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ARTICLE INFO ABSTRACT

Keywords: Novel antibiotics are forced to be developed on account of multidrug-resistant bacteria with serious threats to
Isatin human health. This work developed isatin-derived azoles as new potential antimicrobial agents. Bioactive assay
Azoles revealed that isatin hybridized 1,2,4-triazole 7a exhibited excellent inhibitory activity against E. coli ATCC
gr;]t;mlcmb]al 25,922 with an MIC value of 1 ug/mL, which was 8-fold more potent than reference drug norfloxacin. The active

molecule 7a possessed the ability to kill some bacteria and fungi as well as displayed low propensity to induce
resistance towards E. coli ATCC25922. Preliminary mechanism investigation indicated that hybrid 7a might
block deoxyribonucleic acid (DNA) replication by intercalating with DNA and possibly interacting with DNA
polymerase III, thus exerting its antimicrobial potency.

Isatin is present in Chinese herbal medicine Indigo Naturalis, Folium
Isatidis and Radix Isatidis, being an endogenous biological regulator in
brain, peripheral tissues, and other body fluids of human beings and
animals. The versatility of molecular architecture has made it become an
ideal platform for structural modification and derivatization. A large
number of isatin derivatives were reported to demonstrate various
pharmacological activities such as antibacterial,’ antifungal,” anti-
cancer,’ antidepressant,4 antiviral,” anthelmintic’® and antimalarial’
capabilities. Maremycin A and B’ are microbial alkaloids of marine
origin, and FDA approved drugs semaxanib (SU5416) as well as suniti-
nib (SU11248) are used for the treatment of various cancers (Fig. 1.8
Based on the hydroxylation and alkenylation of C-3 carbonyl group in
discovered pharmacodynamic agents and the antimicrobial work,” the
similar modification was operated to investigate antibacterial and
antifungal behaviors. Furthermore, substitution on N-1 position of isatin
derived a mass of promising antimicrobial agents, '’ which prompted our
keen interests to probe into N-substituted molecules as new potentiators
against bacterial and fungal strains.

As privileged heterocyclic scaffolds, azoles are able to bind with the
enzymes and receptors in organisms easily through non-covalent bond,
thus possessing innumerable biological activities.'’ So far, plentiful
azole antimicrobial drugs occupy an indispensable position in clinic
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such as antibacterial secnidazole and ornidazole'” as well as antifungal
fluconazole and voriconazole (Fig. 2).'® However, the abuse of azole
antibiotics has posed the emergence of drug resistance along with
limited antimicrobial potency, which is a huge threat to human health. '
For the sake of combating drug resistance, novel azole antimicrobial
agents with high bioactivity and good bioavailability are forced to be
developed (see Fig. 3).

Molecular hybridization as an emerging concept in drug discovery
has recently gained increasing attention among medicinal community to
circumvent growing serious drug resistance.'” In consideration of bio-
logical potentiality of isatin and our previous findings of azole de-
rivatives as for the antimicrobial activities, herein we combined isatin
skeleton and azole rings including imidazoles, benzimidazoles, benzo-
triazole, 1,2,3-triazole and 1,2,4-triazole to generate a class of isatin
azole hybrids. Further modification was performed at the 3-position of
isatin through hydroxylation and alkenylation. All synthesized isatin-
azoles were screened in vitro for their antibacterial and antifungal ac-
tivities and the preliminary structure-activity relationships (SARs) were
scrutinized. The discovered active molecule was further explored in
bactericidal and fungicidal abilities, in addition, the propensity to
induce drug resistance was also detected. Preliminary mechanism was
studied on DNA, which presented initially explanation on the
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Fig. 1. Structures of biologically active isatin derivatives.
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antimicrobial action mechanism. Furthermore, molecular simulation
offered an important reference to elucidate the interaction with DNA.

The isatin-azole hybrids 3-8 were efficiently synthesized via multi-
step reactions starting from commercially available isatin. Intermedi-
ate 2 was obtained starting from isatin and 1,2-dibromoethane with
sodium hydride as catalyst at 60 °C with a good yield of 71%. The N-
alkylated precursor was then employed in the synthesis of desired isatin-
azole hybrids as shown in Scheme 1. The targeted isatin azoles 3-5 were
conveniently and efficiently obtained in 55-78% yields by the reactions
of intermediate 2 with imidazoles, benzimidazoles, benzotriazole or
triazoles in acetonitrile at 60 °C using potassium carbonate as base.

To investigate the efficacy of the C-3 carbonyl functionality in isatin
backbone, isatin 1,2,4-triazoles 6-8 were developed from compound 5a
through appropriate derivatization of carbonyl group as depicted in
Scheme 2. Initially, condensation of compound 5a with a series of
substituted carbonyl compounds in presence of diethyl amine provided
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Fig. 2. Structures of antimicrobial azole drugs.
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Scheme 1. Design of target isatin azoles 2-5. Reagents and conditions: (i) 1,2-dibromoethane, NaH, DMF, 60 °C, 12 h; (ii) substituted 1H-imidazole, K,CO3, CH3CN,
60 °C, 12 h; (iii) 1H-benzimidazole, substituted 1H-benzimidazole or 1H-benzotriazole, KCOs, CH3CN, 60 °C, 12 h; (iv)1H-1,2,4-triazole or 1H-1,2,3-triazole, K;COs3,

CH3CN, 60 °C, 10 h.
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Table 1
In vitro antibacterial data as MIC (ug/mL) for isatin-azole hybrids 3-8.""

Compds  Gram-positive bacteria Gram-negative bacteria
MRSA  E. faecalis  S. aureus  S. aureus S. aureus K. pneumoniae  E. coli  E. coli P. aeruginosa  P. aeruginosa A. baumanii
ATCC 25923 ATCC 29213 ATCC ATCC 27853
25922
3a 128 128 128 256 128 64 128 128 64 256 128
3b 256 128 128 64 32 64 128 64 64 256 32
3c 128 128 128 128 256 64 256 128 128 128 32
3d 128 128 64 256 16 128 64 64 128 256 32
4a 256 256 64 256 256 128 256 256 512 256 128
4b 128 256 256 256 128 128 256 256 256 256 32
4c 128 512 256 256 256 256 128 128 256 256 128
5a 256 128 128 128 32 128 32 8 128 64 128
5b 256 128 32 256 256 256 256 128 128 128 32
6a 256 256 256 256 256 256 256 512 256 256 256
6b 128 256 128 256 256 256 256 512 512 512 64
6¢c 256 128 256 256 128 256 128 512 512 256 128
6d 128 256 128 256 128 256 128 512 512 128 64
6e 256 256 256 256 256 256 256 256 256 256 512
7a 128 32 64 128 64 32 64 1 32 32 64
7b 256 128 128 128 128 64 64 8 32 128 128
7c 128 256 64 8 256 256 64 256 128 512 32
7d 32 32 512 128 64 128 512 64 512 512 >512
7e 256 128 128 128 32 256 128 256 256 256 64
8 128 128 128 64 64 128 128 256 256 128 64
A 8 4 1 1 2 4 16 8 2 2 8

# Minimal inhibitory concentrations were determined by micro broth dilution method for microdilution plates.

bA= Norfloxacin, MRSA, Methicillin-Resistant Staphylococcus aureus; E. faecalis, Enterococcus faecalis; S. aureus, Staphylococcus aureus; S. aureus ATCC 25923,
Staphylococcus aureus ATCC 25923; S. aureus ATCC 29213, Staphylococcus aureus ATCC 29213; K. pneumonia, Klebsiella pneumonia; E. coli, Escherichia coli; E. coli ATCC
25922, Escherichia coli ATCC ATCC 25922; P. aeruginosa, Pseudomonas aeruginosa; P. aeruginosa ATCC 27853, Pseudomonas aeruginosa ATCC 27853; A. baumanii,

Acinetobacter baumanii.

1,2,4-triazole derivatives 6a—e with good yields of 81-91%. Further-
more, these hybrids were dehydrated in the presence of hydrochloric
acid and acetic acid, generating novel a,f-unsaturated ketones 7a—e
with good yields 67-81%. In addition, the C-3 carbonyl group in com-
pound 5a was reduced to hydroxyl fragment with sodium borohydride,
which gave the desired target triazole derivative 8 with 60% yield.

Referring to National Committee for Clinical Laboratory Standards
(NCCLS), the in vitro antimicrobial behavior of all the synthesized isatin
azoles was screened for the determination of preliminary antibacterial
and antifungal activities through the two folds serial dilution technique
with the clinical drugs norfloxacin and fluconazole as positive control.'®
Minimal inhibitory concentration (MIC, pg/mL) was defined as the
lowest concentration of the tested isatin azoles that completely inhibited
the growth of strains. The antibacterial and antifungal abilities are
summarized in Table 1 and Table S1, respectively.

Table 1 manifested that various azole-substituted isatins 3-5
possessed moderate to weak antimicrobial potentiality. Relatively, to-
wards A. baumanii, 4-nitro imidazole isatin 3b and 2-methyl imidazole
isatin 3c were more active than 2-methyl-5-nitro one 3a, which might be
the reason of electron cloud density. To explore the impact of longer

aliphatic chain, 2-propyl imidazole isatin 3d was obtained, which
exhibited superior inhibitory action against S. aureus ATCC 29,213 (MIC
=16 pg/mL) and was equipotent to 3¢ towards A. baumanii. The results
revealed that the kinds and positions of substitutions on imidazole could
affect antibacterial ability. Fallaciously, the antibacterial potency
decreased when benzimidazoles and benzotriazole were introduced,
suggesting that the enlargement of conjugate system of the azole ring
was unfavorable for improving bacterial suppression. In comparison to
1,2,3-triazole isatin hybrid 5b, 1,2,4-triazole derivative 5a gave better
antibacterial potency, especially towards E. coli ATCC 25,922 (MIC = 8
pg/mL), which might be due to the difference in electron cloud
distribution.

Hybrid 5a as a precursor was further explored through C-3 modifi-
cation. The target hydroxylated 1,2,4-triazole isatins 6a-e demonstrated
undesirable inhibitory action towards the tested bacterial strains.
Fortunately, enone derivatives suggested moderate to good inhibition,
which might be because the enlarged conjugate systems. Conjugate 7a
exhibited remarkable anti-E. coli ATCC 25922 potency with MIC of 1 pg/
mL, which was superior to reference drug norfloxacin (MIC = 8 pug/mL).
Furthermore, E. coli ATCC 25922 was also quite sensitive to benzene
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Fig. 4. Comparison of MIC and MBC/MFC values for compound 7a against
E. faecalis, E. coli ATCC 25922, C. tropicals and C. parapsilosis ATCC 22019.

derivative 7b (MIC = 8 ug/mL), being equipotent to norfloxacin. Be-
sides, 4-methyl benzene isatin conjugate 7c could suppress the growth of
S. aureus ATCC 25923 with MIC of 8 pg/mL. The results indicated that
enone derivatives were favorable for enhancing antibacterial potency.
Prominently, molecule 7a endowed optimal antibacterial behavior with
broad spectrum and special inhibition towards E. coli ATCC 25922.

Although the antifungal potency was not satisfactory, there is
something worthy to be mentioned (Table S1). Various azole-substituted
isatins 3-6 exhibited weak inhibition against the tested fungi as well,
including antibacterial precursor 5a. Surprisingly, the antifungal po-
tency of active molecule 7a was also desirable with MICs of 8-32 pg/mL,
in which the C. tropicals was sensitive to 7a comparably with flucona-
zole. Nevertheless, when methyl group was replaced with phenyl frag-
ments, the antifungal ability of the phenyl conjugates 7b-e reduced
obviously. These results might be explained that the larger conjugate
systems were unfavorable for enhancing antifungal potentiality. Hence,
the antimicrobial evaluations selected an active molecule 7a to be
further studied.

To investigate whether the active molecule 7a exerted bactericidal
and fungicidal ability, the minimal bactericidal concentration (MBC)
and minimal fungicidal concentration (MFC) against bacteria
(E. faecalis, E. coli ATCC 25922) and fungi (C. tropicals, C. parapsilosis
ATCC 22019) were determined and subsequently compared to respec-
tive MIC values. According to CLSI, the ratio of MBC or MFC/MIC in the
range of 1 to 2 is indicative of killing behavior, while a ratio > 8 is
contrastively determined as inhibitory action.!” As shown in Fig. 4,
compound 7a not only demonstrated a weak bactericidal activity
against clinical resistant E. faecalis, but also exerted fungi eradicating
effect on C. tropicals. However, the highly suspectable E. coli ATCC
25922 could not be killed by hybrid 7a in spite of the low suppressive
concentration. Conjugate 7a also presented a 4-fold difference between
MIC and MFC against C. parapsilosis ATCC 22019, indicating a fungi-
static behavior. These implied that isatin derivative 7a had potentiality
to be developed as bactericidal or fungicidal agent against some resis-
tant strains.

Preventing bacteria from developing resistance is an important
quality of potential antimicrobial agents.'® Therefore, the drug resis-
tance test was carried out to evaluate the probability of hybrid 7a to
elicit resistance towards E. coli ATCC 25922. Fig. S1 indicated that the
susceptibility of E. coli ATCC 25922 to molecule 7a remained nearly
unchanged even after 10 passages, while the MIC values of norfloxacin
towards E. coli ATCC 25922 got quickly enhanced after 6 passages. This
consequence manifested that 1,2,4-triazole isatin 7a developed unde-
tectable resistance towards E. coli ATCC 25922.
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Fig. 6. Molecular modeling of compound 7a and E. coli DNA polymerase III
(PDB code: 5fkv).

DNA is widely utilized to rationally design and construct potential
new antimicrobial agents, being a target with multiple active sites. Isatin
is a planar structure, so it might be able to intercalate into DNA. In vitro
binding mode of bioactive conjugate 7a with DNA was studied through
UV-Vis absorption spectroscopy, and calf thymus DNA was used as a
model with medical importance, low cost and easy availability.'® The
maximum absorption peak of DNA at 260 nm in Fig. 5 got proportionally
increased along with slightly red shift under the enhanced concentra-
tions of 1,2,4-triazole isatin 7a. Meanwhile, the measured absorbance of
7a-DNA complex was higher than the simple sum of dissociative DNA
and 7a, which revealed a hyperchromism between 7a and DNA. This
consequence intrinsically demonstrated conformational changes in DNA
duplex, where the DNA helix was quite possibly broken, and base-pairs
were exposed. Based on the variations in the absorption spectra of DNA
upon binding to 7a, equation could be utilized to calculate the binding
constant (K) (Fig. S2).

Neutral red (NR) NR, a planar dye with a confirmed intercalative
binding mode with DNA, was used to probe into the action mode be-
tween 7a and DNA.?° The absorption spectrum (Fig. S3) manifested a
competitive binding between NR and 7a with DNA. With the increasing
concentration of 7a, the maximum absorption around 530 nm
decreased, presenting a reverse process in comparison with the ab-
sorption of free NR in the presence of the increasing concentrations of
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DNA. This suggested that molecule 7a could intercalate into the double
helix of DNA by competitively substituting NR in NR-DNA complex,
which further blocked DNA replication and exerted antimicrobial
activities.

Molecular docking study is widely employed in drug discovery to
investigate the binding modes between small molecules and bio-
macromolecules.? In order to explore the influence on DNA polymerase
of compound 7a, E. coli DNA polymerase III (PDB ID: 5fkv) was selected
to conduct the molecular docking. As shown in Fig. 6, the carbonyl
fragment formed hydrogen bond with LYS-461 residue with a distance of
2.1 A. Besides, the N atom at 4-position in the triazole ring also formed
hydrogen bond with LYS-983 residue (d = 2.2 A). These indicated that
hybrid 7a might interfere with the synthesis of E. coli DNA through
binding with DNA polymerase III, thus displaying profound antibacterial
potency.

To sum up, hybrids of isatin with a series of azoles were designed and
efficiently synthesized from commercially available isatin. Bioactive
assay manifested that 1,2,4-triazole isatin 7a not only possessed excel-
lent inhibitory activity against E. coli ATCC25922 with an MIC value of
1 pg/mL, which was superior to reference drug norfloxacin, but also
suppressed the growth of C. tropical at a concentration of of 8 ug/mL,
being comparable to standard drug fluconazole. The active hybrid 7a
was found with bacterial and fungal killing abilities against E. faecalis
and C. tropical and hardly induced resistance towards E. coli ATCC
25922. Preliminary mechanism investigation indicated that active
molecule 7a might intercalate into DNA and potentially interact with
DNA polymerase III, which could further block DNA replication, thus
exerting its antimicrobial potency.
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