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A new nigericin analogue that has been chemically modified was synthesized through a fluorination process
from the parent nigericin, produced from a novel Streptomyces strain DASNCL-29. Fermentation strategies
were designed for the optimised production of nigericin molecule and subjected for purification and
structural analysis. The fermentation process resulted in the highest yield of nigericin (33% (w/w)).
Initially, nigericin produced from the strain DASNCL-29 demonstrated polymorphism in its crystal
structure, i.e., monoclinic and orthorhombic crystal lattices when crystallised with methanol and hexane,
respectively. Furthermore, nigericin produced has been subjected to chemical modification by
fluorination to enhance its efficacy. Two fluorinated analogues revealed that they possess a very potent
antibacterial activity against Gram positive and Gram negative bacteria. To date, the nigericin molecule
has not been reported for any reaction against Gram-negative bacteria, which are increasingly becoming
resistant to antibiotics. For the first time, fluorinated analogues of nigericin have shown promising
activity. In vitro cytotoxicity analysis of fluorinated analogues demonstrated tenfold lesser toxicity than
the parent nigericin. This is the first type of study where the fluorinated analogues of nigericin showed
very encouraging activity against Gram-negative organisms; moreover, they can be used as a candidate
for treating many serious infections.

Introduction

Antimicrobial resistance is increasing and received global
concern as mortality due to infections caused by resistant
pathogens is on an upsurge in all countries." In the European
region, 33 000 deaths are annually reported due to AMR. Infants
across the globe, mostly in developing countries, are affected by
infections because of resistant pathogens.”> Unfortunately, we
entered a post-antibiotic era where people are dying because of
infections caused by resistant pathogens, especially the resis-
tance among Gram-negative pathogens, which is a considerable
threat.® In 2019, the World Health Organisation published a list
of high priority pathogens, which are a threat to human health.
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In that list, the majority are Gram-negative pathogens resistant
to one or other antibiotics used to kill them. At present, we do
not have any novel therapeutic candidate to fight against Gram-
negative pathogens. By 2050, if the resistance pattern keeps
growing at the same rate, the mortality due to resistance
infections will have reached 10 million people per year, and this
cause will be higher than any other cause of deaths such as road
accidents and cancer.* Nevertheless, we hope to tackle this
condition by speeding up the discovery of novel molecules from
various sources and combining different drug discovery strate-
gies. Previously, chemical modification such as fluorination of
numerous drug candidates has been exploited extensively in
drug design and development because molecules containing
fluorine possibly influence conformation, pK,, intrinsic
potency, membrane permeability, metabolic pathways, and
pharmacokinetic properties.®

Nigericin is a polyether ionophore; it is reported to have
a very potent antibacterial, antifungal, antiviral, antimalarial
and anticancer activity.®® Nigericin is produced mainly by the
Streptomyces species. It was first isolated from Streptomyces
hygroscopicus in the 1950s, and its complex structure was
revealed using X-ray crystallography.” It possesses a high
affinity for monovalent cations such as Na' and K" and is also
known to disrupt the ionic balance, thereby affecting the
transmembrane potential across the plasma membrane by
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selectively transporting cations.'* It was also found to inhibit
glucose transport in adipocytes.”> Various studies have attrib-
uted nigericin with a broad spectrum of biological activities,
including antibacterial activity against Gram-positive microor-
ganisms and antifungal activity. It also enhances the antifungal
activity of rapamycin.*® Nigericin is reported to be a potent anti-
cancer compound because it selectively inhibits the growth of
many cancer cells."** Nigericin possesses very promising anti-
malarial potential because it kills the malarial parasite at a very
low effective concentration®*® by disrupting the ion homeo-
stasis.’ It is a potent inhibitor of viruses such as vaccinia,*
human immuno-deficiency virus (HIV)* and polio virus;*
moreover, nigericin has been demonstrated to enhance the
internalisation of drugs.”>**

A total of 53 strains of the Streptomycetaceae family have
been reported to produce different ionophores. These micro-
organisms belong to three types of genera, i.e., the Streptomyces,
Actinomodura and Dactylosporangium. In fact, >50% of iono-
phores identified to date were derived from two Streptomyces
species (Streptomyces hygroscopicus and Streptomyces albus).
Industrially, biologically active molecules can be produced by
microorganisms at a low cost.”® Nigericin was among the first
polyether ionophores to be discovered; however, its chemical
synthesis remains obscure due to the low yield of the molecule
from Streptomyces hygroscopicus BRM10 and was obtained as
a by-product/contaminant during the fermentation of
geldanamycin.®?¢2®

In this study, a novel indigenous species of Streptomyces
strain DASNCL-29 (Fig. S1-S4 and Tables S1-S47) was isolated
from a plant-associated soil sample, collected from Unkeshwar,
Maharashtra, India, and it was found to produce nigericin. For
the first time, it was observed that it generated nigericin as the
major secondary metabolite, which is not the case with earlier
reports of nigericin. We could also assess the yield at a pilot
scale. The purified polymorphic crystalline form of the molecule
was subjected to an array of known bioactivity studies. Later, the
molecule was improved by chemical modification, i.e., fluori-
nation and evaluating the efficacy of derivatives compared with
the parent molecule.

Results and discussion

Fermentation and structure elucidation of bioactive
compounds

Submerged fermentation was performed for the strain DASNCL-
29 in a semi-automatic BioFlo 115 bioreactor. Fermentation
conditions are provided in Table S5B.7 This fermentation yiel-
ded a 25.0 g of a pure white crystalline molecule from 75.0 g of
crude extract that was achieved by a 50 L fermenter, which
accounts for 33% (w/w) of the yield. The optimised conditions
for the strain DASNCL-29 afforded a yield of 500 mg L™ " of pure
compound. In previous studies, nigericin was isolated as a by-
product during the fermentation of geldanamycin. Strepto-
myces sp. DASNCL-29 produces nigericin, which is 2 to 10 fold
higher yield than the previous reports of nigericin yield of 50—
100 ug ml™*, 0.1 mg ml™*, and 0.318 mg ml~" from the Strep-
tomyces species, namely S. albus and S. hygroscopicus,*****
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respectively. In a recent study, a Streptomyces co-culturing
methodology was shown to produce a comparable amount of
nigericin (0.49 mg ml™") using solid-state fermentation (SSF).
However, the reported strain SF10 was unable to produce
nigericin under submerged fermentation conditions.** To
develop scaling up strategies for nigericin at a commercially
viable scale, submerged fermentation is more conducive as it
provides scope for further improvement. In contrast, the SSF
raised several engineering problems due to the fermentation
design and parameter control, such as dissolved oxygen, pH and
temperature, and complicated the down streaming process
further.*>** The purified molecule appeared as a white crystal-
line powder subjected for analysis of HMBC, NOSY and COSY
spectral correlations, as shown in Fig. S5.f Detailed Informa-
tion on 1D and 2D NMR of the bioactive compound is available
in the ESI (S15 and S16)f and the molecular formula of
C40Heg01;1. In HR-ESI-MS analysis, a peak was detected at 724.96
[M +1]", indicating seven sites of unsaturation. An earlier report
of the crystallographic structure of nigericin had shown an
orthorhombic crystal system.’ When the molecular structure of
the bioactive compound was determined by single X-ray crys-
tallography, a polymorphic structure of nigericin was observed,
which was not previously reported, where crystallisation in
methanol formed a monoclinic (Fig. S6A and CCDC 19462917)
space group crystal system, space group P2, with a = 14.46(8) A,
b = 8.49(5) A and ¢ = 16.64(10) A, whereas « = 90°, § =
103.03(2)° and y = 90°. However, on recrystallization from
hexane, nigericin formed an orthorhombic (Fig. S6, CCDC
1946293+) space group crystal system, space group P2,2,2; with
a=12.02(3) A, b = 14.46 A and ¢ = 20.09(8) A with a, § and y =
90°. The mass spectrum for nigericin from strain DASNCL-29,
together with standard nigericin (Sigma, USA), is shown in
Fig. $17-819.1

Synthesis of fluorinated nigericin analogues

The structure of nigericin was chemically tailored and modified
to improve its structural, biological and pharmacological
properties. The chemical synthesis strategies adopted, which
involved fluorination and esterification, as shown in Scheme 1,
resulted in five different analogues. However, out of the five, two

soch,

1 DCM, 50 °C, 6 h

3a=(X=0)

3b=(X=0, Ry = OMe) -
3c=(X=NH,R;=F) 0 3
3d=(X=NH) "

3e=(X=NH,Rs=F) 0

Scheme 1 Reaction scheme for synthesis of nigericin derivatives.
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of the analogues were fluorine-containing, and the remaining
three were having an additional benzene ring attached to the
carboxyl group (Fig. S8 and S9t). The chemically synthesized
analogues were further characterised for their structure and
presence of fluorine moiety using NMR spectroscopy and HRMS
data as mentioned below (Table S67).

Bioactivity studies on nigericin and its derivatives

Nigericin has been reported to have an inhibitory effect on
prokaryotic and eukaryotic organisms.*** We have analysed the
antibacterial and antimalarial activity of the nigericin isolated
from an indigenous strain DASNCL-29 and its modified
analogues for evaluating its potential application and
commercial synthesis. As previously reported, it was observed
that the parent molecule, i.e., nigericin was only able to inhibit
Gram-positive bacteria, as shown in Fig. S10.1 However, it does
not show antibacterial activity against any Gram-negative
pathogens. In this study, the nigericin-derived fluorinated
analogues, exclusively those containing a fluorine atom, were
reported to inhibit the Gram positive and the Gram negative
organisms (Fig. 1). The zones of inhibitions are tabulated in
Table 1. In the present situation of antimicrobial resistance,
there is an urgent requirement to tackle the antimicrobial
resistance amongst Gram negative pathogens. Fluorinated
analogues could be an excellent therapeutic candidate for use in
the medicament of infection caused by these pathogens. High
efficacy and low toxicity of derivative from a parent molecule
attributes to a good therapeutic index of nigericin fluorinated
analogues. Minimum inhibitory concentration (MIC) of niger-
icin was determined for Gram-positive test strain S. aureus
ATCC 9144 (Fig. S10t), which has a MIC of 0.3 uM and no
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Fig.1 Antibacterial activity (disc diffusion method). (A—F) Antibacterial
against Gram-positive test strain (S. aureus ATCC 9144), (G-L) anti-
bacterial against Gram-negative test strain (E. coli ATCC 8739). (M)
Minimum inhibitory concentration of nigericin and its fluorinated
analogs. Nigericin is represented as Nig-C, fluorinated analog 3 is
represented as Nig-3, and fluorinated analog 5 is represented as Nig-5.
(N) Determining the ECsq values for inhibition of blood-stage malaria
parasite growth. The number of replicates n = 3 for all samples.
Standard nigericin was procured from Sigma Aldrich.
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Table1 Antibacterial activity of nigericin and its fluorinated analogues
(zone measured in mm). Nigericin is represented as C whereas the
fluorinated nigericin analogues are present as 1 to 5. (—, indicates no
antibacterial activity observed)

Zone of inhibition of test compounds

(in mm)
Test organisms C 1 2 3 4 5
Gram +ve organisms
S. aureus ATCC 9144 00 — — 100 — 10.0
S. epidermidis ATCC 12228 15.0 — — 11.0 — 11.0
B. subtilis ATCC 6051 10.0 — — 12.0 — 11.0
B. cereus ATCC 10876 12.0 — — 14.0 — 12.0
Gram —ve organisms
E. coli ATCC 8739 — — — 20.0 — 12.0
P. aeruginosa ATCC 19154 — — — 11.0 — 11.0
K. pneumoniae ATCC 700603  — - = = - -
S. typhimurium ATCC 23564 — — — 230 — 16.0

activity was observed towards Gram-negative test organism E.
coli ATCC 8739 at the highest tested concentration. For fluori-
nated analogues, NIG-3 inhibited the growth of Gram-positive
and Gram-negative test organisms with a MIC of 2.5 uM and
0.3 uM, respectively. NIG-5 also inhibited the growth of Gram-
positive and Gram-negative test strains with a MIC of 5.0 uM
and 0.3 pM, respectively. Transmission electron microscopy
(TEM) observation clearly showed the intact ionophoric nature
of the molecules because cell bursting was observed in the
Gram-positive strain (S. aureus ATCC 9144) on treatment with
nigericin and fluorinated analogues (NIG-3 and NIG-5). For
Gram-negative strain (E. coli ATCC 8739), fluorinated analogues
(NIG-3 and NIG-5) showed bursting of cells, which is similar to
the action of parent molecule towards Gram-positive strains
(Fig. S117).

However, note that nigericin did not show any activity
towards Gram-negative strain, wherein, its fluorinated analogs
showed very potent activity. For the first time, nigericin
analogues have shown activity against Gram-negative bacteria,
which is very promising to address the drug resistance problem.
Nigericin has previously been reported to have potent antima-
larial activity with ICs, of 1.0 ng ml~" and ~100- to 200-fold less
activity against two mammalian cell lines (50% viability of U937
macrophages at 193.0 ng ml™' and 50% viability of Jurkat
lymphoblast at 90.0 ng ml~").>* Our interest here was to estab-
lish the antimalarial potency of nigericin isolated from strain
DASNCL-29 and its analogues.

For antimalarial activity, we treated blood-stage Plasmodium
falciparum (3D7 strain) with various concentrations ranging
from 10 uM to 0.01 pM of nigericin and its analogues to esti-
mate its dose-dependent inhibitory activity (further details of
the antimalarial activity assays are given in the ESI}). The anti-
malarial EC5, value for the nigericin molecule was 2.4 nM (Fig. 1
and Table S71). However, none of the nigericin analogues showed
any inhibition towards blood-stage Plasmodium falciparum (3D7
strain) even at the highest tested concentration (10.0 pM).

RSC Adv, 2020, 10, 43085-43091 | 43087
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In vitro cytotoxicity of nigericin and its analogues

Chemical modification is aimed to improve the overall efficacy
of molecules by eliminating or alleviating toxicity and adverse
side effects. Nigericin and other ionophoric secondary metab-
olites are known for their potent activity; however, the associ-
ated higher toxicity reduces its overall efficacy, thus making it
toxic in clinical setups. Here, nigericin produced by Strepto-
myces sp. DASNCL-29 was compared with the fluorinated
analogues NIG-3 and NIG-5 for in vitro cytotoxicity on wild type
mouse embryonic fibroblast cell line (WTMEFs) viability using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
assay (MTT assay)*® (Fig. 2). In the cytotoxicity experiment,
nigericin showed an ICsq of ~10 uM in 2 h and 24 h treatment.
However, the ICs, for the fluorinated analogues NIG-3 and NIG-
5 were higher than 100 uM (highest treated concentration) for
2 h treatment, and it was 66.87 and 59.76 uM for 24 h treatment,
respectively. The effect of nigericin and fluorinated analogues
NIG-3 and NIG-5 on wild-type mouse embryonic fibroblast cell
line along with ICs, values (uM) for 2 h and 24 h experiments (n
= 3), are provided in Fig. 2A-]. Fluorinated analogues of
nigericin showed ten-fold lesser toxicity than the parent mole-
cule together with improved efficacy. High efficacy and low
toxicity, which is attributed to an excellent therapeutic index of
nigericin fluorinated analogues, makes them a noble clinical
candidate.

Experimental

Fermentation, extraction and purification of bioactive
metabolites

Seven-day grown log phase culture was used for fermentation.
Inoculum development was carried-out using liquid cultivation

A) WTMEFs Viability _ 2hr Treatment

~e- Nigericin (ICso: 10 pM)
-#- NIG-3 (ICsp: >100 pM)
—*= NIG-5 (ICsp: >100 pM)

Viability (%)
3
S
1

T T T — T T
0 20 40 60 80 100 120
Concentration (nM)

F) WITMEFs Viability_24hr Treatment
-~ Nigericin (ICso: 9.22 uM)
-#- NIG-3 (ICs0: 66.87 M)

~#= NIG-5 (ICs0: 59.76 pM)

Viability (%)
-
(=]
1

[} 20 40 60 80 100 120
Concentration (uM)

Fig. 2 Cytotoxicity of nigericin and its fluorinated analogues on wild-
type mouse embryonic fibroblast cell line (WTMEFs). (A) Effect of
molecules upon 2 hour treatment and (F) effect of molecules upon 24
hour treatment. (B) and (G) are WTMEFs untreated cells and (C-E) and
(H-J) cell morphology, upon 2 h and 24 h treatment with 10 uM
nigericin (DAS29), fluorinated analogue 3 (NIG-3) and fluorinated
analogue 5 (NIG-5) respectively.
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medium (LCM) (g L~ ') soy-meal 20.0, mannitol 20.0 and glucose
4.0; 10% inoculum was used from LCM to inoculate into
metabolite production medium 1 containing (g L") starch 15.0,
yeast extract 4.0, K,HPO, 1.0 and MgSO,-7H,0 0.5. Ten-litre
lab-scale fermenter (Eppendorf BioFlow® CelliGen® 115) was
used, and intermittent samples were collected to verify for any
contamination and production of the bioactive metabolite by
performing antimicrobial activity in the crude sample against
the test organism. Fermentation broth together with cells was
harvested into a baffled extraction vessel. The harvested broth
was mixed with an equal amount of ethyl acetate and extracted
three times using mechanical mixing. Ethyl acetate extract was
then separated from the aqueous phase using centrifugation
(2500 rpm for 5 min) and evaporated to concentrate using
a rotary evaporator. The crude extract was fractionated using
a silica gel (Merk 100-200) gravity column under the gradient
solvent system of dichloromethane (DCM) and methanol
(MeOH). Thin-layer chromatography (TLC Merk silica gel F-254)
and visualisation on TLC was monitored by p-anisaldehyde. The
fraction containing activity was footprinted by bioactivity assays
and purified under the gradient solvent system of petroleum
ether and ethyl acetate. The purity of the bioactive compound
obtained was analysed by "H NMR and thin-layer chromatog-
raphy (TLC Merk silica gel F-254). "H NMR (400 Hz) and '*C
NMR (100 Hz) spectra were recorded at 400 MHz on Bruker
Avance 300 ultrashield NMR instrument. All chemical shifts ()
were reported in ppm downfield from trimethylsilane (0.007) as
an internal standard in CDCl; (7.27 ppm for 'H and 77.00 *3C)
purchased from Merck-Sigma. Spin multiplets were reported
as s (singlet), d (doublet), t (triplet), q (quartet) and m (multi-
plets). The coupling constant, j, is reported in Hz. X-ray intensity
data measurements of nigericin crystal were performed on
a Bruker D8 VENTURE Kappa Duo PHOTON II CPAD diffrac-
tometer equipped with incoatech multilayer mirrors optics. The
intensity measurements were performed using Mo micro-focus
sealed tube diffraction source (MoKo, = 0.71073 A) at 100(2) K
temperature. The X-ray data collection was monitored by the
APEX3 program (Bruker, 2016), whereas the chromatographic
analysis was performed on 1260 Infinity II Prime LC (800 bar)
equipped with Infinity Lab Poroshell 120 EC-C18. 2.1 x 150
mm, 1.9 pm (Agilent, USA) column. The column temperature
was maintained at 40 °C with a flow rate of 0.3 ml min~". The
standard ten ppm of nigericin (Sigma, USA) and bioactive
compound extracted from the Streptomyces sp. DASNCL-29 were
separated using a 20 min linear gradient of 100% MS grade
water (solvent A) and 100% MS grade acetonitrile (solvent B)
containing 0.1% formic acid. The LC eluent was introduced into
the mass spectrometer (Agilent 6530 Accurate-Mass Q-TOF/MS)
with dual ESI as an ionisation source. Q-TOF tuning and mass
calibrations were performed using ESI-L low concentration
tuning mixture (Part No.: G1969-85000, Agilent USA). The MS
system was operated using the positive-ion (ESI+) mode.
Conditions of positive-ion analysis were as follows: nitrogen gas
as the nebulising gas; the gas temperature was 352 °C, drying
gas flowwas 10 L min~ ", nebuliser of 35 psi, fragmented voltage
of 120 V, and Vg,p, of 4 kV. The MS data were acquired in the
mass range of 100-1300 m/z.

This journal is © The Royal Society of Chemistry 2020
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Chemical modification by fluorine addition

To generate fluorinated analogues of nigericin, first, the acid
group of the molecule “1” was converted into the acid chloride,
which is an intermediate compound “2” using thionyl chloride
in DCM at 50 °C for 6 h. Furthermore, we performed the
esterification of the intermediate compound “2” using
substituted phenol and aniline to get the final fluorinated
synthetic analogues “3” complete flow of chemical modifica-
tion, which is presented in Scheme 1.

The bioactive potential of the purified compounds

Purified molecules together with chemically modified
analogues were tested against Gram-positive (S. aureus ATCC
9144, S. epidermidis ATCC 12228, B. subtilis ATCC 6051, B. cereus
ATCC 10876) and Gram-negative (E. coli ATCC 8739, P. aerugi-
nosa ATCC 19154, K. pneumoniae ATCC 700603, S. typhi ATCC
23564) test organisms by spread plate-disc diffusion assay
method (Wiegand et al., 2008). Moreover, 20 pl from 100 pg
ml™" stock concentration was used per disc for each test
compound, and the plates were subjected to incubation at 37 °C
for 24 h. After the incubation zone of inhibition was measured,
the minimum inhibitory concentration (MIC) was determined
for Gram-positive strain S. aureus ATCC 9144 and Gram-
negative strain E. coli ATCC 8739 using the micro-dilution
method in 96 well plates. Furthermore, 20.0 pl from 1.0 mg
ml " stock solution was mixed with test strain (5 x 10° cfu
ml ") to obtain 66.0 pg ml~" concentration and serially diluted
in wells to get a concentration of 33.0 pg ml™*, 16.5 pg ml~* and
up to 2.0 ng ml~".

Micro titre plates were incubated in a plate shaker incubator
at 37 °Cwith 150 rpm for 24 h. After 24 h of incubation, the plates
were observed for the presence of growth and inhibitions.
Morphologies of treated bacterial cells of S. aureus ATCC 9144
and E. coli ATCC 8739 were compared with the control cells. The
effect of purified molecule and its fluorinated analogs on bacte-
rial cells was observed under transmission electron microscopy
(TEM). Cells were fixed following the standard protocol for
observation in TEM.* In brief, the bacterial cells were stabilised
by treatment with glutaraldehyde, followed by osmium tetroxide.
Later, the bacterial cells were dehydrated by a series of ethanol
wash, and 10 pl from 100% ethanol was loaded on to the copper
grid and air-dried. TEM images were recorded at 200 kV using
a Tecnai field emission electron microscope.

Furthermore, activity against Plasmodium falciparum,
a malarial parasite, was carried out by SYBR green staining-
based parasitemia determination, as previously reported
(Martin et al. 2004). The assays were set up in a 96-well plate
using 200 pl of culture per well at 2.0% parasitemia. The stock
solution of the purified molecules, together with standard
nigericin (Sigma-Aldrich) was prepared in DMSO, such that the
final concentration of DMSO in the assay did not exceed 1.0%.
For comparison, 1% of DMSO treated cultures were included as
controls. For dose assays, a two-fold dilution series of the
inhibitors from 10.0 uM to 0.01 uM were used. The standard
antimalarial drug, chloroquine, was included as positive
controls at concentration of 1.0 pm.

This journal is © The Royal Society of Chemistry 2020
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Cytotoxicity

Wild-type mouse fibroblast cell line (WTMEFs) was used to
assess the toxicity associated with nigericin and its fluorinated
analogues. WITMEFs cell line was seeded in 96-well plates at
a density of 5000 cells per well in 100 ul DMEM media con-
taining 10% FBS. The cell lines were incubated for 24 h in a CO,
incubator at 37 °C. After 24 h, the drug was added at a concen-
tration of 100, 80, 40, 20, 10 and 1.0 uM and incubated for 2 h
and 24 h. MTT assay was carried out to verify the cell viability
after 2 h and 24 h of drug treatment in respective plates. All drug
concentration was used in triplicate (n = 3).

Conclusion

For the first time, a high yield of nigericin molecule is reported
from Streptomyces sp. DASNCL-29 as the main product of the
fermentation. Furthermore, we identified that the producer
strains have the nigericin biosynthetic gene cluster, together
with an associated additional transport-related gene from the
sequenced genome of DASNCL-29, which co-relates the higher
yield of the molecule and was not reported earlier. Optimised
fermentative protocol resulted in higher yields of nigericin from
Streptomyces DASNCL-29, which was ~500 mg L™ ".

For the first time, isolated nigericin molecules exhibited
a monoclinic and orthorhombic spatial crystal arrangement,
which revealed its polymorphic nature. However, the synthesis
of fluorinated chemical derivative showed potent antibacterial
activity against Gram-positive and Gram-negative pathogens.
Moreover, for the first time, chemical modification of nigericin
analogues showed activity against Gram-negative organisms
that will help in treating the Gram-negative infections, and the
toxicity of fluorinated analogues was found to be tenfold lesser
than the parent nigericin. These findings suggest that the
multidimensional potential of nigericin as a drug candidate has
been neglected since its discovery. The fluorinated analogues of
nigericin showed a promising way to use against Gram-negative
pathogens, which are a major threat to healthcare due to the
emergence of antimicrobial resistance.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Amit Kumar Sahu acknowledges the University grant commis-
sion for the award of Senior Research Fellowship (SRF), and
Manan Shah and Bhimashankar for their help in bio-
informatics and toxicity experiments, respectively.

Notes and references

1 M. Song, Y. Liu, X. Huang, S. Ding, Y. Wang, J. Shen, et al., A
broad-spectrum antibiotic adjuvant reverses multidrug-
resistant Gram-negative pathogens, Nat. Microbiol., 2020,
1-11.

RSC Adv, 2020, 10, 43085-43091 | 43089


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05137c

Open Access Article. Published on 26 November 2020. Downloaded on 6/28/2026 7:47:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

2 World Health Organization, Antibiotic resistance threats in the
United States, 2019.

3 H. M. Zowawi, P. N. A. Harris, M. J. Roberts, P. A. Tambyah,
M. A. Schembri, M. D. Pezzani, et al., The emerging threat of
multidrug-resistant Gram-negative bacteria in urology, Nat.
Rev. Urol., 2015, 12(10), 570-584.

4 H. W. Boucher, G. H. Talbot, D. K. Benjamin, ]J. Bradley,
R. J. Guidos, R. N. Jones, et al, 10 X ’20 progress —
development of new drugs active against gram-negative
bacilli: an update from the infectious diseases society of
America, Clin. Infect. Dis., 2013, 56(12), 1685-1694.

5 E. P. Gillis, K. J. Eastman, M. D. Hill, D. J. Donnelly and
N. A. Meanwell, Applications of Fluorine in Medicinal
Chemistry, J. Med. Chem., 2015, 58(21), 8315-8359.

6 N. Mahmoudi, J. V. de Julidn-Ortiz, L. Ciceron, J. Galvez,
D. Mazier, M. Danis, et al, Identification of new
antimalarial drugs by linear discriminant analysis and
topological virtual screening, J. Antimicrob. Chemother.,
2006, 57(3), 489-497.

7 H. M. Zhou, T. T. Dong, L. L. Wang, B. Feng, H. C. Zhao,
X. K. Fan, et al, Suppression of colorectal cancer
metastasis by nigericin through inhibition of epithelial-
mesenchymal transition, World J. Gastroenterol., 2012,
18(21), 2640-2648.

8 T. Taechowisan, S. Chanaphat, W. Ruensamran and
W. S. Phutdhawong, Antibacterial activity of 1-methyl ester-
nigericin from Streptomyces hygroscopicus BRM10; an
endophyte in Alpinia galanga, J. Appl. Pharm. Sci., 2013,
3(5), 104-109.

9 W. Wang, Y. Zhao, S. Yao, X. Cui, W. Pan, W. Huang, et al.,
Nigericin inhibits epithelial ovarian cancer metastasis by
suppressing the cell cycle and epithelial-mesenchymal
transition, Biochemistry, 2017, 82(8), 933-941.

10 L. K. Steinrauf and P. Mary, The structure of Nigericin,
Biochem. Biophys. Res. Commun., 1968, 33, 29-31.

11 R. Rodriguez and M. Sitges, Nigericin-induced Na*/H" and
K'/H" exchange in synaptosomes: effect on [3H] GABA
release, Neurochem. Res., 1996, 21(8), 889-895.

12 C.Y.Chuy, Y.S. Kao and J. C. Fong, Nigericin inhibits insulin-
stimulated glucose transport in 3T3-L1 adipocytes, J. Cell.
Biochem., 2002, 85(1), 83-91.

13 A. Fang, G. K. Wong and A. L. Demain, Enhancement of the
antifungal activity of rapamycin by the coproduced
elaiophylin and nigericin, J. Antibiot., 2000, 53(2), 158-162.

14 P. B. Gupta, T. T. Onder, G. Jiang, K. Tao, C. Kuperwasser,
R. A. Weinberg and E. S. Lander, Identification of selective
inhibitors of cancer stem cells by high-throughput
screening, Cell, 2009, 138(4), 645-659.

15 C. C. Deng, Y. Liang, M. S. Wu, F. T. Feng, W. R. Hu,
L. Z. Chen, et al., Nigericin selectively targets cancer stem
cells in nasopharyngeal carcinoma, Int. J. Biochem. Cell
Biol, 2013, 45(9), 1997-2006, DOI  10.1016/
j-biocel.2013.06.023.

16 I. A. Fruth and G. Arrizabalaga, Toxoplasma gondii:
Induction of egress by the potassium ionophore nigericin,
Int. J. Parasitol., 2007, 37(14), 1559-1567.

43090 | RSC Adv, 2020, 10, 43085-43091

View Article Online

Paper

17 N. Mahmoudi, R. Garcia-Domenech, J. Galvez, K. Farhati,
J. F. Franetich, R. Sauerwein, et al, New active drugs
against liver stages of Plasmodium predicted by molecular
topology, Antimicrob. Agents Chemother., 2008, 52(4), 1215-
1220.

18 J. Adovelande and J. Schrével, Carboxylic ionophores in
malaria chemotherapy: the effects of monensin and
nigericin on Plasmodium falciparum in vitro and
Plasmodium vinckei petteri in vivo, Life Sci., 1996, 59(20),
309-315.

19 M. L. Gazarini, C. A. O. Sigolo, R. P. Markus, A. P. Thomas
and C. R. S. Garcia, Antimalarial drugs disrupt ion
homeostasis in malarial parasites, Mem. Inst. Oswaldo
Cruz, 2007, 102(3), 329-334.

20 C. Myskiw, J. Piper, R. Huzarewich, T. F. Booth, J. Cao and
R. He, Nigericin is a potent inhibitor of the early stage of
vaccinia virus replication, Antiviral Res., 2010, 88(3), 304-
310.

21 M. Nakamura, S. Kunimoto, Y. Takahashi, H. Naganawa,
M. Sakaue, S. Inoue, et al., Inhibitory effects of polyethers
on human immunodeficiency virus replication, Antimicrob.
Agents Chemother., 1992, 36(2), 492-494.

22 A. Irurzun, S. Sanchez-Palomino, I. Novoa and L. Carrasco,
Monensin and nigericin prevent the inhibition of host
translation by poliovirus, without affecting p220 cleavage,
J. Virol., 1995, 69(12), 7453-7460.

23 B. Ray and H. C. Wu, Enhanced internalization of ricin in
nigericin-pretreated Chinese hamster ovary cells, Mol. Cell.
Biol., 1981, 1(6), 560-567.

24 S. Ahmed and I. R. Booth, The use of valinomycin, nigericin
and trichlorocarbanilide in control of the proton motive
force in Escherichia coli cells, Biochem. J., 1983, 212(1),
105-112.

25 A. L. Demain, Small bugs, big business: the economic power
of the microbe, Biotechnol. Adv., 2000, 18(6), 499-514.

26 R. L. Harned, P. H. Hidy, C. J. Corum and K. L. Jones,
Nigericin a new crystalline antibiotic from an unidentified
Streptomyces, Antibiot. Chemother., 1951, 1(9), 594-596.

27 L. David, H. Leal Ayala and ]. C. Tabet, Abierixin, a new
polyether antibiotic production, structural determination
and biological activities, J. Antibiot., 1985, 38(12), 1655-1663.

28 X. Lin, Improvement of Fermentation Conditions for
Nigericin Produced by Streptomyces hygroscopicus NND-
52, Chin. Pharm. J., 2002, 33, 375-377.

29 J. Mouslim, L. David, P. Gilles and M. Geudraud, Effect of
exogeneous methyl oleate on the time course of some
parameters of Streptomyces hygroscopicus NRRL B-1865
culture, Appl. Microbiol. Biotechnol., 1993, 39, 585-588.

30 N. Leulmi, D. Sighel, A. Defant, K. Khenaka, A. Boulahrouf
and I. Mancini, Enhanced production and quantitative
evaluation of nigericin from the Algerian soil-living
streptomyces youssoufiensis SF10 strain, Fermentation,
2019, 5(1), 1-9.

31 U. Holker, M. Hofer and J. Lenz, Biotechnological
advantages of laboratory-scale solid-state fermentation
with fungi, Appl. Microbiol. Biotechnol., 2004, 64(2), 175-186.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05137c

Open Access Article. Published on 26 November 2020. Downloaded on 6/28/2026 7:47:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

32 C. R. Soccol, E. S. F. da Costa, L. A. J. Letti, S. G. Karp,
A. L. Woiciechowski and L. P. de S. Vandenberghe, Recent
developments and innovations in solid-state fermentation,
Biotechnol. Res. Innov., 2017, 1(1), 52-71.

33 D. Ii, D. Meujo and M. Hamann, Polyether ionophores:
broad-spectrum and promising biologically active
molecules for the control of drug-resistant bacteria and
parasites, Expert Opin. Drug Discovery, 2009, 4, 109-146.

34 L. B. Margolis, I. Y. Novikova, I. A. Rozovskaya and
V. P. Skulachev, K'/H-antiporter nigericin arrests DNA
synthesis in Ehrlich ascites carcinoma cells, Proc. Natl.
Acad. Sci. U. S. A., 1989, 86(17), 6626-6629.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

35 C. Gumila, M. L. Ancelin, G. Jeminet, A. M. Delort, G. Miquel
and H. ]J. Vial, Differential in vitro activities of ionophore
compounds against Plasmodium falciparum and
mammalian cells, Antimicrob. Agents Chemother., 1996,
40(3), 602-608.

36 J. C. Stockert, R. W. Horobin, L. L. Colombo and A. Blazquez-
Castro, Tetrazolium salts and formazan products in cell
biology: viability assessment, fluorescence imaging, and
labeling perspectives, Acta Histochem., 2018, 120(3), 159-
167, DOI: 10.1016/j.acthis.2018.02.005.

RSC Adv, 2020, 10, 43085-43091 | 43091


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05137c

	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c

	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c

	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c
	Approach to nigericin derivatives and their therapeutic potentialElectronic supplementary information (ESI) available. CCDC 1946291 and 1946293. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/d0ra05137c


