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and obscurolide-type
metabolites from soil-derived Streptomyces
alboniger YIM20533 and the mechanism of
influence of g-butyrolactone on the growth of
Streptomyces by their non-enzymatic reaction
biosynthesis†

Na Luo,‡a Ya-Bin Yang, ‡b Xue-Qiong Yang,b Cui-Ping Miao,a Yi-Qing Li,a

Li-Hua Xu,a Zhong-Tao Ding *b and Li-Xing Zhao *a

Eleven new compounds with streptazolin- and obscurolide-type skeletons were isolated from soil-derived

Streptomyces alboniger obtained from Tibet, China. Two types of unprecedented skeletons of obscurolide

dimer and an obscurolide-type compound with an aromatic polyketide of pentanone substituted at the

benzene ring were determined by spectral data analysis. Compound 11 was the first evidence of two

nitrogens in streptazolin-type structures. Compound 1 indicated an inhibitory effect on nitric oxide

production in LPS-activated macrophages with an inhibition ratio of 51.7% at 50 mM, and on

anticoagulant activity on platelet activating factor (PAF)-induced platelet aggregation with an inhibition

ratio of 26.0 � 9.1% at 200 mg mL�1. 11 had anti-acetylcholinesterase activity with an inhibition ratio of

27.2% at a concentration of 50 mM. Mechanistic aspects of the non-enzymatic reaction as well as a more

detailed picture of the biosynthetic relationships of the streptazolin- and obscurolide-type metabolites

are described. Acidic and basic conditions can inhibit the growth of Streptomyces, and g-butyrolactones

were found to be hormones controlling antibiotic production in Streptomyces. In the pH fermentation

tests, acylation of g-butyrolactones was successfully used to explain the mechanism of influence on the

growth of Streptomyces.
Introduction

Streptomyces spp. have been thoroughly investigated for more
than 70 years as they produce a number of diverse bioactive
compounds, especially clinical chemotherapeutics, such as
antibacterial, anticancer, and immunosuppressive agents. It
has been proposed that there are more genes encoding the
potential production of small molecules than have been found,
indicating that in-depth research should be developed to acti-
vate the silent genes.1,2 New biotechnological techniques, such
as gene mining and gene-regulating methods, have been
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applied to stimulate Streptomyces strains to produce new
molecules.3,4 At the same time, bioactive compound production
also is related to nutritional regulators, morphological devel-
opment, physiological processes and other hormone or
hormone-like production in the Streptomyces culture.5 Mining
novel bioactive compounds from microorganisms harbored in
under-explored niches has proved an efficient method in
pharmaceutical research and development.6,7 Streptazolin,
mainly produced by members of the genus Streptomyces, pres-
ents antibiotic and antifungal activities.8,9 Some synthesis
research on the compound and its analogues has also been
developed.10–12 Recent research has proved that the compound
can also increase bacterial killing and elaboration of immu-
nostimulatory cytokines by macrophages.13 The diene and oxa-
zolidinone moieties are considered as the pharmacophore in
streptazolin and its analogues.13,14 Obscurolides, a series of
butyrolactone derivatives produced by Streptomyces vir-
idochromogenes (strain Tü 2580), present weak inhibitory
activity against phosphodiesterases.15,16 g-Butyrolactones play
an autoregulation role in antibiotic production and differenti-
ation for many members of the genus Streptomyces by
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Structures of compounds 1–9, 11, and 13–15 isolated from
Streptomyces alboniger YIM20533.

Fig. 2 The COSY and HMBC correlations in compounds 1–6, and 8, 9,
11, and 13–15.
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modulating the DNA binding activity of cognate receptor
proteins.17 Novel butyrolactones as signaling molecules should
be involved in many functional aspects in microbial life, which
would be useful for synthetic biology.18 In our effort to search
for new biological compounds from Streptomyces harbored in
different niches, eight new butyrolactones (obscurolide-type),
two new streptazolin-type compounds, a new metabolite and
two new natural products were isolated from the culture broth
of Streptomyces alboniger YIM20533, an isolate obtained from
a soil sample from Tibet, China. Their structures were deter-
mined and interpreted by 1D NMR, 2D NMR, and HR-ESIMS
data (Fig. 1). In this research, we report the isolation, struc-
tural elucidation, bioactivities and the mechanism of inuence
on the growth of Streptomyces via the biosynthesis of butyr-
olactone derivatives.

Results and discussion

Themolecular formula of streptalbonin A (1) was determined as
C19H23NO5 from HR-ESIMS analysis. The 1H and 13C NMR
spectroscopic analysis, including DEPT, clearly showed two
methyls, one methylene, twelve methines, two olenic quater-
nary carbons, and two carbonyl carbons, which indicated the
skeleton of obscurolide.15 An additional pentanone should be
substituted at the benzene ring, which was conrmed by the
COSY correlations between H-70 and H-80, H-100 and H-110, and
This journal is © The Royal Society of Chemistry 2018
the HMBC correlations fromH-110 to C-90 and C-100; H-70 and H-
80 to C-90; and H-70 to C-30 and C-50. Compound 1 has an
unprecedented skeleton with a pentanone substituted at the
benzene ring in obscurolide-type compounds. The fraction
structure of this compound, an aromatic polyketide, is rarely
found in natural products. The other COSY correlations of H-20/
H-30; H-50/H-60; and H-2/H-3/H-4/H-5/H-6/H-7/H-8, and the
HMBC correlations fromH-2 to C-1, C-3 and C-4; H-4 to C-1, C-5,
and C-6; and H-8 to C-6 and C-7 also conrmed the skeleton of
obscurolide (Fig. 2). The trans orientation at C-70 and C-80 was
determined by the coupling constant at 15.6 Hz. The relative
conguration between H-3 and H-4 of 1 was determined as trans
by the ROESY correlation of H-3/H-5. The congurations (3S,
4R) of streptalbonin A at C-3 and C-4 and trans orientation at C-5
and C-6 were determined by comparing the NMR spectrum with
those for other obscurolides and pseudonocardides also found
in actinomyces and their biogenesis.15,19 Streptalbonin A exists
in two diastereomers at C-7 just as the obscurolide A2 reported
in previous work.15 The conguration of C-100 of compound 1
was determined as R by comparing the NMR and optical
RSC Adv., 2018, 8, 35042–35049 | 35043
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View Article Online
rotation with those for (R)-2-hydroxy-5-phenylpent-4-en-3-one
formed by microorganism enzymes.20 The fraction structure
(R)-2-hydroxy-5-phenylpent-4-en-3-one existed in compound 1.

The molecular formula of streptalbonin B (2) was deter-
mined as C17H19NO6 from HR-ESIMS analysis. The spectro-
scopic analysis also showed the skeleton of obscurolide. The
COSY correlations of H-20/H-30; H-50/H-60; and H-2/H-3/H-4/H-5/
H-6/H-7/H-8, and the HMBC correlations from H-2, H-3 and H-4
to C-1; H-4, H-7 andH-8 to C-6; H-3, H-4 and H-7 to C-5; H-3 to C-
10; and H-30 and H-50 to C-10 and C-70 conrmed this specula-
tion. The structure difference compared with other known
obscurolides was the acetyl at C-7, which was determined by the
weak HMBC correlation from H-200 to C-7 (Fig. 2). The relative
congurations between H-3 and H-4 were determined as trans
by the ROESY correlations of H-20/H-4; H-3/H-5. The congu-
rations of streptalbonin B and the trans orientation at C-5 and
C-6 were determined by comparing the NMR results with those
for compound 1.

The molecular formula of streptalbonin C (3) was deter-
mined as C18H23NO7 by HR-ESIMS analysis. The spectroscopic
analysis clearly showed the skeleton of obscurolide. The COSY
correlations of H-20/H-30; H-50/H-60; and H-2/H-3/H-4/H-5/H-6/H-
7/H-8, and the HMBC correlations from H-2, H-3, and OCH3 to
C-1; H-4, H-7, H-8 to C-6; H-4, H-7 to C-5; H-30, H-50 to C-10 and C-
70 conrmed this skeleton (Fig. 2). The acetyl at C-7 was
conrmed by the chemical shi of H-7 compared with those of
compound 2. The congurations of streptalbonin C at C-3, C-4
were determined by comparing the NMR spectrum with that of
compound 2.

The molecular formula of streptalbonin D (4) was deter-
mined as C15H17NO5 from HR-ESIMS analysis. The 1H and 13C
NMR spectroscopic analysis clearly showed the skeleton of
obscurolide as in compounds 1–3. The COSY correlations of H-
20/H-30; H-50/H-60; and H-2/H-3/H-4/H-5/H-6, and the HMBC
correlations from H-2, H-3 and H-4 to C-1; H-5, H-6 and H-8 to
C-7; H-3 and H-4 to C-5; H-30 and H-50 to C-10 and C-70; and H-20

and H-60 to C-40 also conrmed this structure (Fig. 2). The
relative congurations between H-3 and H-4 of 4 were deter-
mined as trans by the NOESY correlations of H-3/H-5. The
congurations of streptalbonin D at C-3 and C-4 were deter-
mined as 3S, 4R by comparing the NMR spectrum with that for
compound 3 and biogenesis.

The molecular formula of streptalbonin E (5) was deter-
mined as C16H21NO4 from HR-ESIMS analysis. The 1H and 13C
NMR spectroscopic analysis clearly showed the skeleton of
obscurolide. The COSY correlations of H-20/H-30; H-50/H-60; H-2/
H-3; and H-4/H-5/H-6, and the HMBC correlations from H-2, H-
3 and H-4 to C-1; H-5, H-6 and H-8 to C-7; H-5 to C-3 and C-4; H-
30 and H-50 to C-10 and C-70; H-80 to C-70; and H-20 and H-60 to C-40

also conrmed this structure (Fig. 2). The relative congura-
tions between H-3 and H-4 were determined as trans by the
NOESY correlations of H-3/H-5. The congurations of streptal-
bonin E were determined to be the same as those found for the
other compounds.

The molecular formula of streptalbonin F (6) was deter-
mined as C15H17NO5 from HR-ESIMS analysis. The 1H and 13C
NMR spectroscopic analysis clearly showed the skeleton of
35044 | RSC Adv., 2018, 8, 35042–35049
obscurolide. The COSY correlations of H-20/H-30; H-50/H-60; and
H-2/H-3/H-4/H-5/H-6/H-7/H-8, and the HMBC correlations from
H-2, H-3 and H-4 to C-1; H-8 to C-6 and C-7; H-30 and H-50 to C-10

and C-70; and H-20 and H-60 to C-40 also conrmed this structure
(Fig. 2). The trans orientation at C-6 and C-7 was determined by
the NOESY correlations between H-5 and H-7, and H-6 and H-8.
The relative congurations between H-3 and H-4 of 6 were
determined as trans by the NOESY correlations of H-3/H-5. The
congurations of streptalbonin F at C-3 and C-4 were deter-
mined as 3S and 4R by comparing the NMR spectrum with that
for compound 5. The conguration of C-5 was elucidated as S by
comparing the NMR data with those of musacins also isolated
from Streptomyces.21 Streptalbonin G (7) was determined to be
the diastereoisomer of streptalbonin F (6) by NMR, 2D-NMR
and CD analysis. The difference between compounds 6 and 7
was the conguration of C-5, which was found to be S for 6 and
R for 7 by NMR analysis.

The molecular formula of streptalbonin H (8) was deter-
mined as C29H34N2O6 from HR-ESIMS analysis. The 1H and 13C
NMR spectroscopic analysis clearly showed the skeleton of
obscurolide. The COSY correlations of H-20/H-30; H-50/H-60; and
H-2/H-3/H-4/H-5/H-6/H-7/H-8, and the HMBC correlations from
H-2, H-3 and H-4 to C-1; H-8 to C-6 and C-7; H-30 and H-50 to C-
10; and H-20 and H-60 to C-40 also conrmed this structure. The
key correlations fromH-70 to C-30, 40, and 50 indicated that the C-
70 is connected to C-40 (Fig. 2), which showed an unprecedented
streptalbonin dimer. The trans orientation at C-5 and C-6 was
determined by comparing the NMR results with those for other
compounds isolated in this strain. The relative congurations
between H-3 and H-4 of 8 were determined as trans by the
NOESY correlations of H-3/H-5. The congurations of streptal-
bonin H at C-3 and C-4 were determined as 3S and 4R by
comparing the NMR results with those for compound 3.

The molecular formula of streptalbonin I (9) was determined
as C11H13NO3 from HR-ESIMS analysis. The 1H and 13C NMR
spectroscopic analysis clearly showed two methyls, ve
methines, two olenic quaternary carbons, and two carbonyl
carbons. The COSY correlations of H-20/H-30; H-50/H-60; and H-3/
H-4, and the HMBC correlations fromH-1 and H-4 to C-3; H-3 to
C-10; H-30 and H-50 to C-10 and C-70; and H-20 and H-60 to C-40 also
conrmed this structure (Fig. 2). The conguration of this
compound was determined as R by comparing the optical
rotation for this compound with that for (R)-3-hydroxy-butan-2-
one,22 which is also found in Streptomyces.23

Compound 10 was determined as 8a-hydroxystreptazolone
by spectroscopic analysis.11 The molecular formula of stre-
palbin A (11) was determined as C18H18N2O6 from HR-ESIMS
analysis. Comparing the NMR data of compounds 10, and
11, these compounds have similar structures, except for stre-
palbin A (11) with a p-aminobenzoic acid substituted at C-5,
which was conrmed by the HMBC correlation from H-5 to
C-10. The COSY correlations of H-11/H-4/H-5 and H-8/H-9/H-
10, and the HMBC correlations from H-4, H-10, and H-11 to
C-2; H-5, H-8, and H-11 to C-7; H-4, H-5, and H-13 to C-6; H-8 to
C-9; H-30 and H-50 to C-10 and C-70; and H-20 and H-60 to C-40

also conrmed this structure (Fig. 2). The congurations of
this compound were determined to be the same as those for
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Proposed mechanism of the non-enzymatic synthesis of
compounds 1, 2, 8, and 11.
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8a-hydroxystreptazolone by comparing the NMR spectra, and
the NOESY correlations of H-4/H-11; H-4/H-20, and H-5/H-8
also conrmed this elucidation.

4a,5-Dihydrostreptazolin (12) was determined by spectro-
scopic analysis24 and it was the rst time that it was isolated
from a natural source. Strepalbin B (13) was determined as
C11H15NO5 from HR-ESIMS analysis. Comparing with the NMR
data of 8a-hydroxy-streptazolone,11 strepalbin B (13) had
a hydroxyl at C-12 instead of the carbonyl in 8a-hydroxy-
streptazolone, and this structure was determined by the COSY
correlations of H-9/H-10 and H-11/H-4/H-5, and the HMBC
correlations of H-4, H-10, H-11/C-2; H-4, H-5, H-8, H-11/C-6, C-7;
H-9, H-10/C-8; and H-13/C-6, C-12 (Fig. 2). The congurations of
this compound were determined to be the same as for 8a-
hydroxy-streptazolone by comparing the NMR spectra,11 and the
NOESY correlations also conrmed it. The conguration of C-12
in compound 13 was not determined owing to the low amount.

Compound 14 was determined as C10H12O3 from HR-ESIMS
analysis. The 1H and 13C NMR spectroscopic analysis clearly
showed three methylenes, four methines, two olenic quater-
nary carbons, and one carbonyl carbon. There were also
a disubstituted benzene and a butyric acid in the structure of 14,
named as 4-(2-hydroxyphenyl)butyric acid, which was deter-
mined by the COSY correlations of H-3/H-4/H-5/H-6 and H-7/H-
8/H-9, and HMBC correlations of H-8, H-9/C-10; H-7, H-8/C-1; H-
7/C-2, C-6; H-6/C-1, C-2; and H-4/C-2, C-6 (Fig. 2). This structure
was rst isolated in natural products.

Compound 15 was determined as C9H12N2O2S from HR-
ESIMS analysis. The 1H and 13C NMR spectroscopic analysis
clearly showed two methylenes, three methines, one olenic
quaternary carbon, and two carbonyl carbons. The structure of
15 was determined by the COSY correlations of H-2/H-3 and H-
7/H-8/H-9, and HMBC correlations of H-2, H-20/C-10; H-3, H-7/C-
5; and H-7, H-8, H-9/C-6 (Fig. 2). This structure was rst isolated
in natural products.

Some new compounds were evaluated for their nitric oxide
inhibition (1, 2, 3, 4, 5, 6, 7, 8, 9, 11, obscurolide A1,15 obscur-
olide A2 (ref. 15)) cytotoxicity (11), anticoagulant activity (1, 8, 9,
and 11), and anti-acetylcholinesterase activity (1, 8, 9, and 11).
Compound 1 indicated an inhibitory effect on nitric oxide
production in LPS-activated macrophages with an inhibition
ratio of 51.7% at 50 mM, and anticoagulant activity on platelet
activating factor (PAF)-induced platelet aggregation with an
inhibition ratio of 26.0 � 9.1% at 200 mg mL�1. 11 had anti-
acetylcholinesterase activity with an inhibition ratio of 27.2%
at a concentration of 50 mM. The other tested compounds had
no obvious activities in the corresponding assays.

The obscurolides were isolated from Streptomyces vir-
idochromogenes and turned out to be inhibitors of cyclic AMP
phosphodiesterase. Previous work has focused on their struc-
ture and bioactivity. Only one paper described themanipulation
of fermentation pattern to initiate obscurolide biosynthesis,25

and no detailed process was discussed. Unexpectedly, a non-
enzymatic reaction was found to be a key step in the produc-
tion of these obscurolide- and streptazolin-type compounds.
The common precursor 4-aminobenzoic acid was also isolated
from this strain, and 4,40-methylenedianiline is a common
This journal is © The Royal Society of Chemistry 2018
industrial chemical, so they might be the bioprecursors in the
biosynthesis of corresponding metabolites. Structure 1a should
be an aromatic polyketide produced by this strain. The non-
enzymatic reaction of these obscurolide- and streptazolin-type
compounds is presented in Fig. 3. Structure 1b is g-butyr-
olactone, and g-butyrolactones are signalling molecules regu-
lating antibiotic production and differentiation in
Streptomyces.17 The production of important antibiotics in
Streptomyces is oen regulated by low-molecular-weight bacte-
rial hormones called autoregulators. Although 60% of Strepto-
myces strains may use g-butyrolactone-type molecules as
autoregulators and some use furan-type molecules, little is
known about the signaling molecules used to regulate antibi-
otic production in many other members of this genus.5 We
found that the acidity and alkalinity inuenced the growth of
this Streptomyces. In this research, some acylate products of g-
butyrolactone were isolated, and the acidity can accelerate the
acylation, so we deduced that the conversion reaction changed
the structure of g-butyrolactone. The activity of g-butyrolactone
from Streptomyces as a bacterial hormone was declined so the
change of the g-butyrolactone structure catalyzed by acid
inhibited the growth of Streptomyces.
Conclusions

Eleven new compounds were isolated from Streptomyces albo-
niger, which was derived from soil in Tibet, China. Two types of
unprecedented skeletons of obscurolide dimer and an
obscurolide-type compound with a pentanone substituted at
the benzene ring were found in this work. Compound 1 indi-
cated an inhibitory effect on nitric oxide production in LPS-
activated macrophages and anticoagulant activity on platelet
activating factors (PAF)-induced platelet aggregation. 11 exhbi-
tied anti-acetylcholinesterase activity. Mechanistic aspects of
RSC Adv., 2018, 8, 35042–35049 | 35045
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the non-enzymatic reactions of the biosynthetic relationships of
the streptazolin and obscurolide-type metabolites were exhibi-
ted. The acylation of g-butyrolactones was successfully used to
explain the mechanism of inuence of acid–base properties on
the growth of Streptomyces.

Experimental
General experimental procedure

Silica gel (200–300mesh; QingdaoMarine Chemical Group Co.),
Lichroprep RP-18 (Beijing Greenherbs and Technology and
Development Co.) and Sephadex LH-20 (GE Healthcare Co.)
were used for column chromatography. 1D and 2D NMR spectra
were obtained on a Bruker AVANCE 500, 600 MHz NMR
instrument (Bruker). MS spectra were recorded with an Agilent
G3250AA (Agilent) and an AutoSpec Premier P776 spectrometer
(Waters). ORs were obtained on a Jasco P-1020 polarimeter.
Circular dichroism spectra were obtained using an Applied
Photophysics Chirascan spectrometer (Applied Photophysics
Ltd.).

Biological material and cultivation of actinomycetic strain

The actinomycetic strain YIM20533 was isolated from the soil in
Tibet, China. The species was identied as Streptomyces albo-
niger based on morphological and genetic (16S rRNA gene
sequence) analyses. A voucher specimen was deposited at the
Yunnan Institute of Microbiology, Kunming, P.R. China. This
bacterium was cultivated on 80 L scale using 8 L seed medium
(yeast extract 0.4%, glucose 0.4%, malt extract 0.3%, deca-
vitamin 0.01%, pH 7.2) and the fermentation medium (soluble
starch 2.4%, glucose 0.1%, peptone 0.3%, yeast extract 0.3%,
CaCO3 0.3%, pH 7.0) at 28 �C for 7 days on a rotary shaker (130
rpm).

Extraction and isolation of compounds

Aer 7 days of growth, the mycelia were removed from the
cultures (80 L) by ltration. The ltrate was extracted with
isometric ethyl acetate (EtOAc) 3 times, and the solvent was
removed under vacuum to obtain the EtOAc extract (20.0 g). The
EtOAc extract was separated into ve fractions (Fr. 1–Fr. 5) by
column chromatography on silica gel (200–300 mesh), eluting
with a stepwise CHCl3/MeOH gradient (CHCl3; CHCl3/MeOH
50 : 1 v/v; CHCl3/MeOH 25 : 1 v/v; CHCl3/MeOH 12.5 : 1 v/v;
MeOH). Fr. 3 was divided into three parts (Fr. 3–1 to Fr. 3–3)
using a Sephadex LH-20 column with MeOH. Fr. 3–1 was iso-
lated using a Lichroprep RP-18 column with H2O/MeOH (60 : 30
v/v) and further puried using a silica gel column with petro-
leum ether/EtOAc gradient (4 : 1 to 2 : 1) to afford compounds 9
(10.5 mg) and 14 (4.6 mg). Fr. 3–2 was isolated by a Lichroprep
RP-18 columnwith H2O/MeOH gradient (v/v 90 : 10 to 50 : 50) to
give four subfractions, Compounds 10 (2.7 mg), 11 (2.4 mg), 12
(2.1 mg), and 15 (3.6 mg) were obtained from Fr. 3.2.2 using
a silica gel column with petroleum ether/EtOAc gradient (4 : 1 to
1 : 1). Fr. 4 was separated into four fractions (Fr. 4–1 to Fr. 4–4)
using a Sephadex LH-20 column with MeOH, then Fr 4–1 was
isolated using a Lichroprep RP-18 column with H2O/MeOH
35046 | RSC Adv., 2018, 8, 35042–35049
gradient (v/v 90 : 10 to 50 : 50) and further puried by a silica
gel column with a petroleum ether/EtOAc gradient (8 : 1 to 3 : 1)
to afford compounds 4 (3.2 mg), 5 (3.6 mg), 6 (3.0 mg) and 7 (2.5
mg). Fr. 4–3 was isolated using a Lichroprep RP-18 column with
H2O/MeOH gradient (v/v 90 : 10 to 50 : 50) and further puried
using a silica gel column with a petroleum ether/EtOAc gradient
(5 : 1 to 2 : 1) to afford compounds 1 (10.2 mg), 2 (4.3 mg) and 3
(2.2 mg). Fr. 4–4 was isolated using a Lichroprep RP-18 column
with H2O/MeOH (v/v 80 : 20) and further puried using a silica
gel column with a petroleum ether/EtOAc gradient (5 : 1 to 2 : 1)
to afford compound 13 (3.2 mg). Fr. 5 was divided into three
parts (Fr. 5–1 to Fr. 5–3) using a Sephadex LH-20 column with
MeOH and compound 8 (11.8 mg) was obtained from Fr 5.3
using a silica gel column with a petroleum ether/EtOAc gradient
elution (3 : 1 to 0 : 1).

Compound 1. [a]22D 5.3 (c 0.1, MeOH). HR-ESIMS m/z:
346.1627 [M + H]+, calcd for C19H24NO5: 346.1654.1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 1.

Compound 2. [a]23D 12.5 (c 0.2, MeOH). HR-ESIMS m/z:
356.1114 [M + Na]+, calcd for C17H19NO6Na: 356.1110.

1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 1.

Compound 3. [a]20D �6.6 (c 0.1, MeOH). HR-ESIMS m/z:
366.1556 [M + H]+, calcd for C18H24NO7: 366.1553. 1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 1.

Compound 4. [a]24D 23.2 (c 0.2, MeOH). HR-ESIMS m/z:
292.1178 [M + H]+, calcd for C15H18NO5: 292.1185. 1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 2.

Compound 5. [a]25D 15.5 (c 0.09, MeOH). HR-ESIMS m/z:
292.1550 [M + H]+, calcd for C16H22NO4: 292.1549. 1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 2.

Compound 6. [a]25D �5.0 (c 0.4, MeOH). HR-ESIMS m/z:
314.0975 [M + Na]+, calcd for C15H17NO5Na: 314.1004.

1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 2.

Compound 7. [a]24D �2.2. (c 0.2, MeOH). HR-ESIMS m/z:
314.0977 [M + Na]+, calcd for C15H17NO5Na: 314.1004.

1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 3.

Compound 8. [a]24D 0.6 (c 0.2, MeOH) HR-ESIMS m/z:
529.2310 [M + Na]+, calcd for C29H34N2O6Na: 529.2315.

1H-NMR
(MeOD, 400 MHz) and 13C-NMR (MeOD, 100 MHz) in Table 3.

Compound 9. [a]24D �11.5 (c 0.1, MeOH). HR-ESIMS m/z:
208.0973 [M + H]+, calcd for C11H14NO3: 208.0974. 1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 3.

Compound 11. [a]25D 5.3 (c 0.15, MeOH). HR-ESIMS m/z:
357.1066 [M � H]�, calcd for C18H17N2O6: 357.1087.

1H-NMR
(MeOD, 600 MHz) and 13C-NMR (MeOD, 150 MHz) in Table 4.

Compound 13. [a]24D 16.0 (c 0.2, MeOH). HR-ESIMS m/z:
240.0869 [M � H]�, calcd for C11H14NO5: 240.0872.

1H-NMR
(MeOD, 500 MHz) and 13C-NMR (MeOD, 125 MHz) in Table 4.

Compound 14. HR-ESIMS m/z: 179.0813 [M � H]�, calcd for
C10H11O3: 179.0708.

1H-NMR (CDCl3, 600 MHz) d: 7.04 (1H, d, J
¼ 7.8 Hz, H-6), 6.98 (1H, t, J ¼ 7.8 Hz, H-4), 6.72 (1H, t, J ¼
7.8 Hz, H-5), 6.72 (1H, d, J¼ 7.8 Hz, H-3), 2.85 (2H, t, J¼ 10.4 Hz,
H-7), 2.62 (2H, t, J ¼ 7.2 Hz, H-9), 1.87 (2H, t, J ¼ 7.2 Hz, H-8).
13C-NMR (CDCl3, 150 MHz) d: 178.1 (C-10), 155.0 (C-2), 129.8
(C-6), 127.8 (C-1), 126.7 (C-4), 119.1 (C-5), 114.6 (C-3), 33.6 (C-9),
29.2 (C-7), 25.1 (C-8).
This journal is © The Royal Society of Chemistry 2018
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Table 1 13C NMR and 1H NMR data for compounds 1–3 in MeOD

Pos.

1

Pos.

2 3

dH dc dH dc dH dc

1 176.0 1 175.7 172.9
2 2.37, 2.99 (m) 34.3 2 2.39, 2.97 (m) 34.2 2.39, 2.64 (m) 35.4
3 4.09 (m) 54.5 3 4.12 (m) 54.3 3.88 (m) 54.2
4 4.73 (m) 85.2 4 4.70 (m) 84.8 4.05 (m) 72.9
5 5.74, 5.83 (m) 124.5 5 5.80 (m) 127.2 5.65 (m) 131.0
6 5.74, 5.83 (m) 139.0 6 5.80 (m) 133.9 5.65 (m) 131.7
7 4.34 (m) 71.7 7 5.26 (m) 69.8 5.16 (m) 70.5
8 1.12 (d, J ¼ 6.6 Hz) 21.9 8 1.18 (d, J ¼ 6.6 Hz) 18.8 1.07 (d, J ¼ 6.6 Hz) 18.9
10 149.9 10 151.3 152.1
20 6.56 (d, J ¼ 8.4 Hz) 112.8 20 6.53 (d, J ¼ 8.4 Hz) 111.7 6.53 (d, J ¼ 8.4 Hz) 111.6
30 7.40 (d, J ¼ 8.4 Hz) 130.5 30 7.71 (d, J ¼ 8.4 Hz) 131.4 7.66 (d, J ¼ 8.4 Hz) 131.3
40 123.7 40 118.7 117.5
50 7.40 (d, J ¼ 8.4 Hz) 130.5 50 7.71 (d, J ¼ 8.4 Hz) 131.4 7.66 (d, J ¼ 8.4 Hz) 131.3
60 6.56 (d, J ¼ 8.4 Hz) 112.8 60 6.53 (d, J ¼ 8.4 Hz) 111.7 6.53 (d, J ¼ 8.4 Hz) 111.6
70 7.55 (d, J ¼ 15.6 Hz) 145.0 70 169.2 169.2
80 6.80 (d, J ¼ 15.6 Hz) 115.7 100 170.7 170.7
90 202.5 200 1.93 (s) 19.7 1.94 (s) 19.7
100 4.21 (m) 66.8 3.51 (s, OCH3) 50.7 (OCH3)
110 1.26 (d, J ¼ 7.2 Hz) 19.2
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Compound 15. HR-ESIMS m/z: 235.0512 [M + Na]+, calcd for
C9H12N2O2SNa: 235.0517.

1H-NMR (MeOD, 600 MHz) d: 7.03
(1H, q, J¼ 1.3 Hz, H-9), 6.96 (1H, q, J¼ 1.3 Hz, H-7), 6.20 (1H, q,
J ¼ 1.2 Hz, H-8), 3.38 (2H, t, J ¼ 6.6 Hz, H-2), 3.12 (2H, t, J ¼
6.6 Hz, H-3), 1.92 (3H, s). 13C-NMR (MeOD, 150 MHz) d: 180.5
(C-5), 172.1 (C-10), 129.8 (C-6), 124.3 (C-9), 115.0 (C-7), 109.6 (C-
8), 39.3 (C-2), 26.8 (C-3), 21.1 (C-20).

Bioactivity assay

The AChE inhibitory activities of the compounds were
assayed by the spectrophotometric method developed by
Ellman et al.26 with slight modication. Tacrine (Sigma,
Table 2 13C NMR and 1H NMR data for compounds 4–6 in MeOD

Pos.

4 5

dH dc dH

1 175.9
2 2.45(dd, J ¼ 5.4 Hz, 18.0 Hz) 34.8 2.39 (dd, J ¼ 5.4

3.10 (dd, J ¼ 7.2 Hz, 18.0 Hz) 3.07 (dd, J ¼ 7.2
3 4.13 (m) 53.7 4.04 (m)
4 4.40 (m) 84.6 4.37 (m)
5 1.93, 2.09 (m) 27.2 1.91, 2.07 (m)
6 2.70 (m) 38.3 2.68 (m)
7 208.7
8 2.14 (s) 28.4 2.13 (s)
10 151.3
20 6.64 (d, J ¼ 8.0 Hz) 111.6 6.63 (d, J ¼ 8.4 H
30 7.82 (d, J ¼ 8.0 Hz) 131.4 7.13 (d, J ¼ 8.4 H
40 118.6
50 7.82 (d, J ¼ 8.0 Hz) 131.4 7.13 (d, J ¼ 8.4 H
60 6.64 (d, J ¼ 8.0 Hz) 111.6 6.63 (d, J ¼ 8.4 H
70 169.1 4.31 (s)
80 3.31 (s)

This journal is © The Royal Society of Chemistry 2018
purity > 99%) was used as a positive control with a nal
concentration of 0.333 mM with an inhibition ratio of 57.4%.
The NO inhibitory activity of these compounds was deter-
mined using the Griess reagent assay for NO production. L-
NMMA was used as the positive control with an inhibition
ratio of 55.04 � 2.80% at a concentration of 50 mM. The in
vitro anticoagulant activities were investigated using the
prothrombin time (PT) method for compounds 1, 9, and 11,
the activated partial thromboplastin time (APTT) for
compounds 1, 8, 9, and 11, thrombin time (TT) for
compounds 1, 9, and 11, adenosine diphosphate (ADP)
induced platelet aggregation for compound 1 and PAF-
6

dc dH dc

176.3 176.7
Hz, 18.0 Hz) 35.0 2.43 ( dd, J ¼ 1.8 Hz, 18.0 Hz) 35.6
Hz, 18.0 Hz) 3.11 ( dd, J ¼ 7.2 Hz, 18.0 Hz)

54.4 4.34 (m) 50.6
84.9 4.34 (m) 88.3
27.2 4.24 (m) 72.4
38.4 5.57 (m) 129.2

208.8 5.82 (m) 128.9
28.4 1.69 (d, J ¼ 6.0 Hz) 16.5

146.9 151.2
z) 112.9 6.66 (d, J ¼ 9.0 Hz) 111.6
z) 129.4 7.81 (d, J ¼ 9.0 Hz) 131.4

126.9 118.5
z) 129.4 7.81 (d, J ¼ 9.0 Hz) 131.4
z) 112.9 6.66 (d, J ¼ 9.0 Hz) 111.6

74.3 169.2
56.3

RSC Adv., 2018, 8, 35042–35049 | 35047
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Table 3 13C NMR and 1H NMR data for compounds 7–9 in MeOD

Pos.

7 8 9

dH dc dH dc dH dc

1 177.2 178.0 2.15 (s) 24.0
2 2.39 (d, J ¼ 18.0 Hz) 35.8 2.41 (dd, J ¼ 1.6 Hz, 20.0 Hz) 35.8 211.4

3.12 (dd, 7.8 Hz, 18.0 Hz) 3.04 (dd, J ¼ 8.0 Hz, 18.0 Hz)
3 4.32 (brs) 49.0 4.05 (m) 56.6 4.11 (m) 57.9
4 4.37 (brs) 88.3 4.81 (m) 86.7 1.40 (d, J ¼ 7.2 Hz) 16.0
5 4.32 (brs) 71.7 5.79 (m) 126.3
6 5.56 (m) 128.8 5.90 (m) 139.9
7 5.91 (m) 128.7 4.28 (m) 68.3
8 1.68 (d, J ¼ 6.6 Hz) 16.6 1.22 (d, J ¼ 6.4 Hz) 23.3
10 151.0 146.3 151.7
20 6.64 (d, J ¼ 8.0 Hz) 111.7 6.56 (d, J ¼ 8.0 Hz) 114.8 6.56 (d, J ¼ 8.4 Hz) 111.2
30 7.80 (d, J ¼ 8.0 Hz) 131.3 6.95 (d, J ¼ 8.0 Hz) 130.6 7.79 (d, J ¼ 8.4 Hz) 131.4
40 118.9 133.0 118.0
50 7.80 (d, J ¼ 8.0 Hz) 131.3 6.95 (d, J ¼ 8.0 Hz) 130.6 7.79 (d, J ¼ 8.4 Hz) 131.4
60 6.64 (d, J ¼ 8.0 Hz) 111.7 6.56 (d, J ¼ 8.0 Hz) 114.8 6.56 (d, J ¼ 8.4 Hz) 111.2
70 169.5 3.71 (s) 41.1 169.1
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induced platelet aggregation for compound 1. Heparin was
used as the positive control with PT at 37.3 � 1.08 s at the
tested concentration of 160 mg mL�1. Low molecular weight
heparin (LMWH) was used as the positive control for APTT at
79.7 � 0.36 s, and TT at 18.5 � 2.06 s at the tested concen-
tration of 35.6 mM. Ticagrelor and GB were used as positive
controls in ADP and PAF-induced platelet aggregation for the
inhibition ratios at 69.8 � 7.8% (nal concentration: 5 mg
mL�1) and 93.4 � 5.1 (nal concentration: 37 mg mL�1),
respectively. The cytotoxicity of the compounds against HL-
60, SMMC-7721, A-549, MCF-7, and SW480 cell lines was
determined in vitro by the 3-(4,5-dimethylthiazol-2-yl)-5(3-
Table 4 13C NMR and 1H NMR data for compounds 11–13 in MeOD

Pos.

11 13

dH dc dH dc

1
2 157.8 158.0
3
4 4.63 (m) 78.0 4.47 (m) 80.1
5 4.95 (brs) 66.0 4.54 (m) 80.7
6 132.7 138.3
7 151.7 139.8
8 4.66 (m) 68.7 4.43 (m) 68.4
9 1.49, 2.12 (m) 36.4 1.33, 1.93 (m) 36.3
10 3.22, 3.85 (m) 40.4 3.11, 3.73 (m) 40.5
11 4.75 (d, J ¼ 6.0 Hz) 65.5 4.47 (m) 65.2
12 203.1 4.71 (m) 63.3
13 2.40 (s) 29.7 1.27 (d, J ¼ 7.0 Hz) 21.9
10 150.7
20 6.74 (d, J ¼ 8.0 Hz) 111.8
30 7.87 (d, J ¼ 8.0 Hz) 131.5
40 118.7
50 7.87 (d, J ¼ 8.0 Hz) 131.5
60 6.74 (d, J ¼ 8.0 Hz) 118.5
70 169.6

35048 | RSC Adv., 2018, 8, 35042–35049
carboxymethoxyphenyl)-2-(4-sulfopheny)-2H-tetrazolium (MTS)
method. Taxol was used as a positive control with IC50 < 0.008 mM.
pH-static fermentation

The fermentation process was analyzed for a total of 7 days. 48
hours aer inoculation, the pH-value was adjusted to pH 2.5,
3.5, 4.5, 6.0, 7.0, 8.0 with citric acid and NaOH. The growth of
Streptomyces was observed at different times.
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