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A B S T R A C T

Polyether compounds, a large group of biologically active metabolites produced by Streptomyces species have
been reported to show a variety of bioactivity such as antibacterial, antifungal, antiparasitic, antiviral, and
tumour cell cytotoxicity. Since some of these compounds target cancer stem cells and multi-drug resistant cancer
cells, this family of compounds have become of high interest. In this study, three polyether-type metabolites
(1–3), one of which was a new natural product (3), were isolated from the marine derived Streptomyces cacaoi via
antimicrobial activity-guided fractionation studies. As several polyether compounds with structural similarity
such as monensin have been linked with autophagy and cell death, we first assessed the cytotoxicity of these
three compounds. Compounds 2 and 3, but not 1, were found to be cytotoxic in several cell lines with a higher
potency towards cancer cells. Furthermore, 2 and 3 caused accumulation of both autophagy flux markers LC3-II
and p62 along with cleavage of caspase-3, caspase-9 and poly (ADP-ribose) polymerase 1 (PARP-1).
Interestingly, prolonged treatment of the compounds caused a dramatic downregulation of the proteins related
to autophagasome formation in a dose dependent manner. Our findings provide insights on the molecular
mechanisms of the polyether-type polyketides, and signify their potency as chemotherapeutic agents through
inhibiting autophagy and inducing apoptosis.

1. Introduction

Polyether compounds are potent antimicrobial and anticancer
agents that belong to a large class of naturally occurring polyketides. A
number of studies have revealed that the primary role of polyether
ionophores such as monensin (Mon) and nigericin (Nig) is the loss of
proton gradient across the membrane resulting in an increase of pH in
lysosomes and blockage of lysosomal degradation [1]. It is well known
that proper functioning of the lysosome is crucial for a healthy cellular
life as it is involved in a variety of cellular pathways, especially au-
tophagy, a conserved intracellular self-eating process and collection of
extensive regulatory catabolic processes. Thus, autophagy is directly
involved in cellular homeostasis and stress responses [2]. During

autophagy, target proteins and organelles are sequestered in double
membrane vesicles called the autophagosomes, which fuse with lyso-
somes to degrade its contents. Since autophagy plays a major role in
cellular and organismal homeostasis, it is not surprising that aberrant
autophagy has been associated with several pathologies including aging
[3], cancer [4], neurodegeneration [5,6], myopathies [7], metabolic
disorders [8], infections, immunity and inflammatory diseases [9,10].

Polyether ionophores have recently gathered attention in autophagy
inhibition. It was reported that Mon and Nig treatment caused accu-
mulation of autophagic vacuoles inside the cell [11] by inhibiting the
terminal fusion stage of autophagy pathway along with the accumula-
tion of autophagy flux markers LC3-II and p62 [12,13]. In addition, two
polyether antibiotics, viz. salinomycin and maduramicin, were reported
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to inhibit the autophagic flux in several cancer cell lines [14,15]. Since
several autophagy inhibitors raise lysosomal pH and disrupt autophagy
flux, they have been used as autophagy inhibitors in cultured cells
[16,17]. However, only chloroquine and its derivative hydroxy-
chloroquine (HCQ) have set the stage for clinical trials examining their
therapeutic effects [18].

While three distinct cell death pathways have been elucidated
(apoptosis, controlled necrosis and autophagic cell death), these path-
ways do not work in a mutually exclusive manner, but rather cells
undergo mixed features of multiple cell death mechanisms. Several
groups have recently engaged in the crosstalk between autophagy and
apoptosis. The studies on polyether ionophores as potential anticancer
molecules revealed that these agents might target both autophagy and
apoptosis [13,15,19,20]. Thus, polyether antibiotics are emerging as
novel potential anticancer compounds. Salinomycin for example in-
duces massive apoptosis in several cancer cells, but not in normal cells,
such as human T lymphocytes [21]. Furthermore, salinomycin pre-
treatment resulted in a 100-fold decrease of epithelial cancer stem cells
when compared to paclitaxel treatment in breast cancer cell lines [22].
In addition to their robust effects of monotherapy in cancer, concurrent
therapies of polyether antibiotics along with other anticancer agents
have been utilized to increase treatment efficiency in resistant cancer
cell lines [23,24]. Polyether antibiotics Mon, Nig, salinomycin, narasin
and lasalocid have shown to restore the sensitivity of malignant glioma
cells towards TRAIL mediated apoptosis by triggering ER stress, CHOP
mediated DR5 upregulation and c-FLIP downregulation by proteasomal
degradation [23]. Similarly, combination treatment of Mon with an-
ticancer drugs like rapamycin (mTOR inhibitor) or erlotinib (epidermal
growth factor receptor inhibitor) resulted in an improved synergistic
anticancer activity in lung cancer cell line [19].

The Mediterranean Sea is one of the global biodiversity hotspots
[25]. However, the rich biodiversity of the Mediterranean Sea, has not
been studied intensely for the presence of marine actinobacteria and for
their bioactive compounds [26]. A strain isolated from Mersin sediment
samples (The East Mediterranean Coastline, Turkey) was identified as
Streptomyces cacaoi. The ethyl acetate extract of the S. cacaoi fermen-
tation broth exhibited an interesting chemical profile and noteworthy
antimicrobial activity in our preliminary screenings. Large-scale fer-
mentation studies followed by fractionation and purification studies
resulted in the isolation of three metabolites (1–3). As the purified
molecules turned out to be polyether-type metabolites after spectral
characterization, we directed our efforts towards the cytotoxicity of
these compounds and their activities on autophagic pathway. Our data
showed that compounds 2 and 3 displayed cytotoxicity in several cell
lines with a higher potency towards cancer cells. The effect of com-
pounds 2 and 3 on the autophagy and apoptosis was evaluated by the
levels of autophagy related proteins LC3-II, p62/SQSTM1 and ATG
proteins under different conditions and by the cleavage of apoptotic
markers such as PARP-1, caspase-3, caspase-8, and caspase-9, respec-
tively. Our results postulate substantial data on the apoptotic and au-
tophagic effects of the polyethers.

2. Experimental procedures

2.1. General experimental procedures

MS data was acquired on a Thermo Scientific Accela1250 system
consisting a mass detector (Thermo Scientific TSQ Quantum Access
Maxx triple quadrupole). The mass analysis samples were dissolved in
dichlorometane:methanol (1:1) at 10 ppm concentration, and 10 μL of
this solution was directly injected to the instrument (Capillary
Temperature: 400; Vaporizer Temperature: 500.0; Sheath Gas Pressure:
75.0; Ion Sweep Gas Pressure: 0.0; Aux Valve Flow: 20.0; Spray Voltage:
Positive polarity - 3000.0, Negative polarity - 3000.0; Discharge
Current: Positive polarity - 4.0, Negative polarity - 4.0). 1D and 2D
NMR spectra were obtained at 400MHz for 1H and 100MHz for 13C on

a Varian Oxford AS400 spectrometer, in CDCl3, with solvent peak used
as reference. Column chromatography experiments were carried out on
silica gel 60 (40–63 μm-Merck). TLC analyses were carried out on Silica
gel 60 F254 (Merck) and RP-18 F254s (Merck) plates. Compounds were
detected by UV and 20% aq. H2SO4 spraying reagent followed by
heating at 105 °C for 1–2min. For rotary evaporation, a Heidolph
Laborota 4001 equipment was used.

2.2. Sampling location and isolation of marine actinobacterium isolate

A sediment sample obtained from Mersin Coastline (Turkey) at a
depth of 8m, was used for the isolation of actinobacteria using M6
medium [g/L: yeast extract, 1.0; meat extract, 4.0; peptone, 4.0; glu-
cose, 10.0; NaCl, 20.0 and agar, 20.0, pH 7.5) according to the method
of Maldonado et al. [27].

2.3. Characterization of the actinobacterium isolate

DNA isolation was carried out according to a slightly modified
method of Liu et al. [28]. Sequencing of 16S rRNA region was used for
identifying the isolate by using universal primers 27F and 1492R. The
amplification reaction was carried out as described previously [29]. The
sequence (JX912350.1) obtained from sequencing on an ABI 3130XL
automated sequencer (Applied Biosystems) was pairwise matched and
aligned with the sequences retrieved from GenBank, NCBI.

2.4. Preliminary fermentation

Liquid M6 medium was used for production of antimicrobial sub-
stances and fermentation was performed at 28 °C and 150 rpm for 14
days. Every 4 days from 2 to 14, 25mL of fermentation broth was taken
and ethyl acetate extraction was performed. Activities of the extracts
were determined on Mueller Hinton Agar (MHA) by using disc diffusion
method against four bacteria (E. faecium DSM13590: vancomycin-re-
sistant; Escherichia coli O157:H7 RSKK234: streptomycin-, sulfisox-
azole-, and tetracycline-resistant; S. aureus DSM11729: methicillin-re-
sistant; Pseudomonas aureginosa ATCC27853) and a yeast species (C.
albicans DSM5817).

2.5. Large-scale fermentation

An inoculum of culture of S. cacaoi 14CM034 was aseptically added
to an Erlenmeyer flask (250mL) containing 50mL M6 medium. The
culture was incubated at 28 °C using a shaker at 150 rpm. After 72 h of
incubation, 5mL of culture medium was transferred to Erlenmeyer
flasks (1 L) containing 200mL liquid M6 medium and the flasks was
incubated at 28 °C and 150 rpm. Incubation was stopped after 10 days,
and, in total, 50 L of fermentation liquid was obtained after removal of
cells by centrifugation. The fermentation broth was extracted with ethyl
acetate three times to yield 4.53 g extract (0.091 g/L yield) after eva-
poration at 40 °C in vacuo.

2.6. Bioassay-guided fractionation

Analytical TLC was performed on silica gel plates (Silica gel 60
F254, 0.2 mm, Merck, Darmstadt, Germany) to compare chemical
contents of fractions showing antimicrobial behavior and to establish
solvent systems for chromatographical separations. The solvent systems
used were CHCl3:MeOH (9:1), CHCl3:MeOH:H2O (85:15:0.5, 80:20:2,
70:30:3, 61:32:7), Ethyl acetate:MeOH:H2O (100:17.5:13.5) and
Hexane:Ethyl acetate:MeOH (10:10:2 and 10:10:3). For detailed isola-
tion procedures see Fig. S1 in the supplementary file.

2.7. Isolation of Mon (positive control)

A commercial animal feeding product having local name
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“Elancoban 200” was purchased from the veterinary medicine shop,
containing 23.6% Mon sodium salt. The granule product (20 g) was
extracted with Water: Ethyl acetate (1:1) in a separation funnel. The
upper organic layer was concentrated by rotatory evaporation giving a
semisolid pasty residue. This extract was subjected for purification to
open column chromatography (Silica gel 60, 120 g) employing
CHCl3:MeOH:Acetone:Glycerol (98:20:40:2) as mobile phase. Fractions
from 77 to 92 were pooled together, and after evaporation, it was
purified by open column chromatography (Silica gel 60, 80 g) using
ethyl acetate as mobile phase to afford Mon. Purity and authenticity of
the isolate was confirmed by 1H NMR experiment [30].

2.8. Broth microdilution method

Minimum inhibitory concentrations (MIC) of the purified com-
pounds (Table S1) were performed by the microdilution method de-
scribed earlier [31].

2.9. Cell culture and drug treatment

Human endometrial carcinoma (HeLa), human prostate adeno-
carcinoma (PC-3), human lung adenocarcinoma (A549), human color-
ectal adenocarcinoma (CaCo-2), human lung fibroblasts (MRC-5) and
Cercopithecus aethiops kidney cell lines (Vero) were obtained from
American Type Culture Collection and maintained as exponentially
growing monolayers by culturing according to the supplier's instruc-
tions. For cytotoxicity analysis, each cell line was exposed to com-
pounds (1–3) at a final concentration of 2.5, 5, 10, 25 and 50 μM for
48 h. For immunoblotting experiments, cells were treated with the IC50

values of compounds for 6 and/or 24 h to evaluate early and late re-
sponse. In dose response studies, cells were incubated 24 h with ¼, ½, 1
and 2X of IC50 value of 2 and 3. In Bafilomycin A1 (Baf A1) combi-
nation experiment, HeLa cells were co-treated with 100 ng/ml Baf A1
(CST, US) and IC50 values of 2 and 3 for 4 h. For Monodansylcadaverine
(MDC) fluorometry analysis HeLa cells were treated with IC50 value of
2, 3 and Mon for 24 h.

2.10. Cytotoxicity analysis

After cells were incubated for 48 h with compounds, the mixture of
WST-1 (Roche, Switzerland) and medium (1:9) was replaced with old
media in each well. Absorbance was measured with a microplate reader
at 440 nm (Varioscan, Thermo Fisher Scientific, US) after incubating
cells for 0.5-, 1-, 2-, 3 and 4 h at 37 °C respectively. Doxorubicin (Doxo)
(CST; US) was used as a positive control for this assay, while the sol-
vents were used as negative controls; ethanol (EtOH) for 3 or Mon, and
dimethyl sulfoxide (DMSO) for 1 or 2. Cytotoxicity data were fitted to a
sigmoidal curve, and a four-parameter logistic model in Graph Pad
Prism 5 (San Diego, CA, US.) was used to calculate the IC50, which
represents the concentration of compound that is required for 50%
inhibition in comparison to solvent-treated controls. The IC50 values
were reported with±95% confidence intervals (± 95% CI).

2.11. Western blot analysis

Cells were harvested and lysed with RIPA buffer (50mM Tris-HCl,
pH 8.0, 1% NP-40, 0.1% SDS, 150mM NaCl, 0.1% Triton X-100, 5mM
EDTA) with protease inhibitors (Roche, Switzerland) to prepare whole
cell lysates following treatments. Protein concentrations were de-
termined by bicinchoninic acid (BCA) protein assay (Thermo Fisher
Scientific, US). Equal amounts of proteins were loaded to the gels and
proteins were separated by SDS-PAGE electrophoresis and transferred
to PVDF membranes (EMD Milipore, Thermo Fisher Scientific, US).
Membranes were blocked in PBS–0.1% Tween-20 with 5% non-fat dry
milk. Mouse monoclonal antibodies used in this study were anti-cas-
pase-9 (CST-9508, US), anti-caspase-8 (CST-9746, US), anti-GFP (SC-

9996), and anti-actin (Sigma-Aldrich-A5316, UK). The rabbit mono-
clonal antibodies used in this study included anti-LC3 (CST-12741, US),
anti-Atg3 (CST-3415, US), anti-Atg5/12 (CST-12994, US), anti-Atg7
(CST-8558, US), anti-Atg16L1 (CST-8089, US), anti-caspase-3 (CST-
9665, US), anti-PARP-1 (CST-9542, US). Anti-p62 (Proteintech-
184201AP, USA) and anti-Beclin 1 (Proteintech-113061AP, USA) were
rabbit polyclonal antibodies. Species-specific horseradish peroxidase
(HRP)-coupled secondary antibodies were used (goat anti-rabbit and
goat anti-mouse, Thermo Fisher Scientific, US). Chemiluminescence
signals were detected using Clarity ECL substrate solution (BIORAD,
US) by Fusion-FX7 (Vilber Lourmat, Thermo Fisher Scientific, US).

2.12. Transfection and fluoresence microscopy

HeLa cells on a 100mm dish were transfected with GFP-LC3 ex-
pression construct using Lipofactamine 3000 (Thermor Fisher, USA)
according to the manufacturer's protocol. Next day cells were split on
12 wells with or without coverslips for fluorescence microscopy or
immunoblotting, respectively. At the end of treatments cells on cover-
slips were washed twice with ice cold PBS and fixed with 4% paraf-
ormaldehyde in PBS for 30min at 4 °C. After washing 5 times with PBS,
mounted samples were analyzed by fluorescence microscopy (Olympus
IX70, Japan). For quantification of autophagic cells, GFP-LC3 punc-
tuated dots were determined from triplicates by counting a total of
more than 30 cells [32].

2.13. MDC fluorometric analysis

After HeLa cells were treated with compounds, they were washed 2
times with 1X PBS followed by a 10min incubation with 50 μM MDC in
1X PBS at 37 °C. After 3 washes in PBS, MDC fluorescence intensity was
immediately measured with a microplate reader (Varioscan, Thermo
Fisher Scientific, US) using excitation/emission maxima 365nm/
525 nm. Cells were then first treated with 0.02% TritonX-100 in PBS for
10min and then incubated with 100 μg/ml Propidium Iodide (PI) for
15min at room temperature. Finally, the plate was read again by
multiplate reader (Varioscan, Thermo Fisher Scientific, US) using ex-
citation/emission maxima 535nm/617 nm. After blank subtraction,
MDC values were normalized with PI values and the relative MDC
specific activity was determined for each sample compared to negative
controls (EtOH and DMSO). Fluorometric analysis of MDC was per-
formed in triplicates and quantitative data was presented as mean ±
standard error of mean (s.e.m). Data was analyzed by one-way analysis
of variance (ANOVA) followed by Turkey's post-hoc test. Statistical
analysis was performed using Origin Pro (V8, OriginLab) software.

3. Results

3.1. Isolation and structure elucidation of compounds 1-3

The isolation studies were performed using a Mediterranean sedi-
ment sample, which provided a bioactive actinobacterium 14CM034.
The isolate exhibited significant antimicrobial activity against methi-
cillin resistant S. aureus (18mm), E. faecium (23mm) and C. albicans
(14mm) in the disc diffusion assays. Sequencing using primers 27F and
1492R revealed that the isolate was a member of Streptomyces genus.
When the molecular identification evaluated with the phenotypical
results, the isolate was identified as S. cacaoi. Large-scale fermentation
of S. cacaoi provided 4.53 g of ethyl acetate extract. Bioassay-guided
fractionation of the ethyl acetate extract led to the isolation of three
compounds (1–3), of which 1 (arenaric acid) and 2 (K41 A) were
identified as polyether-type polyketides, by comparison of their spectral
data with those previously reported (Fig. 1A) [33–36].

The TLC spot observed for compound 3 was monitored under UV
light and after spraying aq. sulfuric acid, which implied its polyether
character as in 1 and 2. Structure of 3 was determined using spectral
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methods (MS, 1D and 2D-NMR). The ESI-MS analysis of 3 (m/z 960.0
[M]-, negative mode; 978.4 [M+NH4]+, positive mode) suggested a
14 amu increase compared to compound 2 (m/z 946.0 [M]-, negative
mode; 964.4 [M+NH4]+, positive mode). In the 1H and 13C NMR
spectra of 3, the resonances were almost superimposable with those of
compound 2 (Table 1), except additional signals originating from an O-
methyl group [δH 3.12, s; δC 48.7], which was also explaining the mass
difference between 3 and 2 (Fig. 1A). Inspection of the COSY and
HMQC spectra revealed five spin systems as in 2: i) H-4 to Me-4; ii) H-7
to Me-12; iii) Me-14 to H-15; iv) H-7 to Me-28; v) H-1′ to Me-5′
(Fig. 1B). Based on the HMBC correlations of 3, positions of the spin
systems, quaternary carbons and methyl groups were established, and
the same framework with that of 2 was confirmed. The position of the
additional methyl group was determined to be C-29(O) on the basis of
the long-range correlation from δH 3.12 to C-29 (δC 101.0) (Fig. 1B).
Thus, the structure of 3 was elucidated as 29-O-methyl derivative of

K41 A (2). Compound 3 was synthesized early in 1970's starting from
K41 A (2) by a pharmaceutical company and registered under the pa-
tents US4303647 and US4331658 for its potent anti-coccidiosis and
anti-dysenteric activity. Thus, herein, 3 is being reported for the first
time as a new natural product.

3.2. Compounds 2 and 3 have higher potency against cancer cells

In this study, we first evaluated the cytotoxic activity of these three
compounds by using WST-1 assay in human cancer cell lines, viz. CaCo-
2, HeLa, PC-3, and A549, and compared them to normal cell lines,
MRC-5 and Vero (Table 2). Our results revealed that compound 1 did
not show any significant cytotoxicity, whereas 2 and 3 inhibited cell
proliferation with a higher selectivity on cancer cells when compared to
non-cancer cell lines. In this experiment, we used Mon, the well-char-
acterized polyether antibiotic, and doxorubicin as positive controls.

Fig. 1. A. Structures of three polyether compounds (1–3) isolated from the marine actinobacterium Streptomyces cacaoi. B. Spin systems deduced from COSY
spectrum and key HMBC's for compound 3.
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Similar to compounds 2 and 3, both Mon and doxorubicin preferentially
targeted cancer cells (Table 2). Furthermore, 2 had potency against
colorectal and prostate cancer cell lines with the IC50 values of 7.43 and
11.76 μM, respectively, whereas 3 displayed modest toxicity on PC-3
and CaCo-2 cells (IC50= 23.76 and 27.89 μM, respectively). Taken

together, it was found that cancer cells were more susceptible especially
to Mon and 2; however, the activity varied among cell lines.

3.3. Compounds 2 and 3 block autophagic flux

Several reports have linked polyethers to autophagy [16,17].
Therefore, we wanted to investigate the effect of compounds 2 and 3 on
autophagy. During autophagy, LC3-I is processed and recruited to
phagophores, whereas LC3-II is generated by site-specific proteolysis
and lipidation [37]. Although the characteristic conversion from en-
dogenous LC3-I to LC3-II is commonly used to monitor autophagosome
formation, it is not sufficient for the proper evaluation of autophagic
flux since both autophagy activation and inhibition of autophagosome
degradation greatly increases the amount of LC3-II [38,39]. The levels
of p62/SQSTM1 protein, which is involved in promoting the turnover of
protein aggregates following polyubiquitination, is another commonly
used marker to detect autophagy activity due to its interaction with LC3
and selective degradation by autophagy [40]. If the autophagic flux or
autophagic degradation activity is blocked, both LC3-II and p62/
SQSTM1 are accumulated [38]. Thus, we examined the protein ex-
pression levels of LC3-II and p62/SQSTM1 on CaCo-2, PC-3 and HeLa
cells treated with compounds 2 and 3 at concentrations equivalent to
their IC50 values either for either 6 or 24 h (Fig. 2A and B). We used Baf
A1 as an autophagy inhibitor since it inhibits lysosomal degradation by
decreasing the acidification of lysosomes via inhibiting vacuolar type
H+ ATPase (V-ATPase) and blocking the fusion of autophagosomes
with lysosomes. Mon, a previously reported polyether antibiotic was
also included as an inhibitor of autophagy at the fusion step. We ob-
served that 6 h treatment of compounds 2 and 3 is sufficient to increase
LC3-II and p62 (Fig. 2A). We further detected a pronounced increase in
the LC3-II and p62 levels when cells were incubated both with 2 and 3
for 24 h (Fig. 2B). Together, our findings suggest that both compounds
2 and 3 have an effect on the autophagy process initially at 6 h and have
more profound effects at 24 h.

The difference in the amount of LC3-II protein levels between
compound treated samples with and without lysosome inhibitor re-
presents the level of autophagic flux [39]. Thus, we next investigated
the integrity of the autophagic flux upon treatment of compounds 2 and
3 in the presence or absence of Baf A1. While 2 or 3 increased LC3-II
levels in the absence of Baf A1, this increase was not exacerbated in the
presence of Baf A1, indicating that these compounds impaired autop-
hagic flux (Fig. 3A). We also utilized GFP-LC3 puncta formation assay
which enabled us to determine the average number of punctate struc-
tures per cell by fluorescence microscopy. The difference in the number
of LC3 puncta of the compound treated cells with and without lysosome
inhibitor reflects autophagosome degradation during the treatment
period [39]. We incubated cells with compound 2 and Mon and found
that the number of LC3 puncta was increased when compared to the
control cells. However, the combination of compounds with Baf A1 did
not further enhance the number of puncta (Fig. 3B). Thus, our data
suggest that tested compounds likely block LC3-II degradation, which
could be due to the aberrant transport to the lysosome or degradation in
the lysosome rather than the promotion of autophagic vacuoles for-
mation. We also measured the turnover rate of GFP-LC3 by determining

Table 1
1H and13C NMR Data of Compound 3 (in CDCl3 at 400MHz; δ in ppm, J in Hz)
and13C NMR Data of 2 from Ref. [36].

Position 3 2

δC δH (J in Hz) δC

1 178.7 – 178.4
2 71.4 3.87 s 71.8
3 99.3 – 98.2
4 38.8 2.17m 38.7
5 85.7 3.36m 85.5
6 78.6 – 78.5
7 66.7 3.85m 66.7
8 32.5 1.55m 32.5
9 62.0 3.92m 61.3
10 31.3 1.16m, 2.15m 31.27
11 79.6 3.35m 79.7
12 37.2 1.79m 36.9
13 107.3 – 106.8
14 46.8 2.16m 46.2
15 95.2 3.52 d (9.1) 94.5
16 84.4 – 83.3
17 83.4 3.82m 83.6
18 26.2 1.82m, 1.92m 23.2
19 23.4 1.51, 1.72m no assignment
20 81.5 3.75 ddd (10.1, 5.1, 2.3) 79.3
21 78.8 4.84 dt (8.4, 3.1) 79.3
22 28.6 1.49m, 2.29m 29.2
23 24.6 1.78m, 2.04m 24.3
24 81.6 4.45 d (8.3) 80.3
25 78.2 3.60 d (10.8) 74.3
26 38.9 2.18m 39.1
27 82.9 3.37m 82.8
28 47.9 1.51m 47.0
29 101.0 – 98.2
1' 102.9 4.41 dd (9.4, 1.8) 102.5
2' 30.7 1.47m, 1.95m 30.6
3' 27.5 1.31m, 2.14m 25.7
4' 80.0 – 80.7
5' 74.27 3.28m 74.3
4-Me 12.3 1.08 d (6.6) 12.3
5-OMe 61.2 3.56 s 60.9
6-Me 11.3 1.16 s 11.1
6-OMe 50.9 3.37 s 50.8
11-OMe 59.1 3.42 s 59.2
12-Me 12.6 0.99 d (6.4) 12.7
14-Me 11.9 1.03 d (6.8) 11.7
15-OMe 60.3 3.41 s 60.2
16-Me 28.5 1.61 s 28.5
26-Me 13.7 1.02 d (6.4) 13.6
28-Me 12.9 0.98 d (6.4) 12.7
29-Me 22.2 1.24 s 27.0
29-OMe 48.7 3.12 s –
4′-OMe 57.0 3.35 s 56.7
5′-Me 18.5 1.23 d (5.5) 18.4

Table 2
IC50 values (μM) of the polyether antibiotics against cancer and non-cancerous cell lines. ND: Not determined at tested concentrations.

Compound Cancer Cell line Non-cancerous Cell line

HeLa CaCo-2 PC-3 A549 MRC-5 Vero

1 ND ND ND ND ND ND
2 23.7 ± 0.3 7.4 ± 0.3 11.8 ± 0.6 23.2 ± 1.3 35.2 ± 0.9 23.3 ± 0.6
3 32.6 ± 0.1 27.9 ± 0.5 23.9 ± 1.8 26.9 ± 0.9 39.9 ± 0.8 39.7 ± 0.4
Mon 11.9 ± 0.2 9.4 ± 1.1 8.4 ± 1.5 20.1 ± 0.3 45.9 ± 1.4 > 50
Doxo 1.2 ± 0.2 8.8 ± 0.3 1.7 ± 0.3 1.1 ± 0.1 > 5 >5
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the free GFP fragments. Interestingly, while neither starvation nor Baf
A1 caused accumulation of the free GFP levels when compared to the
control samples, compound 2, at IC50 and 2 fold IC50 values, and Mon
enhanced free GFP levels (Fig. 3C). Our findings on the effect of star-
vation and Baf A1 on the GFP-LC3 turnover are in parallel with a
previous report suggesting that cleavage of free GFP from GFP-LC3 can
occur depending on the autophagic stimuli, the extent of lysosomal
inhibition and the change in lysosomal pH [32]. Interestingly, we ob-
tained contradictory results on two tested autophagy inhibitors, where
Mon but not Baf A1 caused the accumulation of free GFP. A similar
paradox was previously reported for chloroquine and Baf A1 [32]. It
was shown that chloroquine at unsaturating concentrations increased
free GFP levels, but at higher saturating concentrations did not cause
the accumulation of free GFP. These data suggest that GFP-LC3 fusion
protein is degraded in a step-wise fashion, where the LC3 portion is
degraded at a faster rate than GFP. Therefore, we suggest that the
concentration used for 2, 3 and Mon are unsaturated doses and not
sufficient to completely suppress the lysosomal function unlike 100 nM
of Baf A1. We were not able to test the saturated concentrations, which
were above 2 x IC50 values, due to solubility limitations of our com-
pounds.

In order to evaluate the effect of 2 and 3 on the levels of key au-
tophagy proteins, we treated HeLa and CaCo-2 cell lines with the
compounds (Mon, 2 and 3) for 6 and 24 h at concentrations equivalent
to their IC50 values, and examined the level of proteins of interest by
immunoblotting (IB). While 6 h treatment of 2 and 3 had either no or
only a moderate decrease on Atg5-12, Atg7 and Beclin-1 proteins in
HeLa cells, the expression level of these proteins drastically diminished
at 24 h treatment (Fig. 4A). We observed a similar pattern in Caco-
2 cells, where Atg5-12, Atg7 and Beclin-1 levels were decreased at 24 h
but not at 6 h (Fig. 4B). Surprisingly, Mon did not show any significant
effect on Beclin-1 and the Atg proteins over the times tested (Fig. 4A
and B). Moreover, we detected a dose-dependent downregulation of Atg

proteins following 24 h treatment of 2 and 3 (Fig. 4C). Our results
suggest that prolonged treatment of 2 and 3, but not Mon decreased
levels of Atg proteins that is required for autophagic vesicle maturation.

Even though Mon, 2, and 3 have polyether-type backbones, we
identified some differences in their mechanisms where 2 and 3 but not
Mon diminishes the level of autophagy proteins after prolonged ex-
posure. In a different experimental setup, we investigated the effect of
these compounds on acidic compartments in HeLa cells by fluorometry
analysis of MDC, a fluorescent dye specific for the acidic compartments
(Fig. 5). Both Mon and Baf A1 demolished the fluorescence intensity of
MDC staining, which is consistent with the previous reports where Baf
A1 demolished the acidic pH in intercellular compartments [41,42]. On
the other hand, we detected a significantly enhanced MDC fluorescent
intensities in cells treated with 2 and 3, suggesting the accumulation of
acidic autolysosomes rather than neutral autophagosomes.

3.4. Polyether antibiotics induce apoptosis

Recently, the interrelationship between autophagy and apoptosis
has been undertaken by many groups [43,44]. While autophagy and
apoptosis can act in a cooperative manner to invoke cell death in some
cases, they can also work in a disparate manner to antagonize each
other [45,46]. Therefore, we also tested the effect of compounds 2 and
3 on apoptosis. Compounds 2 and 3 triggered a dose dependent clea-
vage of PARP-1, a hallmark of caspase-dependent apoptosis (Fig. 6A
and B). Since PARP-1 cleavage is considered to be a consequence of
caspase activation, we further investigated the effect of compounds 2
and 3 on the intrinsic and extrinsic apoptotic pathways by detecting full
length and cleaved fragments of predominant apoptosis executor cas-
pases, namely Caspase −3, −8 and, −9 (Fig. 6C). Treatment of com-
pounds 2 and 3 for 24 h with their IC50 concentrations increased the
cleaved caspase-9 and -3 fragments (Fig. 6C). On the other hand, we did
not detect cleaved caspase-8 in cells treated with compound 2,

Fig. 2. Compounds 2 and 3 inhibit autophagy in
several cell lines. HeLa, Caco-2 and PC-3 cells were
treated with compounds 2, 3 and Mon at IC50 con-
centrations either for (A) 6 h and (B) 24 h
Conversion of LC3-I to LC3-II was detected by im-
munoblotting (IB) with the antibody against LC3.
p62 levels were evaluated with anti-SQSTM1/p62
antibody. Actin was used as housekeeping control.
Baf A1 was used at 100 ng/ml. The experiments were
repeated three times independently; with one re-
presentative result shown.
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Fig. 3. Compounds 2 and 3 impair the integrity of autophagy flux. A. HeLa cells were treated with the compounds 2 and 3 alone at IC50 concentrations for 24 h or in
combination with Baf A1 (100 nM) at the last 4 h. The levels of LC3-I, LC3-II and actin were detected by IB. Representative data from three independent experiments
are shown. B. HeLa cells transfected with GFP-LC3 plasmid were treated with the compounds 2 and Mon alone at IC50 concentrations or in combination with Baf A1
(100 nM) for 4 h. Starvation and Baf A1 alone treatments were used as positive controls. The GFP-LC3 puncta structures were visualized by flouresence microscopy
and representative data are shown. The quantification was done as described in Methods section. C. In GFP-LC3 turnover assay, GFP-LC3 transfected HeLa cells were
treated with compounds at indicated concentrations for 24 h and then total lysed lysates were prepared and subjected to immunoblotting analysis. Representative
data from four independent experiments are shown.
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suggesting that of our purified isolates can specifically induce the in-
trinsic apoptosis pathway.

4. Discussion

There is an increased interest in polyether ionophores and to date
more than 120 naturally occurring ionophores have been characterized
[47]. Major use of these compounds is against coccidiosis by targeting
the ruminal bacterial population and today seven carboxylic ionophores
are marketed in the USA for poultry and growth promotion in rumi-
nants [48].

Arenaric acid (1), a rare polyether compound obtained from marine
actinobacteria, was the first polyether compound isolated in this study
[49]. The other known compound, K41 A (2), is one of the first isolated
polyether antibiotics, and its bioactivities has been extensively eval-
uated [50,51]. The antimalarial effects of K41 A against resistant

Plasmodium species (K1 and FCR3 strains) were found to be as com-
petitive as artemether and artesunate (IC50= 8.5–31 nM), currently
used semi-synthetic natural products in the treatment of malaria [52].
In our antimicrobial activity tests, K41 A (2) was the most effective
compound with MIC values of 0.11, 1.79 μg/mL against MRSA and E.
faecium, respectively, while compound 3 had the highest activity
against C. albicans at 4.0 μg/mL dose (Table S1). Additionally, all the
compounds were found to be moderately active against E. coli (ca.
16 μg/mL). It is well known that the ionophore polyethers are most
effective against Gram-positive bacteria. Cell membrane of this group of
bacteria is surrounded by the peptidoglycan layer that is porous, and
allows small molecules to pass through, reaching the cytoplasmic
membrane, where the lipophilic ionophore compounds rapidly dissolve
into the membrane. Conversely, Gram-negative bacteria are separated
from the environment and antimicrobial agents by a lipopolysaccharide
layer, outer membrane, and periplasmic space. Thus, as expected, E.

Fig. 4. Prolonged treatments of 2 and 3, but not Mon downregulate ATG genes in a dose dependent manner. (A) HeLa and (B) CaCo-2 cells were incubated with
compounds 2, 3 and Mon at IC50 concentrations for 6 h or 24 h. The levels of Atg-5/12, Atg7 and Beclin1 were detected by IB using antibodies against them. Actin was
used as loading control. C.¼, ½, 1X and 2X of IC50 doses of compounds 2 and 3 were used in dose-dependency experiment. The expression of autophagy related ATG
genes was evaluated by IB. The experiments were repeated three times independently; with one representative result shown.
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coli, the Gram-negative bacteria of significant importance to food safety
and human health, was less susceptible to the isolates 1–3.

From a chemistry point of view, as arenaric acid (1) was not as
effective as compounds 2 and 3, one might suggest that the presence of
C (25)–C (29) pyran ring and the dideoxy-sugar residue extending from
C-27(O) is important for antimicrobial activity. It needs to be empha-
sized that all the isolated compounds are being reported for the first
time from S. cacaoi.

Besides being selective antimicrobial agents, polyether ionophores

became point of interest for their potential use in cancer chemotherapy
over the last decade. One of the breakthrough report suggested that
salinomycin, a naturally occurring polyether, inhibits breast cancer
growth and metastasis in mice [22]. Moreover, it kills epithelial cancer
stem cells, which are resistant to many current chemotherapeutic
agents and approaches. Another study reports that salinomycin induces
apoptosis in human cancer cells, but not in normal cells such as human
T lymphocytes [21]. Mon is another polyether antibiotic, which has
also been studied in depth for its anti-cancer effect. Several reports have
suggested different molecular mechanisms of salinomycin and Mon
probably depending on cell type, such as inhibiting Wnt signaling,
elevating oxidative stress, release of caspase activators, inducing
apoptosis and modulating autophagy [53–61]. Considering all of these
significant studies, characterizing new polyether-type secondary me-
tabolites and their analogs as novel anticancer agents are of great in-
terest. Consistent with this trend, two of our isolates (2 and 3) in this
study exerted selective toxicity against cancer cells compared to the
non-cancerous cells (Table 2).

Apoptosis, controlled necrosis and autophagic cell death are clas-
sified cell death pathways. Most of the time cells undergo mixed fea-
tures of multiple cell death mechanisms suggesting these three cell
death pathways do not work in a mutually exclusive manner.
Autophagy is primarily known for its bulk degradation of cytoplasmic
contents and has a basic role in relieving cellular stress by recycling its
content. Cancer cells are more dependent on autophagy than normal
cells due to their altered microenvironment, increased metabolic and
biosynthetic demand inflicted by their deregulated proliferation
[62,63]. Polyether-type compounds like Mon, Nig and lasalocid were
reported for their inhibitory actions on lysosomal degradation [11]
making them specific autophagy inhibitors at the terminal stage [23].

In this study, the effects of polyethers 2 and 3 were studied on
autophagy. The conversion of LC3-I into LC3-II, a central player in
autophagosome membrane-bound form, was first evaluated. Levels of
LC3-II was compared to actin rather than LC3-I considering the last
edition of “Guidelines for the use and interpretation of assays” [38].
Our data suggests that both compounds increase LC3-II levels in all 3

Fig. 5. Compounds 2 and 3 cause accumulation of acidic vacuoles. After
treatment of HeLa cells with Compounds 2, 3, Mon and Baf A1, MDC fluores-
cence intensities were measured. MDC values were normalized with PI values
and the relative MDC specific activity was determined for each sample com-
pared to the negative controls (EtOH and DMSO). Flourometric analysis of MDC
was performed in triplicates and quantitative data was presented as mean ±
standard error of mean (s.e.m). *p value < 0.005.

Fig. 6. Compounds 2 and 3 induce apoptosis. The expression level and cleavage of PARP1 in HeLa cells were evaluated in cells treated with 2 and 3 at (A) IC50

concentration or at (B) different doses including ¼, ½, 1X and 2X of IC50 doses for 24 h. Actin was used as loading control. C. Cleavage products of caspase-9,
caspase-3, and caspase-8 were analyzed in cells treated with compounds 2 and 3 at IC50 concentration by IB. Staurosporin used at 1 μM concentration for 6 h as
positive control. The experiments were repeated three times independently; with one representative result shown.
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tested cell lines (Fig. 2A and B). The increased snapshot levels of LC3-II
and the accumulation of autophagic vesicles in cells can be associated
with an increase in autophagosome synthesis, but can also occur when
autophagic flux is blocked, and their degradation rate is reduced in
certain cells. Thus in addition to LC3-II levels, the effect of 2 and 3 on
p62/SQSTM1 levels were analyzed, as inhibition of autophagy corre-
lates with increased levels of p62/SQSTM1, and similarly decreased
p62/SQSTM1 levels are associated with autophagy activation [38].
Here, cells treated with compounds 2 and 3 caused an increase in LC3-II
and p62/SQSTM1 (Fig. 2A and B). To further distinguish between in-
creased autophagosome synthesis and inhibited autophagic flux, we
examined the effects of 2 and 3 on LC3-II levels in the presence and
absence of Baf A1, a proton-ATPase inhibitor that blocks autophagic
degradation that does not affect autophagosome formation [64]. It was
revealed that LC3-II accumulated as a consequence of impaired au-
tophagic flux and the disrupted degradation of LC3-II, since Baf A1
combination did not change the effect of 2 and 3 on LC3 levels
(Fig. 3A). Similarly, there was no significant difference between the
average GFP-LC3 puncta numbers per cell in the presence of Baf A1
compared to that in the absence of Baf A1 (Fig. 3B). Interestingly, the
data of GFP-LC3 cleavage assay revealed that our compounds increases
free GFP levels similar to the autophagy inhibitor Mon, which is con-
traversial to another autophagy inhibitor Baf A1 (Fig. 3C). Strikingly,
both Baf A1, an inhibitor of vacuolar H + ATPase and Mon, which
mediates the exchange of protons for potassium or sodium were shown
to inhibit macroautophagy trigerring apoptosis [65]. Additionally, it
has been clearly shown that cleavage of free GFP from GFP-LC3 can
occur depending on the autophagy stimuli, the extent of lysosomal in-
hibition and the change in lysosomal pH [32]. The induction of au-
tophagy by rapamycin but not starvation was found to increase the free
GFP levels, indicating the importance of lysosomal acidity in regulating
GFP-LC3 cleavage that produces free GFP [32]. Intriguingly, a well-
known autophagy inhibitor chloroquine also increased the free GFP
levels at unsaturating doses but not at saturating doses, which suggests
that GFP-LC3 degradation occurs in a step-wise manner, in which free
GFP fragments are first produced and then degraded their accumula-
tions depend on the lysosomal activity. It would be valuable to dissect
the dynamic turnover rates of GFP-LC3 by using saturating doses of our
compounds and Mon in this assay; however, solubility of the com-
pounds was the limiting factor to carry out further studies. In summary,
we suggest that compounds 2 and 3 inhibit autophagy by disrupting
autophagy flux since co-treatment of the compounds with Baf A1
compared to treatments alone did not affect the endogen LC3-II levels
(Fig. 3A) and the average of GFP-LC3 puncta numbers per cell (Fig. 3B).

Beclin-1 and Atg proteins are crucial players in the induction and
maturation phases of the autophagy pathway. Our results suggest that
prolonged treatment of compounds 2 and 3, unlike Mon, down-
regulated the levels of these executor proteins of the autophagy
pathway in a dose dependent manner (Fig. 4A, B, and C). Furthermore,
2 and 3 significantly enhanced acidic vacuole staining by MDC, which
revealed accumulation of acidic autolysosomes instead of neutral au-
tophagosomes caused by Mon or Baf A1 treatment (Fig. 5) [66]. In-
hibition of autophagy can be due to several reasons, including inhibi-
tion of V-ATPase or ATP2A/SERCA Ca2+ pump, depolymerization of
microtubules, inhibition of proteins involved during autophagosome
and lysosome fusion or altering of lysosomal pH [16,19,66]. Our find-
ings suggest that compounds 2 and 3 have different mechanism of ac-
tion than Mon, which certainly requires further investigation.

Polyethers have also been reported to induce apoptosis via several
mechanisms, such as targeting the intracellular Ca2+ homeostasis, in-
duction of reactive oxygen species, releasing cytochrome c to the cy-
tosol by outer mitochondrial membrane permeabilization, and cleavage
of caspases and PARP-1 [19,20,56]. Caspases-8, -9 and -3 function at
the pivotal junctions in apoptosis pathways. While caspase-9 serves in
intrinsic pathway, caspase-8 initiates apoptosis in response to extra-
cellular apoptosis-inducing ligands (extrinsic apoptosis). Caspase-3

amplifies the initiation signals of caspase-8 and caspase-9 for apoptosis
process [67]. Immunoblot analysis using antibodies that recognize
cleaved caspase-3, -8, and -9 fragments indicated that caspase-3 and -9
activity, but not caspase-8 activity, were increased following treatments
with compounds 2 and 3 concomitant with cleavage of PARP-1 in a
dose dependent way, suggesting induction of intrinsic apoptosis
pathway (Fig. 6).

The crosstalk between autophagy and apoptosis needs to be tightly
regulated, and one such essential mechanism is known to be the clea-
vage of caspase-3, to then in turn degrade various autophagy related
proteins, like Beclin-1 and Atg3 [68,69]. Other proteases such as cal-
pain-1 have also been reported to utilize Atg proteins as substrates
leading to the downregulation of Atg proteins [69,70]. In this study, it
was observed that prolonged treatment of 2 and 3 resulted in down-
regulation of Beclin-1 and some other Atg proteins. This prompted us to
hypothesize that the downregulation of Atg proteins by compounds 2
and 3 might be due to the activation of proteases preventing further
accumulation of autophagic vesicles, which needs to be further in-
vestigated.

From structure-activity relationship perspective, Mon and the iso-
lated compounds (2 and 3) have two major differences structurally: i)
highly oxygenated (O-methyl substituted) polyether framework for
compounds 2 and 3; ii) the presence of 4′-O-methyl-α-D-amicetose
(sugar) unit in 2 and 3. These two features might also play crucial roles
for the observed activity differences.

Most of the biological activities of polyether ionophores mentioned
above are closely related to their ability to form complexes with metal
cations (such as calcium) and transport these complexes across lipid
bilayers and cell membranes [71]. It has been reported that in-
tracellular Ca2+ plays a critical role in the regulation of apoptosis and
autophagy [72,73]. Further studies are needed to evaluate the effect of
the compounds on the intracellular Ca2+ levels and whether apoptosis
and autophagic flux blockage induced by them are attributed to Ca2+

concentration. As well, after hydrolytic cleavage of the sugar residue,
the aglycone needs to be tested to clarify the structural importance of
the glycosidic nature, and the number of polyether-type compounds
possessing highly diverse chemical frameworks (i.e. different patterns
of glycosidation, oxygenation, ring junction etc.) should be evaluated in
advance studies. The future studies will be valuable in understanding
the global molecular mechanism of cytotoxicity of these polyether an-
tibiotics against cancer cells, their possible connection between au-
tophagy inhibition and activation of apoptosis, and structure-activity
relationships.

5. Conclusion

Streptomyces species are rich sources of bioactive compounds. Three
compounds with antimicrobial activity were isolated from the marine
derived S. cacaoi. Due to the structural similarity with known autop-
hagy modulators and anticancer agents, the effects of our compounds
were studied against various cancer and non-cancerous cell lines. K41 A
(2) and the new compound 3, polyether-type ionophores, exhibited
varied cytotoxicity against the entire range of cell lines. Furthermore,
both compounds might inhibit autophagy flux in the terminal stage.
Interestingly, in contrast to known polyether autophagy inhibitor Mon,
these compounds increased acidic compartments in the cells and
downregulated the fundamental Atg proteins required for autophago-
some formation. Along with this, similar to Mon, compounds 2 and 3
also induced apoptosis in cancer cell lines. Results of the present study
suggest that autophagy inhibition and apoptosis induction may play a
role in mediating at least some of the antineoplastic effects of these
bacterial metabolites.
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