - - - -
MeOH 18 69 5 28
H,O-Ethanol 15 73 4 39
EtOH 7 88 2 76
4a H,O - - - -
MeOH 12 58 2 34
H,O-Ethanol 10 76 3 48
EtOH 8 8l 3 56

TLC in a mixed hexane/EtOAc (4:1, v/v) solvent. Once all
starting materials were consumed, the reaction was
quenched using water (10 mL) before being extracted
using ethyl acetate (10 mL x 3). The solvent was removed
under vacuum and purification was conducted via column

chromatography on silica gel using the aforementioned 4:1

Table 2 Effect of Using Ethanol as the Solvent on the Product
Yield

hexane/ethyl acetate solvent mixture to give the pure pro-
ducts (3a — e).

Synthesis of Compounds 4a — e

A mixture of 1H-tetrazole (0.01 mol), (furan-2-ylmethy-
lene) hydrazine (0.01 mol), and the respective aromatic
aldehyde (0.01 mol) in ethanol was subjected to ultrasoni-
cation for 8 min, and the reaction endpoint was monitored
via TLC in a hexane/EtOAc (4:1, v/v) solvent mixture.
After all starting materials were consumed, the reaction
was quenched in water (10 mL) and extracted with ethyl
acetate (10 mL x 3). The solvent was then removed under
vacuum and purification of the crude mixture was con-
ducted via column chromatography on silica gel using the
aforementioned 4:1 hexane/ethyl acetate solvent mixture
to give the desired products (4a — e).

Biological Screening

In vitro Antibacterial Screening

Compounds la—e, 2a—e, 3a—e, and 4a — e were subjected
to in vitro antibacterial analysis against Staphylococcus
(MTCC-96), (MTCC-739),
Enterococcus faecalis MTCC-439), Pseudomonas aerugi-

nosa (MTCC-2488), and Klebsiella pneumonia (recultured)
42223

aureus Escherichia coli

via the disc diffusion metho using the Mueller—Hinton
agar (Hi-Media) medium. Each compound was tested at

a concentration of 100 pg/mL in DMSO. The zone of

Entry | Ultrasonication Conventional Method
Time (Min) | Yield (%) | Time (Hrs) | Yield (%)
Ib 4 80 2 55
lc 4 83 3 63
Id 4 89 2 52
le 5 76 3 60
2b 3 79 2 55
2c 5 88 2 59
2d 4 83 2 60
2e 3 89 2 63
3b 5 80 2 68
3c 4 84 2 66
3d 4 86 2 68
3e 3 89 2 63
4b 3 86 3 59
4c 4 88 2 58
4d 3 79 2 69
4e 4 8l 3 72
4480 submit your manuscript
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Table 3 Antibacterial Effects Measured by the Zone of Inhibition (Mm)

Compound Concentration 100 pg/mL
S. aureus E. coli E. faecalis P. aeruginosa K. pneumoniae

la 10 12 - - 14
Ib 12 19 22 16 18
lc 20 10 17 10 08
Id 12 09 13 15 I
le 15 - 12 14 08
2a 14 17 10 10 16
2b 17 22 10 12 18
2c 10 13 10 19 10
2d 12 15 14 11 09
2e 10 I 13 12 I
3a 09 16 I 10 10
3b 13 10 12 09 -
3c 15 - 13 - I
3d 14 12 - 12 10
3e 08 08 I 10 13
4a I - 10 15 09
4b 10 08 06 12 07
4c 08 I5 - 16 -
4d 16 12 I 10 09
4e 12 18 13 21 10
Cefazolin 30 20 10 12 10

Table 4 Antifungal Effects Measured by Zone of Inhibition (Mm)

Compound Concentration 100 pg/mL
A. niger C. albicans C. neoformans M. audouinii

la 12 10 - -
Ib 18 26 16 10
lc 15 10 - 12
Id - - 12 15
le 12 10 10 28
2a - 16 - -
2b 15 12 16 12
2c 13 I 12 1
2d 10 09 10 15
2e 19 13 I 1
3a 17 10 09 10
3b - 07 10 16
3c 12 I - 09
3d 11 ) I -
3e 14 I 13 15
4a 12 - 10 12
4b I 14 I -
4c 08 09 13 -
4d 14 05 09 13
4e 10 13 - 09
Clotrimazole 22 24 25 26

inhibition was measured after an incubation period of 24 h
at 37 °C.

In vitro Antifungal Screening

Compounds la—e, 2a—e, 3a—e, and 4a— e were subjected to
in vitro antifungal analysis using Aspergillus niger (MTCC-
872), Candia albicans (MTCC-227), Cryptococcus neofor-
mans (recultured), and Microsporum audouinii (MTCC-
8197) via the disc diffusion method*** with Sabouraud’s
dextrose agar (SDA; Hi-Media). Each compound was tested
at a concentration of 100 pug/mL in DMSO. The zone of
inhibition (mm) was measured at 37 °C.

Determining the Minimal Inhibitory
Concentration (MIC)

The compounds were dissolved in dimethyl sulfoxide at a
concentration of 64 pg/mL. Next, 2-fold dilutions of the
respective solutions were prepared at 64, 32, 16, 8, 4, 2, 1,
0.5, and 0.25 pg/mL. Suspensions of the respective micro-
organisms at a concentration of 106 CFU/mL (colony-
forming unit/mL) were incubated in the corresponding

Drug Design, Development and Therapy 2020:14
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Table 5 The Minimal Inhibitory Concentrations (MIC; pg/mL) of la — e, 2a — e, 3a — e, and 42 —e

Compound Antibacterial Activity Antifungal Activity

S.a E. c E.f P a K. p A.n C.a Cr.n M. a
la 64 64 >100 >100 32 64 64 >100 >100
Ib 64 8 8 32 4 8 0.25 32 >100
lc 4 32 16 64 >100 >100 >100 >100 64
Id 64 >100 64 32 >100 >100 >100 64 32
le >100 >100 >100 64 >100 64 >100 >100 |
2a 64 64 >100 64 8 >100 32 >100 >100
2b 32 8 >100 64 4 32 64 32 64
2c >100 64 >100 32 >100 64 >100 >100 >100
2d >100 64 >100 >100 >100 >100 >100 >100 64
2e >100 >100 >100 >100 >100 16 >100 >100 >100
3a >100 64 >100 >100 >100 32 >100 >100 >100
3b >100 >100 >100 >100 >100 >100 >100 >100 64
3c 32 >100 16 >100 >100 >100 >100 >100 >100
3d 64 >100 >100 >100 >100 >100 32 >100 >100
3e >100 >100 >100 >100 >100 64 >100 64 64
4a >100 >100 >100 >100 >100 >100 >100 >100 >100
4b >100 >100 >100 >100 >100 >100 64 >100 >100
4c >100 64 >100 64 >100 >100 >100 64 64
4d 64 >100 >100 >100 >100 64 >100 >100 64
4e >100 64 16 32 64 64 64 >100 >100
Cefazolin 0.12 32 >100 64 > 100 - - - -
/Clotrimazole - - - - - | 0.5 4 2

wells at 37 °C for 24 h. The minimum inhibitory concen-
tration (MIC) was noted by observing the lowest concen-
tration of the drug at which there was no visible growth.

Cytotoxic Activity

Compounds la — e, 2a — e, 3a — e, and 4a — e were
subjected to cytotoxic screening per the procedure detailed
in previously reported studies.?®

Molecular Docking Analysis

Molecular docking studies were conducted to determine the
binding mode and interactions between the most active com-
pounds of the tetrazole series (ie, 1b, 2a, and 2b) and the
proteins 40R7, 1AI9, and 4FM9 using Autodock Vina
1.1.2.%" The results obtained were compared to the molecular
docking models of the reference compounds, namely, cefazo-
lin, clotrimazole, and fluorouracil. Here, the crystal structure
of Klebsiella pneumonia dihydrofolate reductase complexed
with 40R7 protein,®® dihydrofolate reductase from C. albicans
(PDB ID: 1AI9),*’ and human topoisomerase II alpha bound
to DNA (PDB ID: 4FM9)*® were downloaded from the
Protein Data Bank, and used for antibacterial, antifungal, and
cytotoxic screening, respectively. The 3D structures of 1b, 2a,

2b, cefazolin, clotrimazole, and fluorouracil were obtained
using ChemDraw Ultra 12.0 software. The search grid of the
40R7 protein was identified as center x =47.231, center_y =
28.209, and center_z = 11.012 with the dimensions of size x =
24, size y = 24, and size_z = 30 at a spacing of 1.0 A. The
search grid of the 1AI9 protein was identified as center x =
27.873, center y = —10.945, and center z = 12.224 with the
dimensions of size x = 24, size y =24, and size z=28 at a
spacing of 1.0 A. The search grid of the 4FM9 protein was
identified as center x = 14.41, center y = 40.808, and cen-
ter_z = 26.199 with the dimensions of size x = 14, size y =
16, and size_z = 16 at a spacing of 1.0 A. The exhaustiveness
value was set to 8. All other parameters were set to the default
values for the Vina docking program and are not mentioned
herein. The compound with the least binding affinity value
was the best-scoring compound. Discovery Studio 2019 soft-
ware was used to analysis all results via visually.

Results and Discussion
Chemistry

Compounds la — e, 2a — ¢, 3a — ¢, and 4a — ¢ were

synthesized via a condensation reaction method using
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Table 6 Cytotoxic Effects of la—e,2a—e,3a—e,and4a —e

Compounds HepG2 MCF-7 HelLa

Glso TGI LCso Glso TGI LCso Glso TGl LCso

M) (uM) (M) (uM) (M) (uM) (uM) (uM) (uM)
la 16.2 29.1 >100 229 46.8 >100 21.6 49.4 81.2
Ib 23.3 54.8 8l1.2 20.1 45.1 >100 41.0 87.2 >100
lc 18.2 58.1 90.1 8.2 16.1 57.2 20.2 48.1 84.1
Id 329 61.6 >100 25.9 574 90.8 229 52.5 87.9
le 35.9 63.9 >100 21.9 47.6 87.0 39.8 61.0 >100
2a 6.3 15.3 51.2 5.2 20.1 >100 8.1 17.1 65.3
2b 54 12.5 62.5 13.5 26.9 83.5 16.8 347 92.8
2c 31.7 62.1 >100 22.6 52.5 88.4 29.8 52.6 >100
2d 379 57.9 92.9 40.7 67.9 >100 19.7 43.2 86.9
2e 348 65.8 >100 46.2 66.4 >100 43.8 724 >100
3a 51.0 72.1 91.8 349 64.9 95.7 51.7 789 >100
3b 61.6 84.8 >100 41.6 65.0 93.8 42.8 61.0 93.5
3c 18.6 30.3 81.9 21.7 44.8 64.9 27.9 41.0 86.9
3d 47.9 64.8 >100 41.8 63.8 >100 428 64.9 >100
3e 45.9 61.9 >100 27.6 58.9 >100 38.9 61.9 >100
4a 46.7 61.0 >100 28.3 50.2 >100 433 66.0 >100
4b 64.2 76.8 >100 35.6 59.3 923 53.2 62.0 >100
4c 56.0 78.6 92.0 39.3 452 39.0 453 69.2 92.0
4d 46.3 63.0 95.0 55.0 65.0 42.3 52.0 66.3 93.0
4e 523 66.0 >100 40.2 61.3 90.2 43.0 64.5 85.3
Fluorouracil 432 62.3 >100 25 12.9 45.0 0.3 3.6 1.5

ultrasonication. The general synthetic procedure used in
this study is illustrated in Scheme 1. Here, 2-[phenyl
(la

— e) were prepared from tetrazole reacted with benzal-

(1H-tetrazol-1-yl)methyl]hydrazinecarbothioamides

dehyde and thiosemicarbazone in the presence of etha-
nol. The reactions performed via condensation only
afforded low product yields, whereas the reactions con-
ducted under ultrasonication were high-yielding reac-
tions. Optimization studies were undertaken using
various solvents (ie, H,O, MeOH, H,O/EtOH, and
EtOH) and adjusting the reaction times. An ethanol
medium was used to maximize the product yield while
minimizing the required reaction time relative to the
other solvents or conventional synthesis (Table 1).
Additionally, the ethanol medium was ideal for ultraso-
nication, as evidenced by the findings presented in
(Table 2). Generally, la, 2a, 3a, and 4a were obtained
from high-yielding reactions with percentage yields of
96, 78, 88, and 81% in EtOH with a 3-min ultrasonica-
tion cycle. Conversely, the product yields obtained via
the conventional method of synthesis were low at 66%.
The product yields for 1b — e, 2b —e, 3b —e, and 4b — ¢

were 76-89%, 89—79%, 80-89%, and 79-88%, respec-
tively, and were obtained in EtOH with a 3- to 5-min
reaction time under ultrasonication; the corresponding
products obtained via the conventional reaction methods
were low.

Characterization of the synthesized derivatives was
conducted using mass, IR, 'H NMR, and 13C NMR spec-
troscopic techniques. The characteristic IR bands assigned
to la — e, 2a — e, 3a — e, and 4a — e revealed strong
absorption bands at 2932-2909 cm ™', 2916-2936 cm ',
2908-2919 cm ', and 2912-2978 cm', respectively,
which corresponded to the CH bonds in each derivative.
"H NMR spectra showed that the peak doublets within the
ranges of 6.12—6.43 ppm, 6.15-6.21 ppm, 6.12—6.24 ppm,
and 6.14-6.28 ppm corresponded to the —CH proton. The
3CNMR spectra contained signals within the range of
72.1-74.9 ppm, 66.1-69.1 ppm, 72.1-73.9 ppm, and
72.1-73.2 ppm that corresponded to the carbon of —CH-—
for the respective derivatives. Additionally, the mass spec-
troscopic analysis revealed that the molecular ion signals
were consonant with the projected molecular weights of all
synthesized compounds.
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>
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Anticancer Activity

Figure 2 Structure—activity relationship.

Biological Activities
Antibacterial Activity

Compounds la —e, 2a — ¢, 3a — ¢, and 4a — ¢ were screened
for antibacterial activity. Here, we noted that 1b was most
active against Enterococcus faecalis (Minimum inhibitory
concentration (MIC) = 8 pg/mL at 22 mm), P. aeruginosa
(MIC =32 pg/mL at 16 mm), and K. preumoniae (MIC = 4
pg/mL at 18 mm) when compared to the results obtained
using the reference compound, cefazolin. The lowest activity
for this compound was noted against S. aureus (MIC = 64 ng/
mL at 12 mm), whereas moderate activity was observed
against E. coli (MIC = 8 pg/mL at 19 mm). Compound lc
was very active against E. faecalis (MIC = 16 ug/mL at
17 mm). Compound 2a was very active (MIC = 8 ug/mL at

16 mm) against K. pneumoniae, whereas 2b exhibited equi-
potency against E. coli (MIC = 8 pg/mL at 22 mm) and high
activity against K. pneumoniae (MIC = 4 pg/mL at 18 mm).
Relative to the reference standard, namely, cefazolin, com-
pounds 3¢ (MIC = 16 pg/mL at 13 mm) and 4e (MIC =16
pg/mL at 13 mm) were very active against E. faecalis. The
antibacterial screening results are summarized in Table 3.

Antifungal Activity

Compounds la—e, 2a—e, 3a—e, and 4a — e were subjected
to antifungal screening. Here, we observed that 1b was very
0.25 pug/mL at
26 mm) and le was very active against Microsporum

active against Candia albicans (MIC =

audouinii (MIC = 1 ug/mL at 28 mm) when compared to
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Figure 3 Molecular docking of compound 2b binding site of 4OR7. (A) Docked complex. (B) Molecular surface. (C) 3D. (D) 2D.

clotrimazole. The antifungal screening results are summar-
ized in Table 4, whereas the MIC values against various
bacteria and fungi are summarized in Table 5.

Cytotoxic Activity

Compounds la — e, 2a — ¢, 3a — ¢, and 4a — ¢ were also
screened for their anticancer potency against three cancer
cell lines, namely, liver, cervical, and breast cell lines. The
Glso, TGI, and LCso values were determined for the
respective derivatives, and the results are expressed in
terms of Glsy growth inhibitor concentration. We noted
that 2a was extremely active against MCF-7 (Glsy = 5.2
pm) and HeLa cancer cell lines (Glso = 8.1 pm) compared
to the other compounds and the reference standard.
Compounds 2a and 2b were very active against HepG2
cancer cell lines, with Glsy values of 6.3 and 5.4 pm,
respectively, when compared to the other compounds and
the standard fluorouracil. When compared with the stan-
dard fluorouracil, the other compounds exhibited either
moderate activity or were equipotent against the HepG2
cancer cell lines, but generally showed low activity against
MCF-7 and HeLa cancer cell lines. The results of the
cytotoxic screening are summarized in Table 6.

Structure-Activity Relationship

The structure—activity relationship (SAR) can be used to
determine the relationship between an active molecule’s
chemical structure and its biological activity in
a specific assay system. This aids in identifying the
chemical group/atom pivotal to modulating the biologi-
cal potency of the compound. Figure 2 shows that the
para substituted phenyl ring acts as a lipophilic domain,
the C=S and C=0 moieties as electron donors, the NH
group as the hydrogen bonding domain, and the tetra-
zole moiety is an essential pharmacophore for biological
activity. We noted several key points while conducting

SAR studies:

1. Compound la, which contains a thiosemicarbazone
group attached to the tetrazole, was moderately
active against all bacterial and fungal species tested
and exhibited anticancer activity.

2. Compound 1b was very active against E. coli,
(MIC = 8 pg/mL), E. faecalis, (MIC = 8 ng/mL),
and P. aeruginosa (MIC = 32 pg/mL) in antibacter-
ial screenings. K. pneumoniae was particularly sus-
ceptible to 1b (MIC = 4 pg/mL) when compared to
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Figure 4 Molecular docking of cefazolin binding site of 4OR7. (A) Docked complex. (B) Molecular surface. (C) 3D. (D) 2D.

the cefazolin reference standard due to the presence
of a 4-Cl phenyl group attached to the thiosemicar-
bazonein the tetrazole moiety. Figure 2 showed that
the sulfur groups in the thiourea moiety exhibited a
similar binding mode as that seen for the sulfur-
containing thiadiazole functional group in cefazolin.
Additionally, 1b was more potent against C. albi-
cans (MIC = 0.5 pg/mL) than clotrimazole, but
exhibited notably weaker activity against all other
fungal species. Compound 1b showed only moder-
ate activity against the HepG2 cancer cell line, but
exhibited abysmal activity against all other cell
lines tested, especially when compared to the fluor-
ouracil standard.

The 4-OH-substituted phenyl group of thiosemicar-
bazone in the tetrazole moiety boosted the potency
of lc against E. faecalis (MIC = 16 ug/mL) and
resulted in equipotent activity against E. coli (MIC
= 32 pg/mL), especially when compared to cefazo-
lin; conversely, S. aureus was the most susceptible

microbe (MIC = 4 pg/mL) to the antibacterial
effects of lc. The antifungal activity of lc was
notably lower than that of clotrimazole. Generally,
Ic was only moderately active against the HepG2
and MCF-7 cancer cell lines and exhibited inferior
activity against the HeLa cancer cell line when
compared to fluorouracil.

. The 4-NO,-substituted phenyl moiety attached to

thiosemicarbazone in the tetrazole group imparted
abysmal antifungal and antibacterial activity to 1d.
For the cancer cell lines, 1d exhibited equipotent
activity against HepG2 and very low activity
against the MCF-7 and HeLa cancer cell lines
when compared to fluorouracil.

. Despite the low potency of le against all bacterial

species, this compound was extremely active against
Microsporum audouinii (MIC = 1 pg/mL) due to the
4-OCH3;-substituted phenyl group attached to the thio-
semicarbazone moiety. Conversely, no other fungi
were susceptible to the antifungal influence of this
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Figure 5 Molecular docking of compound Ib binding site of 1AI9. (A) Docked complex. (B) Molecular surface. (C) 3D. (D) 2D.

compound. The anticancer activity of 1d was on par
with the reference standard for the HepG2 cell line.
Compound 2a, which contained a diamide substitu-
ent in the tetrazole functional group, was extremely
active against K. pneumoniae (MIC = 8 pg/mL), but
showed very low activity against the other bacterial
species and notably poor activity against all the fungi
tested herein. Note, however, that 2a was remarkably
potent against the MCF-7, HeLa, and HepG2 cancer
cell lines, with Glsq values of 5.2, 8.1, and 6.3 pum,
respectively. Figure 2 shows that the diamide in 2a is
comparable to the diamide moiety present in fluor-
ouracil (Malani et al, 2014).

The 4-Cl-substituted phenyl group combined with
the diamide moiety in tetrazole imparted significant
antimicrobial properties to 2b, as evidenced by the
MIC value (4 pg/mL) obtained when screening was
conducted against K. pneumoniae. This was decid-
edly much better than the results seen with cefazo-
lin. Figure 2 shows the presence of the NH-CO-N—

moiety that serves a comparable function as its NH—
CO-C- counterpart in cefazolin. Relative to the
respective reference standards, 2b exhibited equipo-
tent activity against £. coli and low activity against
the other remaining bacterial and all fungal species.
Compound 2b showed good activity against the
HepG2 cancer cell line (Glsqg = 5.4 um), but low
activity against the other cell lines tested compared
to fluorouracil.

8. Compound 2c, which contained a 4-OH-substituted
phenyl group combined with a diamide functional
group in the tetrazole moiety, was very active only
against P. aeruginosa compared to the cefazolin
standard. Additionally, 2c was shown to be a poor
antifungal agent. Compound 2c was equipotent
against HepG2, but exhibited poor activity against
the MCF-7 and HeLa cancer cell lines compared to
fluorouracil.

9. Generally, 2d and 2e exhibited inferior antifungal
and antibacterial properties. Additionally, these
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Figure 6 Molecular docking of clotrimazole binding site of 1Al9. (A) Docked complex. (B) Molecular surface. (C) 3D. (D) 2D.

10.

11.

compounds were shown to be equipotent against
HepG2, but were not potent against the MCF-7
and HeLa cancer cell lines, especially compared to
the results obtained for fluorouracil.

Compounds 3a — e and 4a — e, which contained
a hydrazine group, exhibited inferior antifungal
and anticancer activity. Additionally, the potency
of 3a and 3b was abysmal against all bacterial and
fungal species tested, and their anticancer properties
were generally much lower than the reference com-
pound fluorouracil.

For 3c, the 4-OH-substituted phenyl group com-
bined with the hydrazine substituent in the tetrazole
moiety imparted excellent antibacterial properties
only against E. faecalis (MIC = 16 pg/mL), but
had little effect on the derivative’s antifungal activ-
ity, as evidenced by its poor activity relative to the
reference standard cefazolin. Of the three cell lines
tested, the HepG2 cancer cell line was the only one
that was susceptible to 3¢ (Glso = 18.6 um)

12.

13.

compared to fluorouracil. Here, low activity was
noted for the MCF-7 and HeLa cancer cell lines.
Compounds 3d, 3e, 4a, 4b, 4c, and 4d were all very
poor antibacterial and antifungal agents. The antic-
ancer activity of 3d, 3e, 4a, 4b, and 4d was equipotent
against the HepG2 cell line compared to fluorouracil,
and exhibited poor activity against the MCF-7 and
HeLa cancer cell lines. Compounds 4b, 4c, and 4e
exhibited very low activity against all three cell lines.
For 4e, the 4-OCHj;-substituted phenyl group com-
bined with a hydrazine moiety imparted excellent
activity against E. faecalis and P. aeruginosa only.
Otherwise, 4e was shown to be a poor antibacterial
and antifungal agent.

From these preliminary SAR investigations, we con-

cluded that the position of the tetrazole substituent bearing
the secondary amine was important for biological activity.
Additionally, the presence of a substituent on the phenyl
ring enhanced the bioactivity of this series.

4488

submit your manuscript

Dove!

Drug Design, Development and Therapy 2020:14


http://www.dovepress.com
http://www.dovepress.com

Dove Atef Hatamleh et al

eu705

593
Interactions

[ o = L
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Figure 8 Molecular docking of fluorouracil binding site of 4FM9. (A) Docked complex. (B) Molecular surface. (C) 3D. (D) 2D.

Docking Studies the proteins 40R7, 1AI9, and 4FM9 via Autodock Vina
The docking behavior of the most potent synthesized program. Here, 2b showed better binding affinity (~7.8
compounds (ie, 1b, 2a, and 2b) and the controls (ie, cefa-  kcal/mol) than the control cefazolin (=7.2 kcal/mol) for
zolin, clotrimazole, and fluorouracil) were examined using  4OR?7. Indeed, hydrogen bonding seemed to be pivotal in
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Table 7 Molecular Docking Interactions of 2b, Ib, and 2a with 4OR7, 1Al9, and 4FM9

Proteins Compound Binding Affinity (kcal/mol) No. of H Bonds H Bonding Residues
40R7 2b -7.8 2 Thr46
Cefazolin =72 6 Arg44, Leud5
1AI9 Ib —6.5 5 Alalll, llel'12, Tyrl 18
Clotrimazole —6.8 - -
4FM9 2a 7.1 - -
Fluorouracil —54 3 GIn542, Tyr590, Leu685

stabilizing the protein—ligand bonding interactions, thereby
ensuring a favorable bond distance of less than 3.5 A
between the H-donor and the H-acceptor atoms.”' The
distances of the hydrogen-bonding interactions of the
synthesized compounds (ie, 1b, 2a, and 2b) and the con-
trols (ie, cefazolin, clotrimazole, and fluorouracil) were
less than 3.5 A in the respective proteins, signifying that
these interactions were very strong. Compound 2b formed
two hydrogen-bonding interactions with the receptor
40R7. Here, the residue Thr46, with bond lengths of
2.13 and 2.95, was involved in the aforementioned inter-
actions. Also, residues Ile14, Met20, LeudS, and Arg98
were involved in hydrophobic interactions. For compari-
son, the control cefazolin formed seven hydrogen-bonding
interactions with 40OR7. Here, residues Arg44 (bond
lengths = 2.01 and 2.56), Leud5 (bond length = 2.21),
Gly96 (bond length = 1.88), Thr46 (bond lengths = 1.94
and 2.96), and Val99 (bond length = 2.98) were complex
in hydrogen-bonding interactions, whereas residues Gly43
and Arg98 were complex in hydrophobic interactions. The
overall bonding connections of the respective amino acid
residues in 4OR7 protein, when analyzed using 2b and
cefazolin, are shown in Figures 3 and 4. Compound 1b
showed moderate binding affinity (—6.5 kcal/mol) to 40R7
compared to clotrimazole (—6.8 kcal/mol), and formed five
hydrogen-bonding interactions with 1AI9. The residues
Alalll (bond lengths = 2.63 and 2.97), Tyr118 (bond
1.91 and 2.84), and Ilel12 (bond length =
2.41) were involved in the aforementioned hydrogen-
Ile9, Met25,
Phe36, and Leu69 were complex in hydrophobic connec-

lengths =

bonding interactions, whereas residues

tions. Clotrimazole, the reference compound, did not
form any hydrogen bonding interactions with 1AI9. The
amino acid residues Met25, Ile33, Phe36, Lys37, Ile62,
and Leu69 were involved in hydrophobic interactions.
The hydrogen-bonding and hydrophobic interactions of
the amino acid residues in 1AI9 with 1b and clotrimazole

are shown in Figures 5 and 6, respectively. Compound 2a
shows a higher binding affinity (—7.1 kcal/mol) than fluor-
ouracil (—5.4 kcal/mol) in 4FM9. Compound 2a did
not form any hydrogen bonds with the receptor 4FMO9.
The residues Pro593 and Leu705 were complex in hydro-
phobic connections. The control fluorouracil formed three
hydrogen bonds with the receptor 4FM9. The residue
GIn542 (bond length = 2.81), Tyr590 (bond length =
2.72), and Leu685 (bond length = 2.24) were complex in
Tyr686 was
involved in hydrophobic interactions. The hydrogen-bond-

hydrogen-bonding interactions, whereas
ing and hydrophobic interactions of the residues in 4FM9
with 2a and fluorouracil are shown in Figures 7 and 8,
respectively. In general, the results show that 1b, 2a,
and 2b exhibited better antifungal, antibacterial, and
anticancer properties than the reference compounds

(Table 7).

Conclusion

Herein, an efficient and practical synthesis of bioactive
tetrazole derivatives, namely, la — ¢, 2a — e, 3a — e, and
4a — e, via ultrasonication is described. The results showed
that 1b was highly active in antibacterial screening against
Enterococcus faecalis (MIC = 8 pg/mL) then cefazolin
drug. Compounds 1b and le were very active against
Candia albicans (MIC = 0.25 pg/mL) and Microsporum
audouinii (MIC = 8 pug/mL), respectively, when compared
to the standard clotrimazole. Compound 2a was very
active against MCF-7 (Glsy = 5.2 um) and HeLa (G5 =
8.1um) cancer cell lines when compared to the other
compounds. Compound 2b was extremely active against
the HepG2 (Glso = 5.4 um) cancer cell line when com-
pared to fluorouracil, and exhibited better binding affinity
(—=7.8 kcal/mol) than cefazolin (=7.2 kcal/mol) in 40R7.
Given these results, we believe that 1b, le, 2a, and 2b
could function of novel classes of clinically useful anti-

microbial and anticancer agents.
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