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The discovery of new antimicrobial molecules is crucial for combating drug-resistant bacterial and fungal
infections that pose a dangerous threat to human health. In the current research, we applied a molecular
hybridization approach to synthesize original thiosemicarbazide-triazole derivatives starting from (S)-naproxen
(7a–7k). After structural characterization using FT-IR, 1H-NMR, 13C-NMR, and HR-MS, the obtained compounds
were screened for their antimicrobial activities against Staphylococcus aureus ATCC 29213, Escherichia coli ATCC
25922, Candida albicans ATCC 10231 and their isolates, as well. Although all compounds were found to be
moderate antimicrobial agents, in general, their antibacterial activities were better than antifungal effects.
Among the tested compounds, 7j carrying nitrophenyl group on the thiosemicarbazide functionality represented
the best MIC value against S. aureus isolate. Finally, molecular docking studies were performed in the active
pocket of S. aureus flavohemoglobin to rationalize the obtained biological data.

Keywords: antibacterial activity, antifungal activity, biological activity, drug design, thioether.

Introduction

Throughout history, infectious diseases caused by
bacteria and fungi have constituted a danger to public
health, resulting in important morbidity and mortality
worldwide.[1] In spite of continuing efforts to discover
and commercialize novel antimicrobial agents, there
has been no decline in the prevalence or spread of
infectious diseases. The primary impediment to obtain-
ing complete control of infectious diseases is the
emergence of drug-resistant microbial strains.[2,3] This
circumstance highlights the critical need for the
development of novel antimicrobial molecules with
divergent chemical structures and mechanisms of
action.

Naproxen, (S)-2-(6-methoxynaphthalen-2-yl)pro-
pionic acid (Figure 1), is one of the most frequently
utilized nonsteroidal anti-inflammatory drugs provid-
ing an effective cure in inflammatory disorders and
symptoms, such as pain and fever.[4] Besides these
biological activities, naproxen and its derivatives have
attracted great interest in recent years due to their
anticancer and antimicrobial effects.[5–7]

Thiosemicarbazide (NH2� NH� (C=S)� NH2) is the sul-
fur-counterpart of semicarbazide functionality and
provides chemical versatility and varying biological

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/cbdv.202100900 Figure 1. Chemical structure of (S)-naproxen.
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properties than semicarbazide due to the presence of
the sulfur atom.[8] In addition to its wide range of
pharmacological activities such as anticancer, antiox-
idant, and anti-inflammatory,[9–11] thiosemicarbazide is
also a strategic functionality frequently used in the
development of antimicrobial agents (Figure 2).[12–14]

Azoles are heterocycles with five members contain-
ing at least one nitrogen. Although they act as
valuable pharmacophores for a wide range of bio-
logical activities, particularly imidazole and triazole-
based compounds attract great interest due to their
antifungal properties.[15] Azole antifungals, exemplified
by fluconazole, voriconazole, and ketoconazole, show
their mechanism by inhibiting the lanosterol 14α
demethylase (CYP51) enzyme in the biosynthesis of
ergosterol that is the crucial component of the fungal
cell membrane.[16] In the catalytic site of CYP51, they
compete with lanosterol and coordinate the iron atom
of the cofactor heme via free electron pair of the

nitrogen atom of the azole rings to demonstrate their
antifungal activities (Figure 3).[17]

The popularity of azoles in antimicrobial chemo-
therapy is not limited to their antifungal effects.
Recently, they have also attracted great interest due to
the discovery of their antibacterial properties. Topically
administered azole antifungals, such as ketoconazole,
econazole, and miconazole, were reported to be
effective particularly against Gram-positive bacteria.[19]

Molecular hybridization is a widely used strategy
for drug design and development that involves the
combination of two or more pharmacophores directly
or with a spacer to create a unique single molecule.
This method is primarily concerned with optimizing
the biological profile while mitigating adverse
effects.[20,21]

In light of these considerations, we purposed to
apply a molecular hybridization approach to synthe-
size thiosemicarbazide-triazole hybrids with thioether

Figure 2. Chemical structures of representative antimicrobial molecules with thiosemicarbazide scaffold.

Figure 3. The binding mechanism of itraconazole in the active pocket of CYP51 from Candida albicans (PDB code: 5V5Z)[18] depicted
in 3D (A) and 2D (B). Itraconazole (purple ball&sticks) coordinates the iron (orange sphere) of heme (green sticks) through one
nitrogen atom of its triazole ring. π-π stacking with Tyr118 is represented as turquoise dashed lines. (C) Representative members of
azole antifungals.
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linkage (7a–7k) starting from naproxen and evaluate
their antimicrobial activities (Figure 4). Furthermore,
we carried out molecular modeling studies to provide
insights into their potential antibacterial activity mech-
anism.

Results and Discussion

Chemistry

In this study, we synthesized eleven novel triazole and
thiosemicarbazide derivatives linked by thioether

functionality employing naproxen as the starting
compound. The synthetic pathway for the preparation
of 7a–7k is outlined in Figure 5.

To obtain the target compounds, initially (S)-
naproxen ethyl ester (1) was prepared by the reaction
of naproxen and ethanol in the presence of a catalytic
amount of concentrated sulfuric acid. Then, compound
1 was heated with hydrazine hydrate (80%) in an
ethanolic medium to obtain (S)-naproxen hydrazide
(2). Compound 2 was reacted with 4-fluoroisothiocya-
nate for the formation of thiosemicarbazide function-
ality in compound 3. The ring closure reaction of 3 in

Figure 4. Design strategy of the title compounds (7a–7k).

Figure 5. Synthesis of the compounds derived from naproxen. (i) CH3OH/d.H2SO4, (ii) NH2NH2.H2O/C2H5OH, (iii) 4-F-C6H4-NCS/
butanol, (iv) 4N NaOH, (v) BrCH2COOC2H5, K2CO3, acetone, (vi) NH2NH2·H2O/EtOH, (vii) butanol/R-NCS.

Chem. Biodiversity 2022, 19, e202100900

www.cb.wiley.com (3 of 8) e202100900 © 2022 Wiley-VHCA AG, Zurich, Switzerland

Wiley VCH Dienstag, 15.03.2022

2299 / 240373 [S. 3/8] 1

www.cb.wiley.com


basic medium yielded compound 4 carrying triazole-
thione moiety. The reaction of compound 4 with
equimolar ethyl α-bromoacetate in the presence of
potassium carbonate resulted in the formation of
compound 5. The hydrazide functionality in com-
pound 6 was obtained by the reaction of compound 5
with hydrazine hydrate in ethanol.[22,23] Our final
thiosemicarbazide derivatives, 7a–7k, were synthe-
sized by the reaction of compound 6 with various
isothiocyanates. All obtained compounds were charac-
terized by FT-IR, 1H-NMR, 13C-NMR, and HR-MS spectro-
scopic data. The FT-IR data demonstrated that
hydrazide C=O stretching bands varied from
1735 cm� 1 to 1666 cm� 1 confirming the formation of
the amide functionality on thiosemicarbazides (7a–
7k). N� H and C=S thiocarbonyl stretching bands were
observed at 3232–3186 cm� 1 and 1273–1265 cm� 1,
respectively. The absorption bands at 1604 cm� 1 were
due to the presence of the C=N stretch of the triazole
ring system. 1H-NMR spectra data of N1, N2, and N3

protons (7a–7k) confirmed the formation of thiosemi-
carbazide functionality. The thiosemicarbazide protons
were detected between 7.83–9.70, 9.31–10.70, and
10.20–11.63 ppm, respectively. Alkyl � S� CH2-protons
were seen at 3.80-4.02 ppm. The formation of thiose-
micarbazides was also confirmed by 13C-NMR studies.
The C=O, C=S, and � CH2- peaks of compounds 7a–7k
were detected between 182.96-175.68, 167.47-161.46,
and 34.68-33.96 ppm, respectively. HRMS studies were
performed on all thiosemicarbazide compounds and
approved the molecular weights within <5 mmu.

Biological Evaluation

The antimicrobial activities of 7a–7k were tested
in vitro against Gram-positive (Staphylococcus aureus),
Gram-negative (Escherichia coli), fungi (Candida albi-
cans), and clinical isolates of these microorganisms.
Table 1 contains the minimum inhibitory concentra-
tions (MICs) of the synthesized compounds, as well as
ampicillin, gentamicin, vancomycin (antibacterial), and
fluconazole (antifungal) as positive controls.

According to the results of the biological experi-
ments, it was determined that all tested compounds
had moderate antimicrobial activity in the range of
64–512 μg/mL. 7a–7k represented better antibacteri-
al effects than their antifungal activities. MIC value of
the compounds on E. coli ATCC 25922 was found as
128 μg/mL. The studied compounds showed their
antibacterial activities against S. aureus as well as its
clinical isolate with the MIC value of 256 μg/mL, except
for 7j. This compound stepped forward as the most
active molecule in this series with its MIC value of
64 μg/mL on S. aureus isolate. It is critical to note that
compound 7j carries nitro substituent in on the para
position of its phenyl ring.

Molecular Modeling Studies

According to the obtained MIC values against bacteria
and fungi, the title compounds were moderate
antimicrobial agents. This situation prompted us to
rationalize the biological activity results by molecular

Table 1. Minimum inhibitory concentrations (MIC, μg/mL) of the compounds against tested microorganisms.

Compound S. aureus S. aureus* E. coli E. coli* C. albicans C. albicans*

ATCC 29213 ATCC 25922 ATCC 10231

7a 256 256 128 256 512 512
7b 256 256 128 256 512 512
7c 256 256 128 256 512 512
7d 256 256 128 256 512 512
7e 256 256 128 256 512 512
7f 256 256 128 256 512 512
7g 256 256 128 256 512 512
7h 256 256 128 256 512 512
7i 256 256 128 256 512 512
7j 256 64 128 256 512 512
7k 256 256 128 256 512 512
Ampicilin 2 32 16 16 – –
Gentamycin 1 8 1 16 – –
Vancomycin 1 4 – – – –
Fluconazole – – – – 1 1

S. aureus*: S. aureus isolate (MRSA); E. coli*: E. coli isolate (contains broad spectrum β-lactamase enzyme); C. albicans*: Candida
albicans isolate.
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docking. Antibacterial properties of azoles are attrib-
uted to the inhibition of a bacterial heme-containing
enzyme called flavohemoglobin (flavoHb). FlavoHbs
protect bacteria from the lipid membrane oxidative
damage produced during nitrosative stress.[24] Some
azole antifungals such as ketoconazole and micona-
zole show their antibacterial activities through coordi-
nating the heme iron (Figure 6) in a similar mechanism
detected for CYP51 structures co-crystallized with
azoles.[25]

As 7j stands forward among the tested molecules
with a MIC value of 64 μg/mL against S. aureus isolate,
we chose it as the representative compound in this
series. To establish the potential biological target and
rationalize the obtained bioactivity results, we docked
7j into the catalytic site of a homology model of
S. aureus flavohemoglobin (Figure 7).

The binding energy of 7j was estimated as
� 8.89 kcal/mol whereas it was calculated as � 17.56
for the original ligand econazole in the active pocket
of S. aureus flavohemoglobin. This situation showed
that 7j had an affinity to the active site of the enzyme
but cannot bind to the same pocket as strongly as
econazole. When the putative binding pose of 7j in
the active site of S. aureus flavohemoglobin was
analyzed, it was observed that the compound inter-
acted with the enzyme through π-π stacking with
Phe28 in addition to further hydrophobic contacts.
Although 7j was also oriented towards the heme to
mediate π-π interaction with its core triazole moiety,
the nitrogen atom could not form the required

coordination with the iron. Additionally, we monitored
the distance between the heme iron and the closest
nitrogen atom of the triazole ring of 7j as 4.11 Å. The
same distance was measured as 2.03 Å and 2.11 Å for
the co-crystallized ligand econazole in the active
pocket of 4G1B and miconazole in 3OZU, respectively.

Consequently, our hybrid compounds were moder-
ate antimicrobial agents, although they carry 1,2,4-
triazole rings as an important pharmacophore to block
the heme cofactor. According to the obtained molec-
ular docking results, we surmise that the title mole-
cules could target heme-containing enzymes but the
lack of coordination between the triazole nitrogen and
heme iron is a significant factor for the moderate
biological efficiency observed for 7a–7k.

Conclusions

In the present study, we reported the synthesis of
eleven novel thiosemicarbazide-triazole hybrids (7a–
7k) derived from (S)-naproxen and linked via thioether
functionality. All molecules were in vitro tested for
their antibacterial and antifungal activities. Compound
7j, bearing nitrophenyl moiety as the modified sub-
stituent on the backbone, demonstrated the best MIC
value of 64 μg/mL against S. aureus isolates in this
series. The rest of the molecules were identified with
moderate antimicrobial activities with the MIC values
of 128–512 μg/mL. Molecular docking studies in the
binding pocket of S. aureus flavohemoglobin sug-

Figure 6. The binding mode of miconazole in the X-ray crystal structure of flavohemoglobin from Ralstonia eutropha (PDB code:
3OZU)[25] in 3D (a) and 2D (b) representations. Miconazole and protein backbone are shown as yellow ball&sticks and red cartoons,
respectively.
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gested that the studied compounds could target
heme-containing enzymes. The chemical modifications
that allow the triazole nitrogen’s free-electron pair to
interact with the heme-iron may be beneficial to this
class of molecules by providing enhanced antimicro-
bial activity.

Experimental Section

Chemistry

Materials and Methods

All chemicals and solvents were purchased from
Sigma–Aldrich and Merck. Reaction progress was
controlled by thin-layer chromatography (TLC) on pre-
coated 60 F254 plates (petroleum ether/ethyl acetate
(40 :60. v/v. t: 25 °C) mixture as mobile phase). Melting
points were determined on a digital melting-point
Schmelzpunktbestimmer 9300 SMP II apparatus and
were uncorrected. FT-IR spectra were recorded on
Shimadzu FT-IR-8400S spectrophotometer. 1H-NMR
and 13C-NMR spectra of the compounds, dissolved in
(D6)DMSO, were detected on a BRUKER AM 400
spectrometer at Erciyes University Technology Re-
search and Application Center (TAUM). MS spectra
were obtained on an LC/MS High-Resolution Time of

Flight (TOF) Agilent 1200/6530 instrument at Atatürk
University-East Anatolian High Technology Research
and Application Center (DAYTAM).

Preparation of Compounds 1–6

Compounds 1–6 were prepared according to the
previously reported methods.[22,23] Briefly, (S)-naproxen
ethyl ester (1) was prepared by the reaction of
naproxen and ethanol in the presence of a few drops
of concentrated sulfuric acid. Then, heating compound
1 with hydrazine hydrate (80%) in ethanolic medium
yielded (S)-naproxen hydrazide (2). The obtained
molecule was reacted with 4-fluoroisothiocyanate in
butanol to give compound 3. After that, compound 4
carrying triazole-thione moiety was obtained by the
ring closure reaction of 3 in a basic medium.
Compound 5 was prepared in a solution of compound
4 and acetone with an equimolar amount of ethyl α-
bromoacetate in the existence of potassium carbonate.
The reaction of 5 with hydrazine hydrate in ethanol
gave compound 6.

General procedure for the synthesis of N-substituted
2-({[5-[1-(6-methoxynaphtalen-2-yl)ethyl]-4-(4-fluoro-
phenyl)-4H-1,2,4-triazole-3-yl]sulfanyl}acetyl)hydrazine-1-
carbothioamide (7a–7k). Compound 6, 2-((4-(4-fluoro-

Figure 7. 3D (A) and 2D (B) representations of proposed binding mode of 7j in the catalytic site of S. aureus flavohemoglobin. 7j is
shown as pink ball&sticks while heme and heme iron are represented as green stick and orange CPK, respectively. π-π stacking is
represented as turquoise dashed lines.
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phenyl)-5-(1-(6-methoxynaphthalen-2-yl)ethyl)-4H-
1,2,4-triazol-3-yl)thio)acetohydrazide, (0.01 mol) and
equimolar amount of substituted isothiocyanate were
heated on magnetic stirrer for 8 h at 100 °C in 25 ml of
butanol. Butanol was evaporated after cooling the
reaction mixture to room temperature. The obtained
product was dried and recrystallized from ethanol to
give the final compounds.

Antimicrobial Assay

The antimicrobial activity of compounds 7a–7k
against Staphylococcus aureus ATCC 29213, Escherichia
coli ATCC 25922 (Gram-positive and Gram-negative
bacteria, respectively), Candida albicans ATCC 10231
(fungus), and the clinical isolates of these microorgan-
isms were evaluated by using the Microbroth dilution
method.[26–28]

Molecular Modeling Studies

The homology model of S. aureus flavohemoglobin
was built using Swiss-Model[29] based on the X-ray
structure of yeast flavohemoglobin with a ligand
(econazole) and heme cofactor in the catalytic site
with PDB code: 4G1B[30] as the template and the
structural geometry of the generated model was
analyzed using PROCHECK.[31] 7j was docked into the
binding site of the built homology model of S. aureus
flavohemoglobin using AutoDock 4.2,[32] implemented
in LigandScout 4.2.[33]

Supporting Information

Structural characterization data and FT-IR, 1H-NMR,
13C-NMR and HR-MS spectra of the synthesized
compounds as well as the detailed methods for
biological activity and computational studies are
provided as Supporting Information.

Acknowledgements

MGG is grateful to Prof. Dr. Gerhard Wolber, Freie
Universität Berlin, for providing the license of Li-
gandScout 4.2. The synthesis of compounds 1–6 was
supported by a grant of TUBITAK (Project number:
215S009). (S)-Naproxen was supplied by Deva Pharma-
ceutical Industry Inc.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

Research data are not shared.

Author Contribution Statement

M. İ. H. designed the study, synthesized the com-
pounds, elucidated their structures, and wrote the
manuscript. U. İ. performed biological assays. M. G. G.
carried out computational studies and wrote the
manuscript. Ş. G. K. supervised the work and edited
the manuscript.

References
[1] R. E. Baker, A. S. Mahmud, I. F. Miller, M. Rajeev, F.

Rasambainarivo, B. L. Rice, S. Takahashi, A. J. Tatem, C. E.
Wagner, L. F. Wang, A. Wesolowski, C. J. E. Metcalf, ‘Infec-
tious disease in an era of global change’, Nat. Rev.
Microbiol. 2021, 1–13.

[2] P. Dadgostar, ‘Antimicrobial Resistance: Implications and
Costs’, Infect. Drug Resist. 2019, 12, 3903.

[3] W. C. Reygaert, ‘An overview of the antimicrobial resistance
mechanisms of bacteria’, AIMS Microbiol. 2018, 4, 482.

[4] A. A. Elhenawy, L. M. Al-Harbi, G. O. Moustafa, M. A. El-
Gazzar, R. F. Abdel-Rahman, A. E. Salim, ‘Synthesis, compa-
rative docking, and pharmacological activity of naproxen
amino acid derivatives as possible anti-inflammatory and
analgesic agents’, Drug Des. Dev. Ther. 2019, 13, 1773.

[5] M. İ. Han, Ş. G. Küçükgüzel, ‘Anticancer and Antimicrobial
Activities of Naproxen and Naproxen Derivatives’, Mini-Rev.
Med. Chem. 2020, 20, 1300–1310.

[6] K. Birgül, Y. Yıldırım, H. Y. Karasulu, E. Karasulu, A. I. Uba, K.
Yelekçi, H. Bekçi, A. Cumaoğlu, L. Kabasakal, Ö. Yılmaz, G.
Küçükgüzel, ‘Synthesis, molecular modeling, in vivo study
and anticancer activity against prostate cancer of (+) (S)-
naproxen derivatives’, Eur. J. Med. Chem. 2020, 208,
112841.

[7] A. A. Khandar, Z. Mirzaei-Kalar, N. Shahabadi, S. Hadidi, H.
Abolhasani, S. A. Hosseini-Yazdi, A. Jouyban, ‘Antimicrobial,
cytotoxicity, molecular modeling and DNA cleavage/binding
studies of zinc-naproxen complex: switching DNA binding
mode of naproxen by coordination to zinc ion’, J. Biomol.
Struct. Dyn. 2020, DOI 10.1080/07391102.2020.1854858/
SUPPL_FILE/TBSD_A_1854858_SM2656.PDF.

[8] B. Ali, K. Mohammed Khan, Arshia, Kanwal, S. Hussain, S.
Hussain, M. Ashraf, M. Riaz, A. Wadood, S. Perveen,
‘Synthetic nicotinic/isonicotinic thiosemicarbazides: In vitro
urease inhibitory activities and molecular docking studies’,
Bioorg. Chem. 2018, 79, 34–45.

Chem. Biodiversity 2022, 19, e202100900

www.cb.wiley.com (7 of 8) e202100900 © 2022 Wiley-VHCA AG, Zurich, Switzerland

Wiley VCH Dienstag, 15.03.2022

2299 / 240373 [S. 7/8] 1

www.cb.wiley.com


[9] P. T. Acharya, Z. A. Bhavsar, D. J. Jethava, D. B. Patel, H. D.
Patel, ‘A review on development of bio-active thiosemicar-
bazide derivatives: Recent advances’, J. Mol. Struct. 2021,
1226, 129268.

[10] M. Bejarbaneh, Z. Moradi-Shoeili, A. Jalali, A. Salehzadeh,
‘Synthesis of Cobalt Hydroxide Nano-flakes Functionalized
with Glutamic Acid and Conjugated with Thiosemicarba-
zide for Anticancer Activities Against Human Breast Cancer
Cells’, Biol. Trace Elem. Res. 2020, 198, 98–108.

[11] Z. Liang, Y. Huang, S. Wang, X. Deng, ‘Synthesis and
Biological Evaluation of Some Pyrazole Derivatives, Con-
taining (Thio) Semicarbazide, as Dual Anti-Inflammatory
Antimicrobial Agents’, Lett. Drug Des. Discovery 2019, 16,
1020–1030.

[12] M. Molnar, M. Tomić, V. Pavić, ‘Coumarinyl Thiosemicarba-
zides as Antimicrobial Agents’, Pharm. Chem. J. 2018, 51,
1078–1081.

[13] R. Chen, L. Huo, Y. Jaiswal, J. Huang, Z. Zhong, J. Zhong, L.
Williams, X. Xia, Y. Liang, Z. Yan, ‘Design, Synthesis,
Antimicrobial, and Anticancer Activities of Acridine Thio-
semicarbazides Derivatives’, Molecules 2019, 24, 2065.

[14] R. A. Rane, S. S. Naphade, P. K. Bangalore, M. B. Palkar, M. S.
Shaikh, R. Karpoormath, ‘Synthesis of novel 4-nitropyrrole-
based semicarbazide and thiosemicarbazide hybrids with
antimicrobial and anti-tubercular activity’, Bioorg. Med.
Chem. Lett. 2014, 24, 3079–3083.

[15] M. Shafiei, L. Peyton, M. Hashemzadeh, A. Foroumadi,
‘History of the development of antifungal azoles: A review
on structures, SAR, and mechanism of action’, Bioorg.
Chem. 2020, 104, 104240.

[16] P. R. Balding, C. S. Porro, K. J. McLean, M. J. Sutcliffe, J. D.
Maréchal, A. W. Munro, S. P. De Visser, ‘How do azoles
inhibit cytochrome P450 enzymes? A density functional
study’, J. Phys. Chem. A 2008, 112, 12911–12918.

[17] J. Wu, T. Ni, X. Chai, T. Wang, H. Wang, J. Chen, Y. Jin, D.
Zhang, S. Yu, Y. Jiang, ‘Molecular docking, design, synthesis
and antifungal activity study of novel triazole derivatives’,
Eur. J. Med. Chem. 2018, 143, 1840–1846.

[18] M. V. Keniya, M. Sabherwal, R. K. Wilson, M. A. Woods, A. A.
Sagatova, J. D. A. Tyndall, B. C. Monk, ‘Crystal Structures of
Full-Length Lanosterol 14α-Demethylases of Prominent
Fungal Pathogens Candida albicans and Candida glabrata
Provide Tools for Antifungal Discovery’, Antimicrob. Agents
Chemother. 2018, 62, DOI 10.1128/AAC.01134-18.

[19] F. Boyen, K. M. H. W. Verstappen, M. De Bock, B. Duim, J. S.
Weese, S. Schwarz, F. Haesebrouck, J. A. Wagenaar, ‘In vitro
antimicrobial activity of miconazole and polymyxin B
against canine meticillin-resistant Staphylococcus aureus
and meticillin-resistant Staphylococcus pseudintermedius
isolates’, Vet. Dermatol. 2012, 23, 381, e70.

[20] C. Viegas-Junior, E. J. Barreiro, C. A. Manssour Fraga, ‘Molec-
ular Hybridization: A Useful Tool in the Design of New
Drug Prototypes’, Curr. Med. Chem. 2007, 14, 1829–1852.

[21] V. Ivasiv, C. Albertini, A. E. Gonçalves, M. Rossi, M. L.
Bolognesi, ‘Molecular hybridization as a tool for designing

multitarget drug candidates for complex diseases’, Curr.
Top. Med. Chem. 2019, 19, 1694–1711.

[22] M. I. Han, H. Bekci, A. Cumaoğlu, Ş. G. Küçükgüzel, ‘Syn-
thesis and characterization of 1, 2, 4-triazole containing
hydrazide-hydrazones derived from (S)-Naproxen as anti-
cancer agents’, Marmara Pharm. J. 2018, 22.

[23] M. Han, H. Bekçi, A. I. Uba, Y. Yıldırım, E. Karasulu, A.
Cumaoğlu, H. Y. Karasulu, K. Yelekçi, Ö. Yılmaz, G.
Küçükgüzel, ‘Synthesis, molecular modeling, in vivo study,
and anticancer activity of 1,2,4-triazole containing
hydrazide-hydrazones derived from (S)-naproxen’, Arch.
Pharm. 2019, 352, 1800365.

[24] A. D. Frey, J. Farrés, C. J. T. Bollinger, P. T. Kallio, ‘Bacterial
hemoglobins and flavohemoglobins for alleviation of nitro-
sative stress in Escherichia coli’, Appl. Environ. Microbiol.
2002, 68, 4835–4840.

[25] E. El Hammi, E. Warkentin, U. Demmer, F. Limam, N. M.
Marzouki, U. Ermler, L. Baciou, ‘Structure of ralstonia
eutropha flavohemoglobin in complex with three anti-
biotic azole compounds’, Biochemistry 2011, 50, 1255–
1264.

[26] Clinical and Laboratory Standards Institute (CLSI), Perform-
ance Standards for Antimicrobial Susceptibility Testing;
Wayne PA, USA, 2017.

[27] Clinical and Laboratory Standards Institute, Reference
Method for Broth Dilution Antifungal Susceptibility Testing
of Yeasts: Approved Standard 3rd Ed., M 27-A3. Clinical
and Laboratory Standards Institute, Wayne, PA, 2008.

[28] L. Shi, H. M. Ge, S. H. Tan, H. Q. Li, Y. C. Song, H. L. Zhu, R. X.
Tan, ‘Synthesis and antimicrobial activities of Schiff bases
derived from 5-chloro-salicylaldehyde’, Eur. J. Med. Chem.
2007, 42, 558–564.

[29] A. Waterhouse, M. Bertoni, S. Bienert, G. Studer, G.
Tauriello, R. Gumienny, F. T. Heer, T. A. P. De Beer, C.
Rempfer, L. Bordoli, R. Lepore, T. Schwede, ‘SWISS-MODEL:
Homology modelling of protein structures and complexes’,
Nucleic Acids Res. 2018, 46, W296–W303.

[30] E. El Hammi, E. Warkentin, U. Demmer, N. M. Marzouki, U.
Ermler, L. Baciou, ‘Active site analysis of yeast flavohemo-
globin based on its structure with a small ligand or
econazole’, FEBS J. 2012, 279, 4565–4575.

[31] R. A. Laskowski, M. W. MacArthur, D. S. Moss, J. M. Thorn-
ton, ‘PROCHECK: a program to check the stereochemical
quality of protein structures’, J. Appl. Crystallogr. 1993, 26,
283–291.

[32] G. M. Morris, R. Huey, W. Lindstrom, M. F. Sanner, R. K.
Belew, D. S. Goodsell, A. J. Olson, ‘AutoDock4 and Auto-
DockTools4: Automated docking with selective receptor
flexibility’, J. Comput. Chem. 2009, 30, 2785–2791.

[33] G. Wolber, T. Langer, ‘LigandScout: 3-D pharmacophores
derived from protein-bound ligands and their use as virtual
screening filters.’, J. Chem. Inf. Model. 2005, 45, 160–169.

Received November 8, 2021
Accepted February 21, 2022

Chem. Biodiversity 2022, 19, e202100900

www.cb.wiley.com (8 of 8) e202100900 © 2022 Wiley-VHCA AG, Zurich, Switzerland

Wiley VCH Dienstag, 15.03.2022

2299 / 240373 [S. 8/8] 1

View publication stats

www.cb.wiley.com
https://www.researchgate.net/publication/358782624

