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Part A. Structure Determination of the New Bioactive Metabolites from
Streptomyces spp. in a Korea Saltern

Microbial natural products have been proven to be a prolific
source of novel therapeutic agents that have demonstrated significant
activities in various pathological conditions including cancer, viral
infection, inflammation, analgesia, and immune modulation. Halophilic
Streptomyces have not been studied in the search of new secondary
metabolites produced by bacteria adapted to hyper-saline environments.
The secondary metabolites produced by adaptive Streptomyces have been
expected to have new carbon skeleton for bioactivity of metabolites.

I

Chemical studies of selected two halophilic strains lead to isolation of 12
novel compounds and 2 known compounds. These compounds have been
structurally elucidated by combined spectroscopic methods and chemical
analysis. The structures of 12 new compounds are belonged to various
structural classes and have been derived from various biogenetic origins.
Salternamides A-E, the first secondary metabolites discovered from
saltern-derived

actinomycetes,

were

isolated

from

a

halophilic

Streptomyces strain isolated from a saltern on Shinui Island in the
Republic of Korea. Salternamide A, which is the first chlorinated
compound in the manumycin family, exhibited potent cytotoxicity against
a human colon cancer cell line (HCT116) and a gastric cancer cell line
(SNU638) with submicromolar IC50 values. Xiamycins C-E, were isolated
from a Streptomyces sp. (#HK18) culture inhabiting the topsoil in a
Korean solar saltern. Xiamycin D shows the potential of indolosesquiterpenoids as new and promising chemical skeletons against Porcine
Epidemic Diarrhea Virus-related viruses. Starkmycins A-D, the secondary
metabolites discovered from saltern-derived actinomycetes, were isolated
from a halophilic Streptomyces strain isolated from a saltern on Shinui
Island in Korea.

II

Part B. Structure Determination of the New Bioactive Metabolites from
Streptomyces sp. from the Dung Beetle, Copris tripartitus

Investigation of the bacterial symbionts of eukaryotic hosts has
become a powerful approach for the discovery of new chemical entities. In
particular, insects, the phylogenetic group with the most biodiversity on
Earth, host numerous chemically prolific bacteria. The bacteria associated
with the dung beetle Copris tripartitus Waterhouse have been investigated
in the search for new chemotypes because its system comprises extensive
microbial communities that possibly originated from the feces of
herbivores, which the beetle utilizes for feeding and making brood balls.
The purpose of this work is the investigation of new bioactive metabolites
from a larva of Dung beetle, Copris tripartitus. Based upon chemical
analysis and bioassay, novel substances from a larva of Dung beetle,
Copris tripartitus have been isolated and demonstrated the biomedical
potential as new drug candidates. Chemical studies of selected
Streptomyces sp. lead to isolation of novel compound. This compound
have been structurally elucidated by combined spectroscopic methods and
crystallization analysis. These results strongly suggest that novel
compound can specifically inhibit histone H3 lysine 9 demethylase
(KDM4).

III
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Part A.

Structure Determination of the New Bioactive
Metabolites from Streptomyces spp. in a Korea
Saltern

1

I. Introduction

Examining the natural product profiles of underexploited
microorganisms has become a research hotspot in drug discovery.1
Especially, actinobacteria have been recognized as talented chemical
synthesizers that produce structurally diverse bioactive compounds, many
of which have been developed as drugs since the early years of antibiotic
discovery in the 1940s.2 Thus, investigation of unique niches harboring
chemically new actinomycetes, rather than typical terrestrial environments,
is required to explore the full chemical diversity of this chemically prolific
bacterial group.3
Halophilc microorganism are broadly defined as those that require
at least 0.2 M NaCl for their survival. So extereme halophiles have
specific character through adaptive physiologies.4 Halophilc Streptomyces
have not been studied in the search of new secondary metabolites
produced by Streptomyces adapted to hyper-saline environments. The
secondary metabolites produced by adaptive streptomyces are expected to
have new carbon skeleton for bioactivity of metabolites.
The purpose of this thesis is to investigate new secondary
metabolites produced from halophilc actinomycetes isolated from hyper-

2

saline environments, such as a solar saltern. The halophilic eniveronment
spot was established in a saltern of Shinui Island at Jollanam-Do in
Republic of Korea. Numerous halophic bacteria strains, which required
salinity for growth, were isolated.
Two strains (#HK10, #HK18) produced interesting small
molecule through single LC-MS chemical screening. 12 new compounds
were purely isolated from the culture extract of #HK10 and #HK18.
Secondary metabolites from halophilic actinomycetes were strucually
determined using integrated spectroscopic analysis, chemical reactions,
and computer modeling approaches. These compounds belonged to
diverse structural classes with various biosynthetic origins: manumycin
family, indolosesquiterpenoids, and benzo-oxazinone amines.
The biological activities of the separated secondary metabolites
were determined various bioactivity tests: cytotoxicity, antimicrobial
activities, enzyme inhibition activity aginst Na+/K+-ATPase, and antiviral
activity aginst porcine epidemic diarrhea virus (PEDV). The cyototoxicity
of the compounds was examined on A549, HCT116, SNU638, SK-HEP1,
MDA-MB231, and K562 human cancer cell lines. The inhibitory activitiy
against Na+/K+-ATPase, which plays a crucial role in cellular function,
was tested. In addition, the aniti-viral inhibition activity against PEDV

3

virus, a kind of coronavirus occurs in upper respiratory and enteric
diseases of animals, was also evaluated.
Salternamides displayed significant anticancer activity and
xiamycins showed a strong inhibition against PEDV virus. Structureactivity relationship were also deduced.

4

II. Salternamides A-E from a Halophilic Streptomyces sp.
HK10

“Reproduced from [Kim, S.-H.; Shin, Y.; Lee, S.-H.; Oh, K.-B.; Lee, S.
K.; Shin, J.; Oh, D.-C. Jouranl of Natural Products, 2015, 78, 836-843.].”
“Reproduced from [Kim, S.-H.; Shin, Y.; Lee, S. K.; Shin, J.; Oh, D.-C.
Natural Product Sciences, 2015, 21, 273-277.].”

Salternamides A-E (1-5), the first secondary metabolites discovered from
saltern-derived

actinomycetes,

were

isolated

from

a

halophilic

Streptomyces strain isolated from a saltern on Shinui Island in the
Republic of Korea. The planar structures of the salternamides, which are
new members of the manumycin family, were elucidated by a combination
of

spectroscopic

analyses.

The

absolute

configurations

of

the

salternamides were determined by chemical and spectroscopic methods,
including the modified Mosher’s method, J-based configuration analysis,
and circular dichroism spectroscopy. Salternamide A (1), which is the first
chlorinated compound in the manumycin family, exhibited potent
cytotoxicity against a human colon cancer cell line (HCT116) and a gastric
cancer cell line (SNU638) with submicromolar IC50 values. Salternamides

5

A and D were also determined to be weak Na+/K+ ATPase inhibitors.
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2-1. Introduction
Actinobacteria have been recognized as talented chemical
synthesizers that produce structurally diverse bioactive compounds, many
of which have been developed as drugs since the early years of antibiotic
discovery in the 1940s.2 Although actinomycetes are a major source of
microbial compounds, the proportion of the total number of known
microbial metabolites that are derived from actinomycetes has decreased
from 62% during the period from 1940 to 1974 to 28.5% in the first
decade of the 21st century.5 Thus, investigation of unique niches harboring
chemically new actinomycetes, rather than typical terrestrial environments,
is required to explore the full chemical diversity of this chemically prolific
bacterial group.3
Halophilic

and

halotolerant

actinomycetes

from

saline

environments are distinct from their terrestrial counterparts in terms of
their physiology and secondary metabolites and thus were expected to be a
promising source of novel bioactive compounds that may be of value in
drug discovery.6 Since the discovery of a novel anticancer drug candidate,
salinosporamide A, from an obligate marine actinomycete, studies of
halophilic and halotolerant actinomycete-derived secondary metabolites
have demonstrated the chemical potential of actinomycetes from saline

7

environments.7 However, salterns, which are representative of possibly the
most saline environments, have not been investigated in the search for new
bioactive compounds produced by actinomycetes adapted to such extreme
habitats. A comprehensive literature search revealed that only a few
studies have examined the phylogenetic diversity of actinomycetes from
salterns; however, their chemical diversity has not been explored.8 It is
hypothesized that saltern actinomycetes may have developed unique
biosynthetic machinery in the course of their adaptation to extremely
saline substrates and that they therefore may produce novel bioactive
secondary metabolites.
Thus, halophilic and halotolerant actinomycete strains were
selectively isolated from saltern topsoil samples collected on Shinui Island
in the Republic of Korea and chemically screened their secondary
metabolites by LC/MS. Notably, through the screening process, a
chlorinated compound was observed, salternamide A (1), that was
produced by one of the halophilic actinomycete strains (#HK10), which
required seawater for growth. This initial analysis prompted the scale-up
of the culture of this strain and the isolation of a series of metabolites from
these bacteria. Here, the structures and biological activities of
salternamides A-E (1-5) were reported, new members of the manumycin

8

class (Figure 1).

Figure 1. Chemical structures of isolated compounds (1-5).

9

2-2. Results and discussion
Salternamide A (1) was obtained as an amorphous oil that was
determined to have the molecular formula C23H32ClNO5 by HRESIMS in
combination with 1H and

13

C NMR spectroscopic data. The 1H NMR

spectrum of 1 in CD3OD clearly showed five olefinic resonances in the
deshielded region (dH 7.68, 7.14, 6.79, 6.16, and 4.87), 12 aliphatic
protons between dH 2.43 and 1.28, and four methyl groups in the shielded
region (dH 1.66, 1.61, 1.04, and 0.91). The 13C and HSQC NMR spectra of
1 revealed three carbonyl carbons at dC 177.7, 176.0, and 167.5; eight
olefinic carbons at dC 153.9 ~ 122.6, including four methines and four
non-protonated carbons; an oxygen-bearing, fully substituted carbon at dC
72.1; two aliphatic methines (dC 35.8, and 31.5); five aliphatic methylenes
(dC 45.5, 41.7, 35.1, 26.4, and 24.5); and four methyl carbons (dC 25.9,
21.7, 19.8, and 18.1). Because the eight olefinic carbons (four double
bonds) and three carbonyl resonances accounted for seven out of eight
unsaturation equivalents contained in the molecular formula of 1,
salternamide A must be a monocyclic compound.
An analysis of COSY and NMR spectra of 1 resulted in the
construction of three partial structures. The COSY correlations of H2-7,

10

H2-8, H2-9, and H2-10 connected these four consecutive aliphatic
methylenes from C-7 to C-10. This chain was connected to a carboxylic
acid carbon, C-11 at dC 177.7, by the HMBC correlation from H2-10 to C11, thus elucidating the structure of the pentanoic acid moiety. The second
partial structure, the trimethyl nonadienamide chain, was also established
with the COSY correlations connecting the backbone core from C-2′ to C7′. The doublet methyl groups C-11′ and C-12′ were connected to C-6′ and
C-4′ by the COSY correlations of H3-11′/H-6′ and H3-12′/H-4′. The longrange heteronuclear couplings from H3-9′ and H3-10′ to the olefinic
double-bond carbons C-7′ and C-8′ secured the connectivity from C-7′ to
C-8′ bearing these dimethyl groups. Strong HMBC correlations from H-2′
and H-3′ to the carbonyl carbon C-1′ at dC 167.5 extended the chain to C1′. Both the molecular formula, which contained a nitrogen atom, and the
chemical shift of C-1′ (dC 167.5) implied that this carbonyl carbon was
part of an amide functional group. The geometry of the C-2′ double bond
was determined to be E by observation of the trans 1H-1H coupling
constant (J2′3′ = 15.5 Hz) between H-2′ and H-3′.
The HMBC correlations of the protons H-3 (dH 7.68) and H-5 (dH
7.14) were utilized to establish the third partial structure, which contained
a ring system. First, H-3 exhibited correlations with C-1 and C-2, while H-

11

5 displayed heteronuclear couplings with C-1 and C-6. Due to the
common HMBC correlations of these olefinic protons to the carbonyl
carbon C-1 (dC 176.0), a cross-conjugated ketone system was deduced.
Further sharing of HMBC couplings with C-4, a fully-substituted
oxygenated carbon, led to the construction of a cyclohexadienone moiety
as the third partial structure.
These three partial structures, pentanoic acid, the trimethyl
nonadienamide chain, and cyclohexadienone, were assembled by the
analysis of long-range 1H-13C correlations. The HMBC correlation from
H-7 of pentanoic acid to C-4 connected the chain to C-4. Also the HMBC
correlations of H-7 with C-3 and C-5 supported the connectivity between
pentanoic acid and cyclohexadienone ring. The trimethyl nonadienamide
moiety was adjacent to C-3 based on a 4-bond correlation from H-3 to C1′. This assignment was further supported by the chemical shifts of C-2
(dC 131.8) and C-3 (dC 134.7), because the location of the amide chain at
C-2 was able to reduce the polarization of the double bond by the
conjugated ketone system and thus resulted in the similar chemical shifts
of C-2 and C-3. Based on the molecular formula and the

13

C chemical

shifts, a hydroxy group was located at C-4 (dC 72.1), and a chlorine atom
was assigned at C-6, thus completing the planar structure of salternamide

12

A (1) (Figure 2). The relative and absolute configurations in this
compound are discussed below, along with those of the analogs.
Salternamide B (2) was isolated as an amorphous oil, of which the
molecular formula was deduced to be C23H33NO5, based on HRESIMS
data in combination with 1H and

13

C NMR spectroscopic data. The 1H

NMR spectrum of 2 in CD3OD exhibited a pattern analogous to that of 1.
However, salternamide B exhibited substantially different 1H resonances
in the olefinic region, with a doublet proton at dH 6.21 (J=10.0 Hz) and a
double-doublet proton at dH 6.94 (J=10.0, 3.0 Hz). The

13

C NMR

spectrum of 2 also exhibited features similar to those of 1. The HSQC
NMR spectrum of 2 assigned all of the carbon-bound protons to the
corresponding carbons. In particular, the proton at dH 6.21, which is
different from that of 1, directly coupled with an olefinic carbon at dC
126.6, indicating that one more methine was present in 2 than 1. This
correlation suggested that the olefinic carbon bearing a chlorine atom in 1
was replaced by this additional methine in 2.
The spectroscopic differences were readily accounted for by the
replacement of the C-6 chlorine in 1 with a proton in 2, as was
demonstrated by a combination of COSY and HMBC analyses, in which

13

key correlations were obtained from the H-5/H-6, H-5/C-1 and H-6/C-1
correlations. Thus, the structure of salternamide B (2) was defined as the
dechlorinated derivative of salternamide A (1).
Salternamide C (3) was purified as an amorphous oil. Its
molecular formula was determined to be C23H35NO6, based on HRESIMS
data, together with 1H and

13

C NMR spectroscopic data. The 1H NMR

spectrum of 3 in CD3OD clearly showed four olefinic protons (dH 7.57,
6.76, 6.11, and 4.85), 15 aliphatic protons (dH 3.96~1.28), and four methyl
groups (dH 1.65, 1.60, 1.02, and 0.91). An analysis of 13C and HSQC NMR
spectra of 3 revealed the existence of three carbonyl carbons at dC 194.1,
177.6, and 167.2; six olefinic carbons, consisting of four methines (dC
153.5, 133.0, 132.1, and 122.7) and two fully substituted carbons (dC
133.7 and 131.2); a fully-substituted oxygenated carbon at dC 73.4; an
oxymethine at dC 70.9; six aliphatic methylenes (dC 45.4, 42.4, 39.3, 34.9,
26.6, and 24.5); two aliphatic methines (dC 34.9 and 31.4); and four
methyl carbons (dC 25.9, 21.6, 19.8, and 18.0). Once the protons and their
associated carbons were matched using the HSQC NMR spectroscopic
data, three main partial structures of salternamide C were further
elucidated using COSY and HMBC NMR spectroscopic data (Figure 2).
Similar to salternamides A and B, salternamide C possessed pentanoic acid

14

and trimethyl nonadienamide moieties. Careful analysis of

13

C chemical

shifts and of the correlations in the COSY and HMBC NMR spectra
revealed that the cyclohexadienone in 1 and 2 had been modified in 3. The
carbonyl carbon of C-1 resonated at dC 194.1, indicating that this carbonyl
carbon is a part of an a,b-unsaturated ketone rather than a crossconjugated ketone. The three bond HMBC correlations from the olefinic
proton H-3 to C-1 confirmed this a,b-unsaturated ketone moiety. The
COSY correlation between H-5 and H2-6 connected C-5 and C-6. The
methylene group of H2-6 also exhibited an HMBC correlation with C-1,
which demonstrated the connectivity between C-6 and C-1. The H-3/C-4
and H-5/C-4 HMBC correlations closed the cyclohexenone ring structure.
The

three

partial

structures,

pentanoic

acid,

trimethyl

nonadienamide, and cyclohexenone, were confidently connected based on
long-range 1H-13C couplings. The H-3/C-1′ HMBC correlation assigned
the trimethyl nonadienamide to C-2 of cyclohexenone, whereas pentanoic
acid was connected to C-4 of cyclohexenone by the H-7/C-4, H-7/C-3, and
H-7/C-5 HMBC correlations.

15

Figure 2. Key COSY and HMBC correlations of
salternamides A and C (1 and 3).
Salternamide D (4) was obtained as an amorphous oil that was
determined to have the molecular formula C24H37NO6, based on
HRESIMS observations, together with 1H and
data. Although the 1H and

13

13

C NMR spectroscopic

C NMR spectra of 4 exhibited a pattern

analogous to that of 3, salternamide D (4) was shown to possess three
olefinic protons, in contrast with salternamide C (3), which bears four
olefinic protons. In particular, the H-2′ doublet proton (dH 6.11) associated
with the trimethyl nonadienamide moiety in 3 disappeared in 4, and
instead, an additional allylic methyl group (dH 1.88) was observed. Thus,
the structure of salternamide D (4) was deduced to be a methyl-substituted
analog of 3. This structure was confirmed by comprehensive NMR
analyses, including HMBC data, in which important correlations were

16

observed between the allylic methyl protons (2′-CH3) and the amide
carbonyl carbon C-1′ and the double bond carbons C-2′ and C-3′.
Salternamide E (5) was obtained as a colorless powder. The
molecular formula was determined to be C23H37NO6 by the molecular ion
peak [M+Na]+ at m/z 446.2511 (calcd for C23H38NO6Na, 446.2519) in the
positive ion mode of HR-FABMS. The IR spectrum of 5 indicated the
presence of hydroxy (3377 cm-1) and carbonyl functional groups (1672
and 1640 cm-1). The 1H NMR spectrum of 5 in CD3OD displayed signals
for four methyl groups at dH 1.05 (d, J = 6.5 Hz), 0.87 (d, J = 6.5 Hz), 0.86
(d, J = 6.5 Hz), and 0.85 (d, J = 6.5 Hz), an oxymethine proton signal at dH
3.98 (dd, J = 8.0, 4.0 Hz), three olefinic proton signals at dH 7.58 (s), 6.71
(dd, J = 15.5, 8.0 Hz), and 6.15 (dd, J = 15.5, 1.0 Hz), ten aliphatic
protons between dH 2.82 ~ 1.01 (Table 1). In the

13

C NMR spectrum, 23

carbon signals appeared, including four methyl carbons at dC 23.7, 22.7,
20.9, and 20.0, an oxygenated methine carbon at dC 70.9, four olefinic
carbons at dC 153.2, 133.8, 133.1, and 123.5, a quaternary carbon at dC
73.5, and three carbonyl carbons at dC 194.2, 178.3, and 167.2.
The interpretation of 2D HSQC and HMBC NMR experiments
allowed all of the protons and carbons to be assigned. An analysis of
COSY correlations revealed that salternamide E possesses three spin

17

systems: one composed of the protons at C-5 and C-6, another built with
the protons of the linear chain group from C-7 to C-10, and the last
assembled with the protons of the C-2¢ to C-12¢ chain involving four
methyl groups. These three spin systems are extended to three partial
structures based on HMBC correlation. First, the HMBC correlations of
[H-3/C-1, C-2, C-5], [H-5/C-3, C-4, C-6], and [H2-6/C-1, C-2, C-4, C-5]
elucidated a 6-membered ring system bearing an α,β-unsaturated ketone
group, thus providing a cyclohexenone moiety bearing two hydroxy
groups at C-4 and C-5. Second, an HMBC correlation from H2-10 to C-11
(dC 178.3) assigned a pentanoic acid substructure from C-7 to C-11. Lastly,
the third spin system from C-2¢ to C-12¢ was extended to C-1¢ by the
HMBC correlation from H-2¢ to the amide carbonyl carbon C-1¢ (dC
167.2), completing a 4,6,8-trimethylnon-2-enamide chain. The geometry
of the C-2¢ double bond was assigned as E by a trans 1H-1H coupling
constant between H-2¢ and H-3¢ (JH2¢H3¢ = 15.5 Hz).
These three substructures were connected by the interpretation of
the HMBC NMR spectrum. In particular, 2- and 3-bond 1H-13C couplings
from H2-7 to C-4, C-3, and C-5 assigned the pentanoic acid at C-4. Finally,
the 4,6,8-trimethylnon-2-enamide chain was assembled to C-2 of the
cyclohexenone moiety based on the molecular formula, thus elucidating

18

the planar structure of salternamide E (5).
Salternamides A-E (1-5) have asymmetric carbon centers at the
six-membered ring and amide chain moieties. For the determination of the
absolute configurations, stereochemical analysis focused on salternamide
C (3) because this major compound has a secondary hydroxy group at C-5,
to which the modified Mosher’s method can be applied. First,
salternamide C was derivatized using 2 M TMS diazomethane to yield a
methyl ester (6), which is more soluble and thus more readily undergoes
further chemical transformation. The 1D- and 2D-NMR spectra of 6 were
acquired in pyridine-d5 to observe exchangeable protons. An analysis of
the NOESY NMR spectrum and of the 1H-1H coupling constants (J
values) determined the relative configuration of the cyclohexenone system
of salternamide C (3). The carbinol proton H-5 (dH 3.96) showed a doubledoublet with J values of 8.0 and 4.0 Hz. The large coupling constant (8.0
Hz) indicated that H-5 is in a pseudoaxial position. H-6a (dH 2.81) showed
a double-doublet splitting pattern with geminal coupling of 17.0 Hz and
vicinal coupling of 8.0 Hz, which assigned H-6a in a pseudoaxial position;
H-6b (dH 2.72) was situated in a pseudoequatorial position, based on the
small vicinal coupling constant (4.0 Hz; Figure 2). In the NOESY
spectrum of the methyl ester (6) of salternamide C, 4-OH (dH 6.72 in
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pyridine-d5) exhibited a NOESY correlation with H-6a, thereby
establishing a pseudoaxial position for 4-OH. The pentanoic acid chain
was assigned a pseudoequatorial position by the H-5/H2-7 NOESY
correlation, thus establishing the relative configuration of the ring (Figure
3).

Figure 3. Key NOESY correlations of the cyclohexenone
ring of salternamide C (3).
The absolute configuration of the stereogenic center at C-5, which
bears a secondary alcohol, was determined using the modified Mosher’s
method.9 The hydroxy group 5-OH was derivatized with R- and S-αmethoxy-α-(trifluoromethyl)phenylacetyl chloride (MTPA-Cl) to yield Sand R-MTPA esters (7a and 7b), respectively. The 1H chemical shifts of 7a
and 7b were precisely assigned based on their 1H and COSY NMR spectra.
The calculation of the ΔδS-R values for 7a and 7b established the absolute
configuration of 5S (Figure 4). Based on the relative configurations, the
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absolute configuration of C-4 was simultaneously determined to be R.
O
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HO
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+0.17
+0.16

+0.13
+0.14

O
O

7a : R = S-MTPA
7b : R = R-MTPA

Figure 4. DdS-R values (ppm) obtained for the S- and R-MTPA esters (7a
and 7b).
To determine the relative configuration of the stereogenic centers
at C-4′ and C-6′ in the trimethyl nonadienamide moiety, J-based
configuration analysis10 was utilized with vicinal 1H-1H and 3-bond 1H13

C coupling constants and NOESY correlations. The 1H-1H coupling

constants were measured in the 1H and 1H homo-decoupling NMR spectra,
and long-range heteronuclear coupling constants were acquired via a
hetero half-filtered TOCSY (HETLOC) NMR experiment11 and a
heteronuclear scalar coupling HSQC-HECADE (heteronuclear couplings
from aSSCI-domain experiments with e.COSY-type cross peaks) NMR
experiment.12 The 3JH4′/H5′b value (8.0 Hz) suggested an anti relationship
between H-4′ and H-5′b. The large value of 3JC12′/H5′a (5.5 Hz) indicated a
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relative anti relationship between C-12′ and H-5′a. Further analysis of the
1

H-1H and 1H-13C coupling constants strongly suggested the rotamer

depicted in Figure 5a. The NOESY correlations of H3-12′ (dH 1.02) to H5′b (dH 1.28) and H-6′, of H-4′ to H-5′a and H-6′, and of H-3′ to H-5′a and
H-5′b completely supported the configuration shown in Figure 4a. The
large vicinal 3JH5′a/H6′ coupling constant (9.0 Hz) assigned their anti
relationship. Another anti relationship between H-5′b and C-7′ was
deduced based on the large 3JC7′/H5′b value (6.5 Hz). Additional HETLOC
and HECADE analyses of the small values of 3JC4′/H6′ (2.0 Hz), 3JC7′/H5′a
(3.0 Hz), 3JC11′/H5′a (4.0 Hz), and 3JC11′/H5′b (3.0 Hz) fully supported the
rotamer structure shown in Figure 5b. Careful analysis of the NOESY
spectrum resulted in further confidence in the rotamer shown in Figure 4b,
based on the correlations of H-5′a to H-11′ and H-7′, of H-4′ to H-7′ and
H-6′, and of H-5′b to H-11′ and H-6′. Thus, the relative configurations of
the asymmetric carbons in the trimethyl nonadienamide moiety were
determined to be 4′S* and 6′R*, which compose 1,3-syn dimethyl groups.
Further analysis of the conformation of the chain using TD-DFT (time
dependent-density functional theory) calculations and long-range NOESY
correlations also supported the 4′S* and 6′R* configurations. Particularly,
a strong NOESY correlation was observed between H-4′ and H-7′, which
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was reasonably rationalized based on the distances between the protons
measured in the DFT-calculated conformation with 4′S* and 6′R*
configurations.

Figure 5. J-based configuration analysis of salternamide C (3) at (a) C-4¢
and C-5¢ and (b) C-5¢ and C-6¢.
To determine the absolute configuration of the trimethyl
nonadienamide chain, I attempted to hydrolyze the amide bond of
salternamide C (3) to obtain the part of the chain bearing the C-4′ and C-6′
stereogenic centers. However, both acidic and basic hydrolysis reactions
decomposed salternamide C (3). Alternatively, I planned to introduce
hydroxy groups into the double bonds in 3 by OsO4 oxidation,13 the
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product of which would be suitable for analysis using the modified
Mosher’s method. Fortunately, the (E)-4,6,8-trimethylnona-2,7-dienamide
moiety was cleaved during the oxidation reaction, along with the oxidation
product with a 1,2-diol at C-2′ and C-3′. I acquired an ECD spectrum of
the intact (E)-4,6,8-trimethylnona-2,7-dienamide chain (8) and compared
it with the calculated ECD spectra of two possible enantiomers, (4′S, 6′R)8 and (4′R, 6′S)-8. The ECD spectrum of (4′S, 6′R)-8 was consistent with
the experimental ECD spectrum of 8 and exhibited a positive Cotton effect
at 220~250 nm, whereas the calculated ECD spectrum of (4′R, 6′S)-8
exhibited the opposite profile. Consequently, the absolute configurations
of the stereogenic centers in the chain were proposed to be 4′S and 6′R
(Figure 6).
8

experimental ECD of 8
calculated ECD of 8
calculated ECD of 8 ent
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Figure 6. Experimental ECD spectrum (black) of (E)-4,6,8-trimethylnona-
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2,7-dienamide (8) and calculated ECD spectra of (E)-4(S),6(R),8trimethylnona-2,7-dienamide (red) and its enantiomer (blue).
Once the absolute configurations of 3 were fully established as 4R,
5S, 4′S, and 6′R, the absolute configurations of salternamide D (4), which
is the 2′-methyl analog of 3, were easily deduced to be identical to those
of 3, based on their virtually identical ECD spectra. However, the
experimental ECD spectra of salternamides A and B (1-2) were
significantly different from that of 3 because of an additional double bond
at C-5 that comprised a cross-conjugated ketone system, thus prohibiting
the assignment of their absolute configurations by CD spectroscopic
comparison. Thus, I decided to eliminate the 5-OH in salternamide C
methyl ester (6) to generate a double bond. This hydroxy group was
successfully eliminated by treating 6 with methane sulfonyl chloride
(MsCl) and triethylamine (TEA) to yield salternamide B methyl ester (9)
(Scheme 1). The identical product (9) was also generated by methylation
of 2 with TMS diazomethane (Scheme 1). The two products (9) from 2
and 6 had identical 1H NMR and CD spectra, suggesting that salternamide
B (2) possesses 4S, 4′S, and 6′R configurations. Salternamide A (1) clearly
exhibited a CD spectrum consistent with that of 2, thus indicating that the
same arrangement of atoms was present in both compounds. However, the
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absolute configurations of 1 were assigned as 4R, 4′S, and 6′R because the
substitution of chlorine at C-6 changes the priorities of the atoms around
C-4.

Scheme 1. Formation of salternamide B methyl ester (9) from
salternamide C methyl ester (6) and salternamide B (2).
The relative configuration of the cyclohexenone system in 5 was
determined by the analysis of the NOESY NMR spectrum and the 1H-1H
coupling constants (J values). The carbinol proton H-5 (dH 3.98) showed a
double-doublet with J values of 8.0 and 4.0 Hz. The large coupling
constant (8.0 Hz) indicated that H-5 is located in a pseudoaxial position.
H-6a (dH 2.82) showed a double-doublet splitting pattern with geminal
coupling of 16.5 Hz and vicinal coupling of 8.0 Hz, which established the
pseudoaxial position of H-6a. H-6b (dH 2.73) was assigned in a
pseudoequatorial position based on the small vicinal coupling constant
(4.0 Hz). In the NOESY spectrum of the salternamide E (5), the pentanoic
acid chain was assigned in a pseudoequatorial position by the H-5/H2-7

26

NOESY correlation, thus establishing the relative configuration of the ring.
The relative configuration of the two methyl groups at C-11¢ and C-12¢ in
the 4,6,8-trimethylnon-2-enamide chain was deduced as syn based on the
common biogenic origin of 5 with previously reported salternamides A-D.
The structure of salternamide E (5) is similar to that of
salternamide C. The difference is at the sp3 bond between C-7¢ and C-8¢,
whereas salternamide C has a sp2 bond between these carbons and thus
possesses a trimethyl nonadienamide chain. To determine the absolute
configuration of salternamide E (5), I compared experimental ECD spectra
of salternamide E and salternamide C, of which the absolute configuration
was unequivocally determined to be 4R, 5S, 4S¢, and 6S¢ by chemical
derivatizations. Based on the high similarity between the experimental
ECD spectra of these compounds, the absolute configuration of
salternamide E (5) was fully established to be 4R, 5S, 4S¢, and 6S¢. Thus,
the configurations of 1-5 were unambiguously determined by combined
chemical and spectroscopic analyses.
The biological activities of salternamides A-E (1-5) were
primarily measured using assays that evaluated their abilities to inhibit the
growth and survival of a variety of human cancer cells. As summarized in
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Table 2, salternamide A (1) exhibited potent anti-proliferative effects
against HCT-116 (colon cancer) and SNU638 (gastric cancer) cells, with
an IC50 value of 0.96 mM in each case. Salternamide A (1) also exhibited
significant cytotoxicity against K562 (leukemia), SK-HEP1 (liver cancer),
and MDA-MB231 (breast cancer) cells, with micromolar IC50 values of
8.9, 2.7, and 8.9 mM, respectively. This compound did not significantly
inhibit the lung cancer cell line A549 (IC50>10 mM). Salternamides B-E
(2-5) did not exhibit significant cytotoxic effects against the cancer cell
lines tested (IC50>10 mM), indicating that the chlorine substitution at C-6
is critical for the cytotoxic effects of salternamides against cancer cells.
Furthermore, salternamides A and D (1 and 4) were moderate inhibitors of
Na+/K+ ATPase,14 with IC50 values of 62 and 30 mM, respectively.
Table 1. Inhibitory Effects of Salternamides A-E (1-5) on the Proliferation
of Human Cancer Cells in IC50 (mM)
SK-

MDA-

HEP1

MB231

8.9

2.7

8.9

27

>100

56

27

>100

>100

>100

>100

>100

>100

34

15

59

32

92

5

83

85

75

70

91

54

Etoposide

0.80

1.9

0.50

3.1

1.1

11

compound

A549

HCT116

SNU638

K562

1

36

0.96

0.96

2

82

55

3

>100

4
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Salternamides A-E (1-5) are related to the manumycin group of
metabolites from Streptomyces spp., in that salternamides A-E (1-5) are
composed of a six-membered ring bearing a carbonyl carbon at C-1, a
hydroxy group at C-4, an amide-linked chain connected to C-2, and a
hydrocarbon chain directly attached to C-4 of the ring.15 However,
salternamide A is the first chlorinated member to be identified in the
manumycin family. Chlorination at the a-position of the C-1 carbonyl
group may be occur via electrophilic halogenation by a haloperoxidase in
a chlorine-rich environment.16 The upper chain, (E)-4,6,8-trimethylnona2,7-dienamide, is identical to that of U-62162, a member of the
manumycin group from the soil-derived Streptomyces verdensis.17 The
absolute configuration of the chain in U-62162 has not been determined
previously. Only the relative configuration (4′R* and 6′S*) of the chain
was reported via an analysis of the racemic total synthesis of this chain.18
Our CD analysis of the cleaved chain allowed the assignment of the
absolute configuration of these challenging stereogenic centers. The crossconjugated ketone system in salternamides A and B has been found
previously in the manumycin family only in daryamides B and C from a
marine-derived Streptomyces.19 However, because this cyclohexadienone
moiety does not incorporate a secondary alcohol, the absolute

29

configuration of the C-4 stereogenic center has not been established for
the daryamides. Our dehydration of the methyl ester of 3 using MsCl
successfully generated the cross-conjugated ketone system in 2 and
allowed the determination of the absolute configuration of the
cyclohexadienone moiety in a rigorous manner.
To date, only a handful of secondary metabolites have been
reported from solar saltern-derived microorganisms, such as fungi20 and
cyanobacteria.21 No secondary metabolite from a saltern-derived
actinomycete has been reported. The discovery of the salternamides from a
saltern actinomycete isolate suggests that there may be chemically prolific
actinomycete communities in salterns; thus, the chemical investigation of
these microorganisms could potentially lead to the discovery of more
natural chemical diversity and pharmaceutically valuable compounds.
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2-3. Experimental section
General Experimental Procedures. Optical rotations were
measured on a Jasco P-1020 polarimeter using a 1-cm cell. UV spectra
were

acquired

using

a

PerkinElmer

Lambda
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UV/VIS

spectrophotometer. CD spectra were recorded using an Applied
Photophysics Chirascan-plus circular dichroism detector. IR spectra were
obtained on a Thermo N1COLET iS10 spectrometer. 1H,

13

C, and 2D

NMR spectra were acquired on a Bruker Avance 600-MHz and 500-MHz
spectrometers at the NCIRF (National Center for Interuniversity Research
Facilities at Seoul National University) and on a Bruker Avance II 900MHz NMR spectrometer at the KBSI (Korea Basic Science Institute at
Ochang). Electrospray ionization (ESI) low-resolution LC/MS data were
acquired on an Agilent Technologies 6130 quadrupole mass spectrometer
coupled with an Agilent Technologies 1200-series HPLC using a reversedphase C18 column (Phenomenex Luna, 100×4.6 mm). High-resolution
electrospray ionization (HRESI) mass spectra were obtained using a
Thermo Scientific Q high-resolution mass spectrometer at the NICEM
(National Instrumentation Center for Environmental Management at Seoul
National University). High-resolution fast atom bombardment (HRFAB)
mass spectra were obtained using a JMS-700 mass spectrometer at the
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NCIRF (National Center for Interuniversity Research Facilities at Seoul
National University). Instant Ocean was utilized to generate artificial
seawater.
Bacterial Isolation. A saltern sediment sample was collected on
Shin-eui Island in the Republic of Korea. The sample (1 g) was diluted in
10 mL of sterilized artificial saline water (3´ strength of seawater) and
vortexed. The mixture was spread onto actinomycete isolation agar, A4
medium (1 L of artificial seawater, 18 g of agar, and 100 mg/L of
cycloheximide), A5 medium (750 mL of artificial seawater, 250 mL of
distilled H2O, 18 g of agar, and 100 mg/L of cycloheximide), A6 medium
(1 L of artificial seawater, 18 g of agar, and 5 mg/L of polymyxin B
sulfate), A7 medium (1 L of artificial seawater, 18 g of agar, and 5 mg/L of
kanamycin) and chitin-based agar (1 L of artificial seawater, chitin 4 g,
K2HPO4 0.75 g, MgSO4∙7H2O 0.5 g, KH2PO4 3.5 g, FeSO4∙7H2O 10 mg,
MnCl2∙4H2O 10 mg, ZnSO4∙7H2O 10 mg, 18 g of agar, and 100 mg/L of
cycloheximide). The strain HK10 was isolated on actinomycete isolation
agar medium. Colonies were repeatedly inoculated onto fresh agar plates
to obtain single strains. HK10 16S rDNA sequence analysis data obtained
from COSMO Co., Ltd. revealed that HK10 is most closely related to
Streptomyces radiopugnans (99% identity), identifying the strain as a
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Streptomyces sp. (GenBank accession number: LC013479).
Cultivation and Extraction. The HK10 strain was cultivated in
50 mL of YEME medium (4 g of yeast extract, 10 g of malt extract, and 4
g of glucose in 1 L of artificial seawater) in a 125-mL Erlenmeyer flask.
After the strain was cultivated for 3 days on a rotary shaker at 200 rpm at
30 °C, 10 mL of the culture was inoculated in 1 L of YPM + starch
medium (6 g of yeast extract, 4 g of peptone, 10 g of starch, and 4 g of
mannitol in 1 L of artificial seawater) in 2.8-L Fernbach flasks. These
large cultures (60 L) were incubated at 180 rpm at 30 °C. After 5 days, the
entire culture volume was extracted twice using EtOAc. The EtOAc layer
was separated and dried over anhydrous sodium sulfate. The EtOAc
extract was enriched in vacuo to yield 5 g of dried material.
Isolation of Salternamides A-E (1-5). The dried extract was
absorbed on celite, loaded onto a 20 g C18 resin, and fractionated with 200
mL each of 20%, 40%, 60%, 80% and 100% MeOH in H2O and 1:1
MeOH/CH2Cl2. Salternamides A-E (1-5) were detected in the 80% MeOH/
H2O fraction. To purify 1-4, the 80% fraction was chromatographed using
reversed-phase HPLC on a C18 column (Kromasil, 5 μm, 250×10 mm)
under isocratic conditions (55:45 CH3CN/H2O, UV detection at 254 nm,
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flow rate of 2 mL/min). Finally, salternamide A (1) (5 mg), salternamide B
(2) (8 mg), salternamide C (3) (20 mg), salternamide D (4) (3 mg), and
salternamide E (5) (2 mg) were isolated as pure compounds at retention
times of 28, 25, 21, 29 and 31 min, respectively.
Salternamide A (1): pale yellow amorphous oil; [a]20
D +120 (c 0.1,
MeOH); UV (MeOH) lmax (log e) 253 (2.97) nm; CD (c 2.2´10-4 M,
MeOH) lmax (De) 211 (3.87), 236 (-6.84), 259 (7.72), 311 (-2.98), 354
(0.86) nm; IR (ZnSe) nmax 3329, 2957, 2925, 1711, 1662, 1522 cm-1 ; for
1

H and
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C NMR data, Table 2; HRESIMS m/z 438.2043 [M+H]+ (calcd

for C23H33ClNO5, 438.2047).
Salternamide B (2): pale yellow amorphous oil; [a]20
D +110 (c 0.1,
MeOH); UV (MeOH) lmax (log e) 238 (3.04) nm; CD (c 2.4´10-4 M,
MeOH) lmax (De) 202 (1.45), 227 (-6.94), 249 (7.45), 299 (-1.83), 353
(0.74) nm; IR (ZnSe) nmax 3328, 2957, 2925, 1711, 1662, 1522 cm-1 ; for
1

H and
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C NMR data, Table 3; HRESIMS m/z 404.2435 [M+H]+ (calcd

for C23H34NO5, 404.2437).
Salternamide C (3): pale yellow amorphous oil; [a]20
D +170 (c 0.1,
MeOH); UV (MeOH) lmax (log e) 238 (3.69), 273 (3.41) nm; CD (c
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2.3´10-4 M, MeOH) lmax (De) 203 (5.34), 262 (-2.51), 320 (2.26) nm; IR
(ZnSe) nmax 3371, 2959, 2926, 1671, 1520 cm-1 ; for 1H and 13C NMR data,
Table 4; HRESIMS m/z 422.2546 [M+H]+ (calcd for C23H36NO6,
422.2543).
Salternamide D (4): pale yellow amorphous oil; [a]20
D +140 (c 0.1,
MeOH); UV (MeOH) lmax (log e) 236 (4.06), 274 (3.96) nm; CD (c
2.2´10-4 M, MeOH) lmax (De) 220 (-1.75), 242 (3.40), 270 (-0.95), 311
(3.20) nm; IR (ZnSe) nmax 3372, 2958, 2928, 1673, 1518 cm-1 ; for 1H and
13

C NMR data, Table 5; HRESIMS m/z 436.2701 [M+H]+ (calcd for

C24H38NO6, 436.2699).
Salternamide E (5): colorless powder; [a]20
D +30.1 (c 0.1, MeOH);
UV (MeOH) λmax (log ε) 227 (3.75), 272 (3.57) nm; CD (c 2.4 ´ 10-4 M,
MeOH) λmax (De) 206 (2.36), 258 (-2.92), 319 (2.00); IR (ZnSe) νmax cm-1:
3701, 3377, 2926, 1672, 1640, 1516, 1404, 1052, 7521H, 13C NMR: Table
6.; ESIMS m/z 446 [M+Na]+; HRFABMS m/z 446.2511 [M+Na]+; (calcd
for C23H37NO6Na, 446.2519).
Methylation of Salternamide C. Salternamide C (3) (10 mg) was
dissolved in 2 mL of anhydrous MeOH. Then, 200 μL of 2 M TMS
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diazomethane in diethyl ether was added to the salternamide C (3) solution,
and the reaction mixture was stirred at 25 °C for 2 h. After the reaction
mixture dried, salternamide C methyl ester (6) was purified by reversedphase HPLC using a C18 column (Kromasil, 5 μm, 250×10 mm) with an
acetonitrile gradient (from 50% to 100% CH3CN/H2O in 60 min, UV
detection at 254 nm, flow rate of 2 mL/min, tR=27 min).
Salternamide C methyl ester (6): 1H NMR (500 MHz, pyridine-d5) d
9.19 (s, NH), 8.43 (s, 1H), 7.13 (dd, J=16.0, 7.0 Hz, 1H), 6.89 (br s, OH),
6.72 (br s, OH), 6.38 (d, J=16.0 Hz, 1H), 4.88 (d, J=10.0 Hz, 1H), 4.37
(dd, J=8.0, 4.0 Hz, 1H), 3.59 (s, 3H), 3.33 (dd, J=16.0, 7.0 Hz, 1H), 3.09
(dd, J=16.0, 4.0 Hz, 1H), 2.41 (m, 1H), 2.32 (t, J=7.0 Hz, 2H), 2.30 (m,
1H), 2.12 (dt, J=13.0, 5.0 Hz, 1H), 1.99 (dt, J=13.0, 5.0 Hz, 1H), 1.81 (m,
1H), 1.78 (m, 1H), 1.69 (m, 1H), 1.66 (m, 1H), 1.65 (s, 3H), 1.55 (s, 3H),
1.29 (ddd, J=13.5, 9.0, 6.5 Hz, 1H), 1.16 (ddd, J=13.5, 8.0, 6.0 Hz, 1H),
0.94 (d, J=6.0 Hz, 3H), 0.89 (d, J=6.0 Hz, 3H). For 1H and
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C NMR

assignments, ESIMS m/z 436 [M+H]+, 458 [M+Na]+.
MTPA Esterification of Salternamide C Methyl Ester.
Salternamide C methyl ester (6) was prepared in two 40-mL vials (two 1mg samples), which were dried completely under high vacuum for 6 h.
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Then, freshly distilled anhydrous pyridine (1 mL) was added under argon
gas. The reaction mixtures were stirred at room temperature for 10 min.
After 10 min, R- and S-a-methoxy-(trifluoromethyl)phenylacetic acid
(MTPA) chloride (30 μL) were added separately. The reaction mixtures
were stirred at 25 °C for 2 h. The reactions were quenched by adding 50
mL of MeOH. The products were then purified using a reversed-phase C18
column (Kromasil, 5 μm, 250×10.0 mm) with an CH3CN gradient ranging
from 40% to 100% aqueous CH3CN over 50 min. The S-MTPA ester (7a)
and the R-MTPA ester (7b) eluted at 48 and 49 min, respectively. The 1H
NMR chemical shifts of 6a and 6b were assigned by 1H and 1H-1H COSY
NMR experiments. ΔδS-R values around the C-5 stereogenic center were
calculated.
S-MTPA ester (7a) of salternamide C methyl ester (6): 1H NMR
(500 MHz, pyridine-d5) d 9.28 (s, NH), 8.45 (s, 1H), 7.86 (d, J=7.5 Hz,
2H), 7.41-7.37 (m, 3H), 7.11 (dd, J=15.0, 7.5 Hz, 1H), 6.37 (d, J=15.5 Hz,
1H), 5.98 (dd, J=5.0, 5.0 Hz, 1H), 4.87 (d, J=9.5 Hz, 1H), 3.70 (s, 3H),
3.59 (s, 3H), 3.30 (d, J=5.0 Hz, 2H), 2.40 (m, 1H), 2.33 (t, J=7.5 Hz, 2H),
2.28 (m, 1H), 2.10 (dt, J=14.0, 5.5 Hz, 1H), 2.01 (dt, J=14.0, 4.5 Hz, 1H),
1.83 (m, 1H), 1.80 (m, 1H), 1.69 (m, 1H), 1.64 (m, 1H), 1.64 (s, 3H), 1.54
(s, 3H), 1.27 (ddd, J=13.5, 9.0, 6.5, 1H), 1.15 (ddd, J=13.5, 8.0, 6.0 Hz,
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1H), 0.93 (d, J=6.5 Hz, 3H), 0.88 (d, J=6.5 Hz, 3H); ESIMS m/z 674
[M+Na]+.
R-MTPA ester (7b) of salternamide C methyl ester (6): 1H NMR
(500 MHz, pyridine-d5) d 9.37 (s, NH), 8.42 (s, 1H), 7.81 (d, J=7.5 Hz,
2H), 7.42-7.38 (m, 3H), 7.15 (dd, J=15.0, 7.5 Hz, 1H), 6.43 (d, J=15.5 Hz,
1H), 5.92 (dd, J=8.5, 4.0 Hz, 1H), 4.88 (d, J=9.5 Hz, 1H), 3.64 (s, 3H),
3.61 (s, 3H), 3.53 (dd, J=16.5, 8.5 Hz, 1H), 3.39 (dd, J=17.0, 4.0 Hz, 1H),
2.41 (m, 1H), 2.31 (t, J=7.0 Hz, 2H), 2.30 (m, 1H), 1.92 (m, 1H), 1.89 (m,
1H), 1.67-1.64 (m, 4H), 1.65 (s, 3H), 1.55 (s, 3H), 1.29 (m, 1H), 1.16 (m,
1H), 0.94 (d, J=6.5 Hz, 3H), 0.89 (d, J=6.5 Hz, 3H); ESIMS m/z 674
[M+Na]+.
Cleavage of the Trimethyl Nonadienamide Chain (8).
Salternamide C (3) (10 mg) was dissolved in acetone (2 mL), and 4methylmorpholine N-oxide (NMO, 3 mg) and a solution of OsO4 in H2O
(30 μL) were added. The reaction mixture was stirred at 25 °C for 10 h.
The reaction was quenched by the removal of acetone, and the residue was
eluted using a 1 g Sep-pak C18 column with 100% MeOH. After removal
of the solvent under vacuum, the products were purified by reversed-phase
HPLC using a C18 column (Kromasil, 5 μm, 250×10 mm) with an CH3CN
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gradient (from 50% to 100% CH3CN/H2O in 60 min, UV detection at 254
nm, flow rate of 2 mL/min). Trimethyl nonadienamide (8) was obtained at
30 min.
(E)-4,6,8-trimethylnona-2,7-dienamide (8): white amorphous solid;
[a]20
D -11 (c 0.1, MeOH); UV (MeOH) lmax (log e) 204 (4.47) nm; CD (c
5.1´10-4 M, MeOH) lmax (De) 207 (6.52), 224 (3.20) nm; IR (ZnSe) nmax
3342, 3197, 2959, 2925, 2854, 1674, 1604, 1512 cm-1, 1H NMR (600 MHz,
CD3OD) d 6.69 (dd, J=16.0, 7.5 Hz, 1H), 5.89 (dd, J=16.0, 1.0 Hz, 1H),
4.86 (d, J=10.0 Hz, 1H), 2.43 (m, 1H), 2.29 (m, 1H), 1.67 (d, J=1.0 Hz,
3H), 1.61 (d, J=1.0 Hz, 3H), 1.30 (ddd, J=13.5, 9.0, 6.5, 1H), 1.27 (ddd,
J=13.5, 8.0, 6.0, 1H), 1.02 (d, J=6.0 Hz, 3H), 0.91 (d, J=6.0 Hz, 3H);
HRESIMS m/z 196.1701 [M+H]+ (calcd for C12H22NO, 196.1701).
Formation of Salternamide B Methyl Ester (9). The methyl
ester (6) of 4.8 mg of salternamide C was prepared in a 4-mL vial and was
dried completely under high vacuum for 12 h. First, freshly distilled
anhydrous CH2Cl2 (0.5 mL) was added under argon gas. The reaction
mixture was stirred at 0 °C for 5 min. After 5 min, methane sulfonyl
chloride (MsCl, 1.0 μL, 1.2 eq) and triethylamine (2.0 μL, 1.2 eq) were
added separately. The reaction was performed at 0 °C for 3 h. The reaction
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was quenched by adding 1 mL of saturated aqueous NaHCO3 over a 15min period. The reaction mixture was dried for purification through a 1-g
silica Sep-Pak column. The reaction product was eluted by 100% EtOAc.
The product was then purified using a reversed-phase C18 column
(Kromasil, 5 μm, 250×10.0 mm) with an CH3CN gradient ranging from
50% to 100% aqueous CH3CN over 50 min. Salternamide B methyl ester
(9) eluted at 35 min. Independent of the formation of 8 by treating 5 with
MsCl under basic conditions, salternamide B methyl ester (9) was
obtained by methylation of 2 with TMS diazomethane. The methylation
method used was the same as that described above for the methylation of 3.
Salternamide B methyl ester (9): 1H NMR (600 MHz, CD3OD) d
7.64 (d, J=3.0 Hz, 1H), 6.94 (dd, J=10.0, 3.0 Hz, 1H), 6.79 (dd, J=15.0,
8.0 Hz, 1H), 6.22 (d, J=10.0 Hz, 1H), 6.15 (dd, J=15.0, 1.0 Hz, 1H), 4.87
(d, J=9.5 Hz, 1H), 3.63 (s, 3H), 2.44 (m, 1H), 2.35 (m, 1H), 2.30 (m, 2H),
1.78 (m, 2H), 1.67 (d, J=1.0 Hz, 3H), 1.62 (d, J=1.0 Hz, 3H), 1.61 (m,
2H), 1.33-1.29 (m, 4H), 1.04 (d, J=6.5 Hz, 3H), 0.92 (d, J=6.5 Hz, 3H);
ESIMS m/z 418 [M+H]+.
Computational Analysis. The ground-state geometries were
optimized with density functional theory (DFT) calculations using
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Turbomole 6.5 software with the basis set def-SV(P) for all atoms at the
DFT level, using the B3LYP functional; the ground states were further
confirmed by a harmonic frequency calculation. The calculated ECD data
corresponding to the optimized structures were obtained using TDDFT
with the basis set def2-TZVPP for all atoms at the DFT level, using the
B3LYP functional. The ECD spectra were simulated by overlapping for
each transition, where σ is the width of the band at 1/e height. ΔEi and Ri
are the excitation energies and rotatory strengths for transition i,
respectively. In the current work, the value of σ was fixed at 0.10 eV.

Cell Culture. Human lung cancer (A549), colon cancer
(HCT116), stomach cancer (SNU638), leukemia (K562), liver cancer (SKHEP-1), and breast cancer (MDA-MB-231) cells were provided by the
Korean Cell Line Bank (Seoul, Korea). Cells were cultured in medium
(RPMI 1640 medium for A549, HCT116, SNU638, and K562 cells;
DMEM for SK-HEP-1 and MDA-MB-231 cells) supplemented with 10%
heat-inactivated FBS and antibiotic-antimycotic solution (100 U/mL
penicillin G sodium, 100 μg/mL streptomycin, and 250 ng/mL
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amphotericin B). Cells were incubated at 37 °C in a humidiﬁed
atmosphere containing 5% CO2.
Cell Proliferation Assay. Six human cancer cell lines (A549,
HCT116, SNU638, K562, SK-HEP1, and MDA-MB231; 3.5×104
cells/mL) were treated with several concentrations of salternamides A-E
for 3 days. After treatment, cells were ﬁxed with a 10% TCA solution, and
cell viability was determined using a sulforhodamine B (SRB) assay. The
results were expressed as percentages relative to solvent-treated control
incubations, and IC50 values were calculated using nonlinear regression
analysis (percent survival versus concentration).
Na+/K+ ATPase Assay. A reaction mixture containing 50 µM 3-Omethylfluorescein phosphate, 50 mM creatinine phosphate, 4 mM MgCl2,
0.5 mM EGTA, and 80 mM Tris-HCl (pH 7.2) was prewarmed at 37 °C.
Subsequently, 0.005 U of Na+/K+-ATPase from the porcine cerebral cortex
was added. To activate the Na+/K+ ATPase, 10 µL of 0.1 M KCl was added,
for a final concentration of 10 mM KCl, and the mixture was incubated at
37 °C for 30 min. Fluorescence was measured using a fluorometer
(PerkinElmer) with excitation and emission wavelengths of 470 and 510
nm, respectively.
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Table 2. 13C and 1H NMR assignment for compound 1 in CD3OD
1
Position
1
2
3
4
5
6
7
8
9
10
11
1′
2′
3′
4′
5′a
5′a
6′
7′
8′
9′
10′
11′
12′
1

dC, type

dH, mult (J in Hz)

176.0, C
131.8, C
134.7, CH
72.1, C
151.2, CH
131.3, C
41.7, CH2
24.5, CH2
26.4, CH2
35.1, CH2
177.7, C
167.5, C
122.6, CH
153.9, CH
35.8, CH
45.5, CH2

7.68, d (2.0)
7.14, d (2.0)
1.82, m
1.33, m
1.60, m
2.25, t (7.0)
6.16, d (15.5)
6.79, dd (15.5, 8.0)
2.33, m
1.34, m
1.28, m
2.43, m
4.87, d (9.0)

31.5, CH
132.2, CH
130.7, C
25.9, CH3
18.1, CH3
21.7, CH3
19.8, CH3

1.66, d (1.0)
1.61, d (1.0)
0.91, d (7.0)
1.04, d (7.0)

H 500 MHz, 13C 125 MHz.
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Table 3. 13C and 1H NMR assignment for compound 2 in CD3OD
2
Position
1
2
3
4
5
6
7
8
9
10
11
1′
2′
3′
4′
5′a
5′a
6′
7′
8′
9′
10′
11′
12′
1

dC, type

dH, mult (J in Hz)

181.8, C
132.4, C
134.1, CH
71.2, C
155.4, CH
126.6, CH
41.6, CH2
24.5, CH2
26.3, CH2
34.9, CH2
177.5, C
167.4, C
121.3, CH
153.6, CH
35.7, CH
45.4, CH2

7.63, d (3.0)
6.94, dd (10.0, 3.0)
6.21, d (10.0)
1.78, m
1.31, m
1.59, m
2.25, t (7.0)
6.14, d (15.5)
6.78, dd (15.5, 8.0)
2.33, m
1.33, m

31.5, CH
132.1, CH
131.2, C
25.9, CH3
18.0, CH3
21.6, CH3
18.4, CH3

2.43, m
4.87, d (9.0)
1.66, d (1.0)
1.61, d (1.0)
0.91, d (7.0)
1.03, d (7.0)

H 600 MHz, 13C 150 MHz.
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Table 4. 13C and 1H NMR assignment for compound 3 in CD3OD
Position
1
2
3
4
5
6a
6b
7

dC, type
194.1, C
133.7, C
133.0, CH
73.4, C
70.9, CH
42.4, CH2

8
9

24.5, CH2
26.6, CH2

10
11
1′
2′
3′
4′
5′a
5′a
6′
7′
8′
9′
10′
11′
12′

34.9, CH2
177.6, C
167.2, C
122.7, CH
153.5, CH
34.9, CH
45.4, CH2

1

39.3, CH2

31.4, CH
132.1, CH
131.2, C
25.9, CH3
18.0, CH3
21.6, CH3
19.8, CH3

3
dH, mult (J in Hz)
7.57, s
3.96, dd (8.0, 4.0)
2.81, dd (17.0, 8.0)
2.72, dd (17.0, 4.0)
1.86, m
1.71, m
1.50, m (13.0, 6.0)
1.67, m
1.62, m
2.32, t (7.0)
6.11, dd (16.0, 1.0)
6.76, dd (16.0, 7.0)
2.32, m
1.31, ddd (13.5, 9.0, 6.5)
1.28, ddd (13.5, 8.0, 6.0)
2.42, dq (9.0, 7.0, 6.0)
4.85, d (9.0)
1.65, d (1.0)
1.60, d (1.0)
0.91, d (7.0)
1.02, d (7.0)

H 600 MHz, 13C 150 MHz.
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Table 5. 13C and 1H NMR assignment for compound 4 in CD3OD
4
Position
1
2
3
4
5
6a
6b
7

dC, type

7.53, s
3.99, dd (8.0, 4.0)
2.84, dd (17.0, 8.0)
2.76, dd (17.0, 4.0)
1.88, m
1.72, m
1.52, m
1.50, m
1.66, m
2.31, t (7.5)

39.3, CH2

8

24.6, CH2

9
10
11
1′
2′
3′
4′
5′a
5′a
6′
7′
8′
9′
10′
11′
12′
2′-CH3

26.9, CH2
35.5, CH2
178.3, C
169.8, C
130.4, CH
145.4, CH
32.6, CH
46.0, CH2

1

dH, mult (J in Hz)

194.4, C
133.4, C
132.0, CH
73.5, C
70.9, CH
42.1, CH2

6.19, dd (10.0, 1.5)
2.55, m
1.34, m
1.26, m
2.39, m
4.88, d (9.0)

31.9, CH
132.3, CH
131.3, C
26.0, CH3
18.1, CH3
21.8, CH3
20.3, CH3
12.7, CH3

1.66, d (1.0)
1.62, d (1.0)
0.91, d (6.5)
1.00, d (6.5)
1.88, d (1.0)

H 600 MHz, 13C 150 MHz.
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Table 6. 13C and 1H NMR assignment for compound 5 in CD3OD
5
Position
1
2
3
4
5
6a
6b
7

1

dC, type
194.2, C
133.8, C
133.1, CH
73.5, C
70.9, CH
42.4, CH2

dH, mult (J in Hz)
7.58, s
3.98, dd (8.0, 4.0)
2.82, dd (16.5, 8.0)
2.73, dd (16.5, 4.0)
1.78, m
1.71, m
1.52, m
1.50, m
1.66, m
2.31, t (7.5)

39.4, CH2

8

24.6, CH2

9
10
11
1′
2′
3′
4′
5′a
5′a
6′
7′a
7′b
8′
9′
10′
11′
12′

26.9, CH2
35.4, CH2
178.3, C
167.2, C
123.5, CH
153.2, CH
35.5, CH
45.5, CH2

6.15 dd (15.5, 1.0)
6.71, dd (15.5, 8.0)
2.48, m
1.37, m
1.12, m
1.49, m
1.09, m
1.01, m
1.66, m
0.86, d (6.5)
0.85, d (6.5)
0.87, d (6.5)
1.05, d (6.5)

29.2, CH
48.5, CH2
26.4, CH
23.7, CH3
22.7, CH3
20.0, CH3
20.9, CH3

H 600 MHz, 13C 150 MHz.
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III. Xiamycins C-E from a Halophilic Streptomyces sp.
HK18

“Reproduced from [Kim, S.-H.; Ha, T.-K.-Q.; Oh, W. K.; Shin, J.; Oh, D.C. Jouranl of Natural Products, 2015, Article ASAP, DOI: 10.1021/acs.jna
tprod.5b00634.].”

New metabolites, xiamycins C-E (10-12), were isolated from a
Streptomyces. sp (#HK18) culture inhabiting the topsoil in a Korean solar
saltern. The planar structures of the xiamycins C-E were elucidated as
carbazole-bearing indolosesquiterpenoids using a combined analysis of
NMR, MS, UV, and IR spectroscopic data. The absolute configurations of
these new compounds were determined by analyses of NOESY and ECD
data. When the xiamycins were tested for inhibitory activity on porcine
epidemic diarrhea virus (PEDV), xiamycin D (11) showed the strongest
inhibitory effect on PEDV replication (EC50=0.93 mM) with low
cytotoxicity (CC50=56.03 mM), thus displaying a high selective index
(60.31). Quantitative real-time PCR data revealed the inhibitory effect of
11 on genes encoding essential structural proteins (GP6 nucleocapsid, GP2
spike, and GP5 membrane) for PEDV replication in a dose-dependent
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manner. The antiviral activity of xiamycin D (11) was also supported by
both Western blotting of the GP2 spike and GP6 nucleocapsid protein
synthesis of PEDV. Therefore, xiamycin D shows the potential of
indolosesquiterpenoids as new and promising chemical skeletons against
PEDV-related viruses.
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3-1. Introduction
Coronavirus (CoVs) infection occurs in upper respiratory and
enteric diseases of both humans and animals and is related to a high
percentage of common colds.22 The Asian outbreak of severe acute
respiratory syndrome (SARS) from 2002 to 2003 was known to be caused
by a SARS-CoVs infection.23 A recent Middle East respiratory syndrome
coronavirus (MERS-CoV), which was first reported from Saudi Arabia in
2012,24 also continued to spread globally and reached Korea in 2015.25 All
CoVs contain similar structural proteins for viral replication, including a
nucleocapsid (N), a membrane (M), a spike (S), and an envelope (E), and
show the characteristic features of virions.26 Because all CoVs have
similar replication mechanisms, investigating a coronavirus that is not
infectious to humans could be a useful and practical starting point toward
further studies of fatal human coronaviruses such as SARS and MERS.
Porcine epidemic diarrhea virus (PEDV) caused significant economic
damage in the swine industry worldwide. It is an enveloped, singlestranded

RNA virus

belonging

to

the

Alphacoronavirus

genus

(Coronaviridae family).27 Therefore, PEDV has considerable biomedical
importance and it could be a representative CoVs that provides a
potentially safe research platform to study the fatal human CoVs.
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In the search for bioactive natural products to control the CoVs,
particularly PEDV, I focused on relatively underinvestigated habitats to
collect chemically prolific actinobacteria as a source of antiviral
compounds. Salterns are considered to be the extreme end of saline
environments; thus, they are expected to harbor both halophilic and
halotolerant actinomycetes. It has been speculated that both halophilic and
halotolerant actinomycetes from these extremely salty habitats have a
unique physiology and secondary metabolites;28 however, saltern-derived
actinomycetes have not been studied with respect to their bioactive
compounds. I recently reported salternamide A, a chlorinated compound
that inhibits various cancer cell lines, and its congeners as the first
secondary metabolites from the saltern-derived halophilic actinomycete
Streptomyces sp.29 I continued to investigate halophilic actinomycetes
from salterns in the Republic of Korea in a search for anti-PEDV
compounds. During LC/MS-based chemical screening of saltern-derived
actinomycete strains coupled with a bioassay against PEDV, the
Streptomyces sp. strain (#HK18) displayed a series of interesting
metabolites with distinct UV and mass profiles. Through a large culture
(60 L) and scaled-up isolation, followed by comprehensive structure
elucidation of the major components and their analogues, three new
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carbazole-bearing indolosesquiterpenoids, xiamycins C-E (10-12), were
isolated, along with the previously reported analogues xiamycin A (13)30
and chloroxiamycin (14).31 In this paper, I report the structure elucidation
of xiamycins C-E (10-12) and the biological evaluation of PEDV in these
new compounds and their analogues, xiamycin A (13), chloroxiamycin
(14), and chemically derivatized xiamycin A methyl ester (15) (Figure 7).
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Figure 7. Chemical structures of isolated compounds (10-15).
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3-2. Results and discussion
Xiamycin C (10) was purified as a yellow amorphous oil through
extensive chromatographic separation. Its molecular formula was deduced
as C23H25NO4 based on HRFABMS analysis and 1H and

13

C NMR data

(Table 8). The 1H NMR spectrum of 10 in CD3OD clearly showed six
aromatic resonances in the deshielded region (δH 8.00, 7.94, 7.58, 7.38,
7.31, and 7.10), two oxymethine protons (δH 4.91 and 4.08), seven
aliphatic protons at δH 2.62 ~ 1.70, and two aliphatic singlet methyl groups
(δH 1.38 and 1.26). Because the 1H NMR spectrum showed twenty-one
protons, but the molecular formula possesses twenty-five protons,
xiamycin C must bear four exchangeable protons. The

13

C and HSQC

NMR spectra of 10 revealed a carbonyl carbon (δC 182.0); twelve
aromatic carbons at δC 142.4 ~ 110.1 (six each of quaternary and methine
carbons); two oxymethine carbons (δC 76.3 and 72.2); three aliphatic
carbons of methylene groups (δC 39.2, 33.2, and 28.5); two quaternary
aliphatic carbons (δC 54.8 and 39.0); an aliphatic methine carbon at δC
46.1; and two methyl carbons (δC 26.8 and 11.9). Based on the molecular
formula, xiamycin C possesses 12 degrees of unsaturation. Seven degrees
can be explained with twelve downfield carbons forming six double bonds
and a carbonyl carbon, thus indicating that xiamycin C is a pentacyclic
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compound.
The 1H-1H COSY analysis of 10 revealed the presence of three
spin systems (Figure 8). First, the COSY correlations and coupling
constant values of the four aromatic 1H signals, including two doublets (δH
8.00, d, J=8.0 Hz; 7.38, d, J=8.0 Hz) and two double doublets (δH 7.31, dd,
J=8.0, 8.0 Hz; 7.10, dd, J=8.0, 8.0 Hz), revealed a C-5-C-6-C-7-C-8
system as a part of an ortho-substituted aromatic ring. The second spin
system was deduced as having C-13-C-14-C-15 connectivity based on the
continuous COSY correlations from H2-13 to H-15 through H2-14. The
13

C chemical shift of C-15 (δC 76.3) indicated that one oxygen atom

should be directly connected to C-15. Finally, the methine proton H-17
correlated with H2-18, connecting C-17 and C-18. This spin system was
further extended to C-19 by the H2-18/H-19 COSY correlation. C-19 was
also revealed as an oxygen-bearing carbon by the chemical shift δC 72.2.
In addition to the three spin systems, two isolated aromatic methines (δC
116.3- δH 7.94; δC 110.1- δH 7.58), six double bond quaternary carbons (δC
142.4, 141.7, 140.2, 137.6, 124.4, and 121.1), two aliphatic quaternary
carbons (δC 54.8 and 39.0), and one carbonyl carbon (δC 182.0) were
identified. This carbonyl carbon requires at least one non-protonated
oxygen atom; therefore, the remaining three oxygen atoms and a nitrogen
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atom must be protonated (three OHs and one NH), thus explaining the
four exchangeable protons.

Figure 8. The COSY (bold line) and key HMBC (arrows) correlations of
xiamycin C (10).
These partial structures were assembled using HMBC correlations.
The H-5/C-9, H-6/C-4, H-7/C-9, and H-8/C-4 heteronuclear couplings in
the spin system from C-5 to C-8 confirmed an ortho-substituted aromatic
ring. The other aromatic ring was identified using the three-bond 1H-13C
correlations from H-10 to C-2 and C-20 and from H-21 to C-3 and C-11,
assigning these singlet aromatic protons para-positions on the aromatic
ring. The two aromatic rings were connected through the C-3-C-4 bond by
H-5/C-3 and H-10/C-4 HMBC correlations. The singlet methyl protons of
C-22 provided four strong HMBC correlations to C-11, C-12, C-13, and
C-17. These correlations assigned the connectivity of C-12 to the C-11
aromatic carbon and the location of the spin systems from C-13 to C-15
and from C-17 to C-19. The other methyl group at C-23 showed HMBC
correlations to C-15, C-16, C-17, and C-24, thus closing a cyclohexane
ring and determining the position of the C-24 carbonyl carbon at C-16. An
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H-21/C-19 HMBC correlation closed an additional six-membered ring,
thus substantiating a decaline structure. Based on both the molecular
formula, which contains an NH, and the unsaturation number, this NH
group must be located between the two aromatic rings, thus composing a
carbazole system. Finally, the C-24 carbonyl carbon was deduced as a
carboxylic acid based on the molecular formula, which is also supported
by its carbon chemical shift (δC 182.0) (Figure 8).
The relative configuration of the decaline moiety of 10 was
determined through NOESY NMR spectroscopic analysis (Figure 9). H-17
(δH 2.20) at the ring junction exhibited NOESY correlations with H-19 (δH
4.91), H-15 (δH 4.08), and H-13b (δH 1.70), which indicated that H-17, H19, H-15, and H-13b are positioned axially on the same side. Additionally,
the NOE correlations from the ring junction methyl protons H3-22 (δH
1.38) to H-18a (δH 1.97) and H3-23 (δH 1.26) supported the proposition
that these two singlet methyl groups and H-18a exist together on the
opposite phase to H-17 in the decaline moiety. Based on the relative
configuration, I attempted to determine the absolute configuration of 10
through chemical derivatization. Xiamycin C (10) bears two secondary
alcohols at C-15 and C-19. These two hydroxyl groups would provide bisMTPA (α-methoxy-α-(trifluoromethyl)-phenylacetyl acid) products during
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the application of the modified Mosher’s method,9 which would result in
confusion during the 1H chemical shift analysis of MTPA products. Instead,
PGME (phenylglycine methyl ester) derivatization at C-24 carboxylic acid
was performed.32 However, the DdS-R values in the 1H NMR chemical shift
analysis of S- and R-PGME products neither provided a consistent
distribution nor permitted the absolute configuration to be determined.

Figure 9. Key NOESY correlations of the decaline of xiamycin C (10).
This problem was solved by comparing the experimental ECD
spectrum of 10 with the calculated ECD spectra of two possible
enantiomers of 10. The calculated ECD spectra were obtained using TDDFT (time dependent-density functional theory) at the B3LYP/def2TZVPP//B3LYP/def-SV(P) level for all atoms (Figure 10).33 Consequently,
the calculated ECD spectrum of the 12S, 15S, 16S, 17R, and 19S
configurations displayed consistency with the experimental ECD spectrum
of xiamycin C (10), whereas the enantiomer showed the opposite profile,
thus establishing the 12S, 15S, 16S, 17R, and 19S configuration for 10. In
addition, the absolute configuration of 10 was further supported by the
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optical rotation (+123.6) value of 1 because the value is similar to that of
xiamycin A (+137.6),30 which possesses the 12S, 15S, 16S, and 17R
configuration.
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Figure 10. Comparison of the experimental ECD spectrum of 10 with the
calculated ECD spectra of two possible enantiomers.
Using reversed-phase HPLC, xiamycin D (11) was isolated as a
yellow, amorphous oil. Based on the HRFABMS spectrum and NMR data,
the molecular formula of 11 was determined as C24H27NO4, which
contains one more carbon and two more protons than xiamycin C. The 1H
NMR spectrum of 11 in CD3OD exhibited an analogous pattern to that of
10 with the exception of an additional O-methyl proton signal (δH 3.74).
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The

13

C NMR spectrum of 11 showed an O-methyl functional carbon

signal at 52.7 ppm. Through HSQC, COSY and HMBC NMR spectra
analysis, xiamycin D (11) represented the methyl ester of 10. The strong
HMBC correlation between the O-methyl protons H3-25 (δH 3.74) and C24 (δC 179.4) supported the position of the methyl ester in 11. The relative
configurations of 11 were identical to those of 10 through analyses of the
NOESY spectrum and extensive 3JHH coupling constants surrounding the
decaline ring structure. The absolute configurations of 11 were also
identical to those of 10 based on the comparison of the experimental ECD
spectra of 10 and 11.
Xiamycin E (12), a yellow amorphous oil, was determined to have
a molecular formula of C24H25NO4 based on both HRFABMS
observations and 1H and

13

C NMR spectroscopic data (Table 10). The

characteristic UV absorptions of 12 at 254 and 324 nm appeared at
approximately 30 nm longer wavelengths than those of xiamycins C and D
(10 and 11), thus indicating that xiamycin E (12) has an extended
conjugated system compared to 10 and 11. Through a 1H NMR spectrum
analysis of 12 in comparison with 10, it was observed that an oxymethine
proton disappeared. The

13

C NMR spectrum showed that the oxymethine

carbon of 11 was replaced with a carbonyl carbon (δC 200.7) in 12. Based
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upon the detailed interpretation of the 2D NMR spectra, the differences
were attributed to a secondary alcohol at C-19 being oxidized to a ketone.
Strong HMBC correlations from H2-18 (δH 2.97 and 2.19) and H-21 (δH
8.06) to C-19 (δC 200.7) confidently supported the structure of 12.
The relative configuration of xiamycin E (12) was also
determined by a NOESY NMR and 1H-1H coupling constant analysis
similar to that of xiamycins C and D. As expected, xiamycin E had a 12S*,
15S*, 16S*, and 17R* configuration, which is identical to the relative
configurations of xiamycin C and D. Like 10 and 11, the absolute
configuration of 12 was also analyzed by an ECD calculation. The ECD
calculation could assign the absolute configuration of xiamycin E as 12S,
15S, 16S, and 17R.
The biological activities of the new xiamycins C-E (10-12) and
the previously reported xiamycin A (13) and chloroxiamycin (14) were
evaluated for antiviral effects against PEDV, which is biomedically
important because it causes significant morbidity and mortality in piglets
and fattening swine and could serve as a research surrogate for the highly
infectious human coronaviruses SARS and MERS.27
In a cytopathic effect (CPE) inhibition assay using Vero cells,
effective concentrations (EC50) for inhibition of PEDV replication and
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cytotoxicity (CC50) were measured (Table 7). Among the tested
compounds, xiamycins D and E (11 and 12) remarkably inhibited PEDV
replication with EC50 values at 0.93 mM and 2.89 mM, respectively,
whereas xiamycin C (10), xiamycin A (13), and chloroxiamycin (14)
showed moderate inhibitory activity with EC50 values over 10 mM.

Table 7. The Inhibitory Effect of Compounds 10-15 on PEDV Induced
CPE
compound

EC50 (mM)

CC50 (mM)

SI

10

11.49 ± 1.36

76.90 ± 3.29

6.75 ± 0.57

11

0.93 ± 0.07

56.03 ± 3.45

60.31 ± 0.89

12

2.89 ± 0.36

98.74 ± 1.52

34.63 ± 3.32

13

20.14 ± 4.04

138.12 ± 14.69

7.00 ± 0.81

14

12.76 ± 1.96

162.08 ± 10.25

12.89 ± 1.00

15

5.69 ± 0.10

103.15 ± 12.90

18.09 ± 1.98

6-Azauridine

4.48 ± 0.25

57.26 ± 9.58

12.70 ± 1.34

It has been reported that the three key structural proteins,
including spike, membrane, and nucleocapsid proteins, play pivotal roles
during the PEDV life cycle.34 The spike protein functions as a key
regulator in the viral entry step.35 The membrane protein primarily
regulates the viral assembly process.36 The nucleocapsid protein, which
binds to viral RNA, is a basic protein associated with the genome.37
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Studies of the biological functions of these important proteins enabled us
to recognize the three proteins as potential and promising targets for antiPEDV drug discovery and development. Taking into consideration the
EC50, CC50, and SI (selective index) values as analyzed in the CPE assay
(Table 7), I measured the levels of intracellular viral RNA that encodes the
PEDV nucleocapsid, spike, and membrane proteins for xiamycin D and E
(11 and 12). As shown in Figure 11a, xiamycin D (11) and E (12) were
found to significantly reduce the RNA levels associated with the GP2
spike protein. Western blot analysis revealed that xiamycin D (11) and E
(12) exhibited inhibitory effects on PEDV spike protein synthesis at 5 mM,
which was stronger than that of the positive control azauridine (Figure
11b). Based on SI values, xiamycin D (11) is the most potent inhibitor
against PEDV among the tested xiamycins.
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(a)

(b)

Figure 11. (a) Inhibitory effects of xiamycin D (11) and E (12) against the
PEDV virus replication via suppressing GP2 spike gene encoding spike
protein synthesis. After Vero cells were exposed to PEDV for 2 hours, the
cells were treated with different concentrations of compounds. After 2463

hour incubation, the cells were lysed to isolate the total RNA. Quantitative
real-time PCR was performed with specific primers for viral RNA
encoding GP2 spike protein. Each value represents the mean ± SD of three
independent experiments, **p < 0.01 and ***p < 0.001 as compared to the
virus control group. (b) Inhibitory effects of 11 and 12 on GP2 spike
protein synthesis by Western blot analysis. The cells were lysed to collect
the proteins after 24-hour incubation.
Therefore, xiamycin D was further evaluated for activity against
PEDV RNA expression and protein synthesis. In our quantitative real-time
PCR (qPCR) and Western blot analyses, xiamycin D (11) showed
significant inhibition of PEDV RNA expression and protein synthesis at
1.0 to 5.0 mM (Figure 12).
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(a)
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(b)

Figure 12. (a) Inhibitory effects of xiamycin D (2) on PEDV RNA
expression and protein synthesis in a dose-dependent manner. Confluent
Vero cells were infected with PEDV for 2 hours and then the cells were
treated with xiamycin D (2) at different concentrations of 10, 5.0, 2.0 and
1.0 µM. Quantitative real-time PCR was performed after 1-day incubation
with specific primers for viral RNA encoding GP6 nucleocapsid, GP2
66

spike, and GP5 membrane proteins. Values were expressed as the mean ±
SD (n=3), *p < 0.05, **p < 0.01 and ***p < 0.001. (b) Inhibitory effects
of xiamycin D (2) on the GP6 nucleocapsid and GP2 spike protein
synthesis in a dose-dependent manner by Western blot analysis. Data were
presented as the mean ± SD (n=3), *p < 0.05 and **p < 0.01 vs
nucleocapsid-virus control group, #p < 0.05 and

##

p < 0.01 vs spike-virus

control group.
Xiamycin D also showed inhibition of PEDV replication in a
dose-dependent manner at concentrations of 10.0, 5.0, and 2.0 mM in an
immunofluorescence assay (Figure 13). The green fluorescence of GP6
nucleocapsid protein, which was produced by FITC (fluorescence
isothiocyanate)-conjugated goat antimouse IgG antibody, was significantly
detected in the PEDV-infected cells without compound treatment, while it
could not be found in the non-infected cells. When PEDV-infected cells
were treated with 6-azauridine (10 µM) or xiamycin D (11) with different
concentrations (10, 5.0, 2.0 and 0.5 µM), respectively, the expression of
viral nucleocapsid protein was clearly decreased. The inhibitory effect of
compound (11) was more potent than the positive control 6-azauridine as
the effect of xiamycin at 2.0 mM was comparable to that of 6-azauridine at
10 mM (Figure 13). These results indicated that xiamycin D (11) have
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potential inhibitory activity against replication of PEDV in Vero cells as a
dose-dependent manner.

11

11

11

11

Figure 13. Immunofluorescence images show that xiamycin D (11)
inhibited PEDV replication in a dose-dependent manner. Vero cells were
exposed to PEDV for 2 hours and then the cells were treated with
xiamycin D (11) and 6-azauridine as positive control, respectively. After
24- hour incubation at 37 °C, the cells were fixed with 4%
paraformaldehyde and the expression of GP6 nucleocapsid protein for
direct detection of PEDV replication in Vero cells were compared by
immunofluorescence assay, respectively. Fluorescence produced by FITC
(fluorescence isothocyanate)-conjugated goat antimouse IgG antibody was
observed under fluorescence microscopy. Xiamycin D (11) displayed a
significant inhibitory effect at 2.0 mM comparable to the effect of 6azauridine at 10 mM.
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The structures of xiamycins D and E (11 and 12), which showed
EC50 values below 3 mM, bear a methyl ester at C-24, whereas the other
xiamycins with moderate activity (EC50 > 10 mM) did not, thus indicating
that the methyl ester functional group is important in antiviral activity
against PEDV. Next, I converted xiamycin A (13) to the methyl ester (15)
by derivatizing 13 with TMS diazomethane (Supporting Information,
Figure S20). In the CPE test against PEDV, I found that methylation
significantly improved the EC50 value (3.5 times more potent, xiamycin
methyl ester (15), EC50 value 5.69 mM), whereas that of 13 was 20.14 mM
(Table 7). This result supported the proposition that the methyl ester
functional group at C-24 at least partly contributes to the inhibitory
activity against PEDV.
Xiamycins C-E (10-12) belong to the indolosesquiterpenoid
family. Indolosesquiterpenoids are relatively common as plant metabolites,
particularly

from

the

Annonaceae

family,38

but

only

several

indolosesquiterpenoids were reported from bacteria. For example,
xiamycin A was initially reported from a mangrove bacterial endophyte.30
The oridamycins, which are diastereomers of the xiamycins with different
configurations at the ring junctions, were isolated from a soil bacterium.39
Dixiamycin, oxiamycin, and chloroxiamycin were discovered in a marine-
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derived actinomycete.31 In this study, three new xiamycins (10-12) were
discovered from a halophilic Streptomyces strain that was collected in a
saltern and biologically evaluated against PEDV. The discovery of new
carbazole-bearing indolosesquiterpenoids, xiamycins C-E, and their potent
inhibitory activity against PEDV would provide a chemical platform to
develop antiviral agents against PEDV-related pathogenic viruses.
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3-3. Experimental section
General Experimental Procedures. Optical rotations were
measured on a Jasco P-1020 polarimeter using a 1 cm cell. UV spectra
were acquired using a Hitachi U-3010 UV/vis spectrophotometer.
Experimental ECD spectra were recorded using an Applied Photophysics
Chirascan-plus circular dichroism detector. IR spectra were obtained using
a Thermo N1COLET iS10 spectrometer. 1H,
were

acquired

using

Bruker

Avance

13

C, and 2D NMR spectra

600-MHz

and

500-MHz

spectrometers at the NCIRF (National Center for Interuniversity Research
Facilities at Seoul National University). High-resolution FAB mass
spectrometric data were obtained at the NCIRF using a JEOL JMS 700
mass spectrometer with meta-nitrobenzyl alcohol (NBA) as a matrix for
the FABMS. Electrospray ionization (ESI) low-resolution LC/MS data
were acquired on an Agilent Technologies 6130 quadrupole mass
spectrometer coupled with an Agilent Technologies 1200-series HPLC
using a reversed-phase C18 column (Phenomenex Luna, 100 × 4.6 mm).
Instant Ocean was utilized to generate artificial seawater.
Bacterial Isolation. A saltern sediment sample was collected on
Shinui Island (445-9, Sangtaeseo-ri, Shinui-myeon, Shinan-gun, Jollanamdo) in the Republic of Korea. The sample (1 g) was diluted in 10 mL
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sterilized artificial saline water (3 ´ strength of seawater) and vortexed.
The mixture was spread onto actinomycete isolation agar (1 L artificial
seawater agar, 0.1 g L-asparagine, 0.5 g K2HPO4, 0.001 g FeSO4·7H2O,
0.1 g MgSO4·7H2O, 2 g sodium caseinate, 4 g sodium propionate, 15 g
agar, and 100 mg/L cycloheximide), A4 medium (1 L artificial seawater,
18 g agar, and 100 mg/L cycloheximide), A5 medium (750 mL artificial
seawater, 250 mL distilled H2O, 18 g agar, and 100 mg/L cycloheximide),
A6 medium (1 L artificial seawater, 18 g agar, and 5 mg/L polymyxin B
sulfate), A7 medium (1 L artificial seawater, 18 g agar, and 5 mg/L
kanamycin), and chitin-based agar (1 L artificial seawater, 4 g chitin, 0.75
g K2HPO4, 0.5 g MgSO4·7H2O, 3.5 g KH2PO4, 10 mg FeSO4·7H2O, 10
mg MnCl2·4H2O, 10 mg ZnSO4·7H2O, 18 g agar, and 100 mg/L
cycloheximide). The strain HK18 was isolated on an actinomycete
isolation agar medium. Colonies were repeatedly inoculated onto fresh
agar plates to obtain single strains. HK18 16S rDNA sequence analysis
data obtained from COSMO Co., Ltd. revealed that HK18 is most closely
related to Streptomyces chungwhensis (99% identity), thus identifying the
strain as a Streptomyces sp. (GenBank accession number: LC060261).
Cultivation and Extraction. The HK18 strain was cultivated in
50 mL YEME medium (4 g yeast extract, 10 g malt extract, and 4 g
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glucose in 1 L artificial seawater) in a 125 mL Erlenmeyer flask. After the
strain was cultivated for 3 days on a rotary shaker at 200 rpm at 30 °C, a
10 mL culture was inoculated in 1 L of YPM + starch medium (6 g yeast
extract, 4 g peptone, 10 g starch, and 4 g mannitol in 1 L artificial
seawater) in 2.8 L Fernbach flasks. These large cultures (60 ´ 1 L) were
incubated at 180 rpm at 30 °C. After 5 days, the entire culture volume was
extracted twice using EtOAc. The EtOAc layer was separated and dried
over anhydrous sodium sulfate. The EtOAc extract was enriched in vacuo
to yield 7 g dried material.
Isolation of the Xiamycins. The dried extract was absorbed on
Celite, loaded onto 20 g C18 resin, and fractionated with 200 mL each of
20%, 40%, 60%, 80% and 100% MeOH in H2O and 1:1 MeOH/DCM.
Xiamycins C-E (1-3) were detected in the 80% MeOH/H2O fraction. To
purify 1-3, the 80% fraction was chromatographed using reversed-phase
HPLC on a C18 column (Kromasil, 5 mm, 250 × 10 mm) under gradient
conditions (30:70 CH3CN/H2O to 60:40 CH3CN/H2O for 70 min, UV
detection at 254 nm, flow rate of 2 mL/min). Finally, xiamycin C (10) (7
mg), xiamycin D (11) (5 mg), xiamycin E (12) (2 mg), xiamycin A (13)
(14 mg), and chloroxiamycin (14) (2 mg) were isolated as pure
compounds at retention times of 31, 38, 41, 48, and 53 min, respectively.
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Xiamycin C (10): Yellow amorphous oil: [a] 20
D +123.6 (c 0.1,
MeOH); UV (MeOH) λmax (log e) 239 (3.60), 249 (3.42), 261 (3.27), 300
(3.27) nm; CD (c 2.6 × 10−4 M, MeOH) (De) 219 (5.88), 227 (2.53), 240
(11.76), 273 (0.65), 298 (2.44), 346 (-0.73) nm; IR (ZnSe) nmax 3679, 2966,
1671, 1361, 1052 cm-1; 1H and 13C NMR data in Table 8; HRFABMS m/z
378.1707 [M-H]- (calcd for C23H24NO4, m/z 378.1705).
Xiamycin D (11): Yellow amorphous oil: [a] 20
D +133.9 (c 0.1,
MeOH); UV (MeOH) λmax (log e) 239 (3.49), 249 (3.31), 261 (3.13), 299
(3.15) nm; CD (c 2.5 × 10−4 M, MeOH ) (De) 217 (4.86), 227 (1.80), 240
(11.45), 272 (0.35), 299 (2.60), 346 (-0.74) nm; IR (ZnSe) nmax 3680, 2965,
1674, 1346, 1243, 1054 cm-1; 1H and

13

C NMR data, in Table 9;

HRFABMS m/z 392.1870 [M-H]- (calcd for C24H26NO4, m/z 392.1862).
Xiamycin E (12): Yellow amorphous oil: [a]20
D +23.6 (c 0.1, MeOH);
UV (MeOH) λmax (log e) 254 (3.51), 324 (3.30) nm; CD (c 2.5 × 10−4 M,
MeOH ) (De) 227 (-0.52), 253 (2.93), 308 (-1.78), 339 (2.44) nm; IR
(ZnSe) nmax 3342, 2927, 1599, 1365, 1249, 1088 cm-1 ; 1H and

13

C NMR

data in Table 10; HRFABMS m/z 390.1699 [M-H]- (calcd for C24H24NO4,
m/z 390.1705).
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Formation of Xiamycin A Methyl Ester (15). Xiamycin A (4, 8
mg) was dissolved in 2 mL anhydrous MeOH. Next, 200 mL of 2 M TMS
diazomethane in diethyl ether were added to the xiamycin A (13) solution,
and the reaction mixture was stirred at 25°C for 2 h. After the reaction
mixture dried, the xiamycin A methyl ester (15) was purified by reversedphase HPLC using a C18 column (Kromasil, 5 mm, 250 × 10 mm) with a
gradient solvent system (from 50% to 100% CH3CN/H2O in 60 min, UV
detection at 254 nm, flow rate of 2 mL/min, tR=32 min).
Xiamycin A methyl ester (15): 1H NMR (600 MHz, CD3OD) d 7.97
(d, J= 8.0 Hz, 1H), 7.93 (s, 1H), 7.35 (d, J= 8.0 Hz, 1H), 7.29 (dd, J= 8.0,
8.0 Hz, 1H), 7.09 (dd, J= 8.0, 8.0 Hz, 1H), 7.05 (s, 1H), 4.06 (dd, J=10.0,
7.5 Hz, 1H), 3.71 (s, 3H), 3.08 (dd, J= 16.5, 6.5 Hz, 1H), 2.99 (m, 1H),
2.62 (ddd, J= 13.0, 3.5, 3.5 Hz, 1H), 2.13 (dd J= 12.0, 2.0 Hz, 1H), 2.00
(m, 1H), 1.89 (m, 2H), 1.73 (m, 1H), 1.38 (m, 1H), 1.28 (s, 3H), 1.26 (s,
3H); ESIMS m/z 378 [M+H]+.
PGME Amide Derivatization of Xiamycin C (10). Two
milligrams of xiamycin C (10) were dried under high vacuum for 24 h.
Xiamycin C (10) was dissolved in 2 mL tetrahydrofuran (THF) and was
split equally into two vials. The vials were treated with 6 mg S-PGME or
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R-PGME, and

7

mg ethyl-(N,N-dimethylamino)propylcarbodiimide

hydrochloride (EDC) were added to each vial. After the reaction mixtures
were stirred at 25 °C for 2 h, S- and R-PGME amide products ([M + H]+
m/z at 527) were observed by LC/MS analysis (Phenomenex, C18 (2), 100
× 4.6 mm, gradient system: 10−100% aqueous acetonitrile over 20 min).
After the reaction mixtures were dried, S- and R-PGME amide products
were purified at 28 min and 30 min by reversed-phase HPLC using a C18
column (Kromasil, 5 mm, 250 × 10 mm) with an aqueous acetonitrile
gradient system (50% to 100% over 60 min, UV detection at 254 nm, flow
rate of 2 mL/min).
S-PGME amide of Xiamycin C: 1H NMR (500 MHz, methanol-d4) d
7.99 (d, J=8.0 Hz, 1H), 7.93 (s, 1H), 7.56 (s, 1H), 7.47-7.43 (m, 2H),
7.37-7.31 (m, 5H), 7.10 (dd, J=8.0, 8.0 Hz, 1H), 5.53 (s, 1H), 4.89 (m,
1H), 4.01 (dd, J=11.0, 5.5 Hz, 1H), 3.74 (s, 3H), 2.61 (ddd, J=13.0, 3.5,
3.5, 1H), 2.23 (dd, J=12.0, 2.0 Hz, 1H), 2.15 (m, 1H), 1.92-1.86 (m, 3H),
1.75 (m, 1H), 1.41 (s, 3H), 1.35 (s, 3H); ESIMS m/z 527 [M+H]+.
R-PGME amide of Xiamycin C: 1H NMR (500 MHz, methanol-d4) d
8.00 (d, J=8.0 Hz, 1H), 7.93 (s, 1H), 7.44 (m, 2H), 7.38-7.37 (m, 3H),
7.34-7.32 (m, 2H), 7.10 (dd, J=8.0, 8.0 Hz, 1H), 5.55 (s, 1H), 4.85 (m,
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1H), 4.03 (dd, J=11.0, 5.5 Hz, 1H), 3.76 (s, 3H), 2.62 (ddd, J=13.0, 3.5,
3.5, 1H), 2.19 (dd, J=12.0, 2.0 Hz, 1H), 2.03 (m, 1H), 1.95 (m, 1H), 1.921.90 (m, 3H), 1.73 (m, 1H), 1.41 (s, 3H), 1.35 (s, 3H); ESIMS m/z 527
[M+H]+.
Computational Analysis for Absolute Configurations of
Xiamycin C-E. The ground-state geometries were optimized with density
functional theory (DFT) calculations using Turbomole 6.5 with the basis
set def-SV(P) for all of the atoms at the DFT level, using the B3LYP
functional; the ground states were further confirmed by a harmonic
frequency calculation. The calculated ECD data corresponding to the
optimized structures were obtained using TDDFT with the basis set def2TZVPP for all atoms at the DFT level, using the B3LYP functional. The
ECD spectra were simulated by overlapping each transition, where σ is the
width of the band at 1/e height. ΔEi and Ri are the excitation energies and
rotatory strengths, respectively, for transition i. In this work, the value of σ
was fixed at 0.10 eV.

Cell Culture and Virus Stocks. Vero cells (African green
monkey kidney cell line) were purchased from the American Type Culture
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Collection (ATCC, #CCR-81) and grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) with 100 U/mL penicillin, 100 mg/mL streptomycin,
and 10% fetal bovine serum (FBS). PEDV was obtained from Choong
Ang Vaccine Laboratory (Daejeon, Korea). Virus stock was stored at
−80 °C before use.
Cytotoxicity Assay. An MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyl-2H-tetrazolium bromide) assay was used to assess cell viability.
After Vero cells were grown in 96-well plates with 1 × 105 cells per well,
the cells were treated with compounds at different concentrations and
incubated for 48 h. All of the samples were applied at 0.05% (v/v) DMSO
solution in the culture medium to reduce solvent toxicity. Twenty
microliters of the 2 mg/mL MTT reagent was added to each well and
incubated for 4 h. After removing the supernatant, 100 mL DMSO solvent
were added to each well to solubilize any resultant formazan crystals. The
optical density was measured at 550 nm with a Molecular Devices system
(SpectroMax Plus 384). Cell viability was calculated as the ratio of the
absorbance in the experimental wells compared to that in the control wells.
The cytotoxicity (CC50) data are expressed as the mean ± SD and represent
the 50% cytotoxic concentration.
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Cytopathic Effect (CPE) Inhibition Assay. Vero cells were
grown in 96-well plates at 1 × 105 cells per well and incubated for 24 h.
The cells were washed twice with phosphate buffered saline (PBS) and
infected with PEDV at 0.01 MOI for 2 h. After the medium was replaced
by DMEM, compounds at different concentrations were added to the cells
and further incubated for 72 h at 37 °C under a 5% CO2 atmosphere.
Twenty microliters of 2 mg/mL MTT were added to each well and
incubated for 4 h at 37 °C. The 50% effective concentration (EC50) was
calculated using regression analysis. The selective index (SI) values were
determined by dividing the toxicity (CC50) by the efficacy (EC50).
Quantitative Real-Time PCR. Vero cells were grown to
approximately 90% confluence in 6-well plates and infected with PEDV at
0.01 MOI for 2 h. The cells were replaced by DMEM and cultured with
tested compounds at various concentrations for 24 h. After total RNA was
isolated from the cells using the TRIzol reagent, full length cDNA was
synthesized using a random primer (iNtRON Biotechnology, Inc.) based
on the manufacturer′s instructions. Real-time PCR was conducted for the
detection of PEDV replication in Vero cells using selective primers for
PEDV (Supporting Information, Table S5). The reaction mixture consisted
of 2 mL cDNA and 2X Maxima SYBR Green qPCR master mix (Thermo
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Scientific). Cycling conditions for real-time PCR were specified as
follows, using the StepOnePlus Real-Time PCR System (Applied
Biosystems, Inc.): 95 °C for 10 min, followed by 40 cycles of 95 °C for 15
s, and 60 °C for 1 min. StepOne software v2.3 was used for the data
calculation.
Western Blot Analysis. The cells were prepared using similar
methods to quantitative real-time PCR. After 24 h, the Vero cells were
washed twice with cold PBS. The cells were lysed on ice by incubation in
100 mL of lysis buffer [50 mM NaF, 1 mM EDTA, 120 mM NaCl, 0.5%
NP-40, 50 mM Tris-HCl (pH 7.6)] and centrifuged for 20 min at 12,000
rpm at 4 °C. Protein concentrations were measured with a commercially
available assay kit (Bio-Rad Laboratories, Inc.). Aliquots of boiled lysates
were subjected to 10% or 12% SDS-polyacrylamide gels and were
electrotransferred to PVDF membranes (PVDF, 0.45 mm, Immobilon-P).
Membranes were treated with either primary antibodies against the spike
(S) and nucleocapsid (N) proteins (AbFrontier Co., Ltd.) or a mouse
monoclonal actin antibody; they were further incubated with secondary
antibodies.

Finally,

proteins

were

detected

using

an

enhanced

chemiluminescence Western blotting detection kit (Thermo Scientific).
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Immunofluorescence Assay. Vero cells were grown on 8-well
chamber slides (LAB-TEK, NUNC, Thermo Fisher Scientific) and PEDV
at 0.01 MOI was used to infect the Vero cells for 2 h. After the DMEM
media was changed, the cells were treated with different concentrations of
the compounds of interest and were incubated for 24 h. The cells were
washed three times with PBS (pH 7.4) and fixed by treating with 4%
paraformaldehyde solution for 30 min at room temperature. After the
remaining protein binding was blocked with 1% BSA for 1 h, the cells
were incubated overnight with a monoclonal antibody against the PEDV N
protein (AbFrontier Co., Ltd.) in a 1:50 dilution with PBS (pH 7.4). An
FITC (fluorescence isothiocyanate)-conjugated goat antimouse IgG
antibody (Jackson ImmunoResearch, Inc.) was used to treat for 1 h after
washing with PBS (pH 7.4). After washing three times with PBS (pH 7.4),
the cells were stained with 500 nM DAPI solution for 10 min at room
temperature. Slides were washed with PBS (pH 8.0) three times, mounted
using

fluorescence-mounting

medium

(VECTASHIELD,

Vector

Laboratories Inc.) and observed under fluorescence microscopy (Olympus
ix70 Fluorescence Microscope, Olympus Corporation).
Statistical Analysis. The results are expressed as the mean ± SD
of three independent experiments. Statistical analysis was conducted using
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the Sigma Plot Statistical Analysis software, and differences between
group mean values were determined by one-way analysis of variance
followed by a two-tailed Student’s t-test for unpaired samples, assuming
equal variances. Statistical significance was accepted at p < 0.05.
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Table 8. 13C and 1H NMR assignment for compound 10 in CD3OD
Position

Xiamycin C (10)
dH, mult (J in Hz)

dC, type

1-N

-

-

2

140.2, C

3

124.1, C

4

124.4, C

5

120.8, CH

8.00, d (8.0)

6

119.4, CH

7.10, dd (8.0, 8.0)

7

126.4, CH

7.31, dd (8.0, 8.0)

8

111.6, CH

7.38, d (8.0)

9

142.4, C

10

116.3, CH

11

141.7, C

12

39.0, C

13

39.2, CH2

14

28.5, CH2

1.89, m

15

76.3, CH

4.08, dd (8.0, 6.5)

16

54.8, C

17

46.1, CH

2.20, dd (12.0, 2.0)

18

33.2, CH2

1.97, m

19

72.2, CH

7.94, s

2.62, ddd (13.0, 3.5, 3.5)
1.70, m

1.93, m
20

137.6, C

21

110.1, CH

7.58, s

22

26.8, CH3

1.38, s

23

11.9, CH3

1.26, s

24
1

4.91, dd (10.0, 7.5)

182.0, C

H 500 MHz, 13C 125 MHz.
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Table 9. 13C and 1H NMR assignment for compound 11 in CD3OD
Position

dC, type

1-N

Xiamycin D (11)
dH, mult (J in Hz)

-

-

2

140.2, C

3

124.2, C

4

124.4, C

5

120.9, CH

8.01, d (8.0)

6

119.5, CH

7.11, dd (8.0, 8.0)

7

126.5, CH

7.32, dd (8.0, 8.0)

8

111.6, CH

7.38, d (8.0)

9

142.4, C

10

116.4, CH

11

141.3, C

12

39.0, C

13

39.1, CH2

14

28.5, CH2

1.92, m

15

76.1, CH

4.07, dd (9.5, 6.5)

16

55.3, C

17

46.3, CH

2.18, dd (13.0, 1.5)

18

33.2, CH2

2.00, m

19

72.0, CH

7.94, s

2.64, ddd (13.0, 3.5, 3.5)
1.70, m

1.68, m
20

137.3, C

21

110.1, CH

7.58, s

22

26.8, CH3

1.38, s

23

11.4, CH3

1.28, s

24
25
1

4.85, mc

179.4, C
3.74, s

52.7, CH3

H 500 MHz, 13C 125 MHz.
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Table 10. 13C and 1H NMR assignment for compound 12 in CD3OD
Position

dC, type

1-N

Xiamycin E (12)
dH, mult (J in Hz)

-

-

2

139.5, C

3

129.9, C

4

123.6, C

5

122.2, CH

8.15, d (8.0)

6

120.3, CH

7.20, dd (8.0, 8.0)

7

128.6, CH

7.45, dd (8.0, 8.0)

8

112.1, CH

7.46, d (8.0)

9

143.9, C

10

116.0, CH

11

147.4, C

12

38.7, C

13

38.1, CH2

14

28.1, CH2

1.98, m

15

75.9, CH

4.11, m

16

54.7, C

17

46.8, CH

2.63, dd (14.0, 3.5)

18

38.6, CH2

2.97, dd (18.0, 14.0)

8.14, s

2.74, m
1.95, m

2.19, dd (18.0, 3.5)
19

200.7, C

20

129.2, C

21

110.6, CH
24.8, CH3

1.37, s

23

10.9, CH3

1.35, s

24
25
1

8.06, s

22

178.5, C
3.72, s

52.8, CH3

H 600 MHz, 13C 150 MHz.
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IV. Starkmycins A-D from a Halophilic Streptomyces sp.
HK10

Starkmycins A-D (16-19), the secondary metabolites discovered from
saltern-derived

actinomycetes,

were

isolated

from

a

halophilic

Streptomyces strain isolated from a saltern on Shinui Island in the
Republic of Korea. The planar structures of the starkmycins, which have
arylamine carbon skeleton, were elucidated by a combination of
spectroscopic analyses. Starkmycin A and B possess a novel amide
structure consisting of an amino-phenylpentanoic acid core and an
unsaturated fatty acid chain. Also, starkmycin C and D possess unique
benzo-oxazinone moiety.
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4-1. Introduction
Discovering new chemicals with pharmaceutical potential from
extreme environments is worthy for drug discovery and drug candidates.
Halophilic and halotolerant actinomycetes from saline environments such
as solar saltern are now considered as a potential source of new bioactive
chemicals. It is reasonably hypothesized that saltern actinomycetes may
have developed unique biosynthetic machinery in the course of their
adaptation to extremely saline substrates and that they therefore may
produce novel bioactive secondary metabolites. However, extremely saline
environments are still under-investigated habitats in terms of biological
and chemical studies about actinomycetes producing new bioactive
chemotypes. Recently, the discovery of new bioactive metabolites from
saltern-dwelling actinobacteria has been proving their expected chemical
potential. For example, salternamides A-E were isolated from a Korean
solar saltern with significant cytotoxicity against stomach and colon
cancer cell lines.29 In addition, the xiamycins, which was also isolated
from a Korean solar saltern, have strong anti-viral activity against PEDV
(Porcine Epidemic Diarrhea Virus) virus.
Thus, halophilic and halotolerant actinomycete strains were
selectively isolated from saltern topsoil samples collected on Shinui Island
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in the Republic of Korea and chemically screened their secondary
metabolites by LC/MS. Notably, through the analysis of UV profiles and
low mass data of one of the strains (#HK10) indicated that the production
of a major compound possessing a substituted phenyl ring with a
molecular weight of 403. Herein I describe the isolation and structure
elucidation of the major metabolite, starkmycin A (16) and its congeners,
starkmycins B-D (17-19).

Figure 14. Chemical structures of isolated compounds (16-19).
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4-2. Results and discussion
Starkmycin A (16) was obtained as an amorphous oil that was
determined to have the molecular formula C23H33N2O5 by HRFABMS in
combination with 1H and 13C NMR spectroscopic data (Table 11). The 1H
NMR spectrum of 16 in CD3OD clearly showed two aromatic resonances
in the deshielded region (dH 6.66 and 6.52), 3 olefinic protons in the
deshielded region (dH 6.87, 6.15, and 4.89), 12 aliphatic protons between
dH 2.49 and 1.32, and four methyl groups in the shielded region (dH 1.68,
1.63, 1.07, and 0.94). The 13C and HSQC NMR spectra of 16 revealed two
carbonyl carbons at dC 179.7 and 167.5; six aromatic carbons at dC 148.2 ~
113.6; four olefinic carbons at dC 153.8 ~ 121.9; two aliphatic methines
(dC 35.8, and 31.5); five aliphatic methylenes (dC 45.4, 36.5, 36.0, 32.3,
and 26.3); and four methyl carbons (dC 25.9, 21.7, 19.8, and 18.1).
Because the 10 double bond

carbons

and two carbonyl resonances

accounted for seven unsaturation equivalents our of eight contained in the
molecular formula of 16, starkmycin A must possess a ring.
The contiguous COSY correlations extending from H-13 through
H-18 and H3-22/23 methyl groups, along with the HMBC correlations
from H3-20 and H3-21 to the C-18 carbonyl (δC 132.1), from H-13 to the
C-12 carbonyl (δC 167.5) indicated the trimethyl nonadienamide chain
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residue (Figure 15). The COSY correlation of H2-7 to H2-10 and HMBC
correlations between H2-10 (dH 2.25) and C-11 (dC 179.7) elucidated the
structure of pentanoic acid moiety. The long-range heteronuclear
couplings from H2-7 to the aromatic carbons C-4, C-5 and C-6 secured the
connectivity from pentanoic acid to aromatic ring. The strong HMBC
correlations from H-4 and H-6 to C-7 confirmed that a pentanoic acid
residue was connected C-5. The HMBC correlations of the protons
between H-4 (δH 6.66) and H-6 (δH 6.52) and C-2 (δC 136.2) were utilized
to establish the third partial structure, which contained an aromatic ring
system. A combination of 13C NMR, examination of exchangeable protons,
and chemical derivatization allowed us to determine C-1, C-2 and C-3
were substituted by –OH, -NHR, and -OH, respectively. In particular, the
deshielded

13

C chemical shifts of C-1 (δC 148.2) suggested oxygen

substitution at this position. In order to verify trimethyl nonadienamide
chain was attached to the nitrogen at C-2, the HMBC spectrum was
measured in DMSO-d6. HMBC correlations from an exchangeable proton
(δH 9.56) C-1, C-2, C-3 and C-12 were observed, thus verifying the
assignment. Finally, to confirm the –OH substitution at C-1 and C-3,
methylation of 16 was carried out using methyl iodide to yield
methoxylated derivative of 16. The 1H NMR of methoxylated derivative of
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16 indicated two new methoxy protons at δH 3.85 (1-OCH3, s) and 3.79 (3OCH3, s) and HMBC correlations from 1-OCH3 to C-1 and from 3-OCH3
to C-3, clearly supporting the assignment of the hydroxy groups at C-1
and C-3 in 16 (Figure 15).

Figure 15. Key HMBC (→) and COSY (─) correlations of starkmycin A
(16) and HMBC corrlations of methylation derivative (16a).

Starkmycin B (17) was nearly identical to 16 by 1H and 13C NMR,
with the molecular formula determined to be C23H33NO5 with same
molecular weight, indicating that position of a hydroxyl group on an
aromatic ring was changed. The H-3 signal (δH 7.01) was revealed more
deshelded region compared with proton chemical shifts in aromatic ring
system of 16. HMBC and 1H chemical shifts carefully were analyzed for
substitution position of -NHR and pentanoic acid group in aromatic ring
system. HMBC correlations from H2-7 (δH 2.52) to C-3, C-4, and C-5
were observed, thus pentanoic acid chain was linked to C-4. HMBC
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correlations from H-3 (δH 7.01) to C-1, C-2, C-5 and C-7 indicated the
aromatic ring substituted carbon chain at meta position. In particular, the
downfield

13

C chemical shifts of C-1 (δC 149.2) and C-5 (δC 155.1)

suggested oxygen substitution, while the shift of C-2 (δC 118.8) was
indicative of −N-acyl substitution. HMBC correlations from H-6 (δH 6.35)
to C-2 and C-4 were supported this assignment.
Statkmycin C (18) was obtained as an amorphous oil that was
determined to have the molecular formula C25H34N2O6 by HRFABMS in
combination with 1H and
Through 1H and

13

13

C NMR spectroscopic data (Table 13).

C NMR spectra analysis, pentanoic acid and trimethyl

nonadienamide chain were included as partial structures in 18. The 1H
NMR spectrum of 18 in CD3OD clearly showed H-7 alkyl protons (dH
4.97, 2H, s). With HSQC, HMBC careful analysis, benzo-oxazinone
moiety was elucidated in starkmycin C (18). HMBC correlations from H29 (dH 2.66) to C-3, C-4, and C-5 supported C-4 linked with pentanoic acid.
HMBC correlations between H-3, H-5, and H2-7 and C-1 suggested
benzo-oxazinone structure. HMBC correlations from H2-7 to C-8 was
supported the oxazinone structure (Figure 16).
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Figure 16. Key HMBC (→) correlations of starkmycin C (18).
Starkmycin D (19) was obtained as an amorphous oil that was
determined to have the molecular formula C25H34N2O7 by HRFABMS in
combination with 1H and

13

C NMR spectroscopic data (Table 14).

Through 1H and 13C NMR spectra analysis, starkmycin D was very similar
to those of 3, with replaced hydroxymethyl from methyl functional group
of C-22. Thus, starkmycin D (19) was determined to be hydroxymethyl
analogue of 18. HMBC correlations from H2-22 (dH 3.93 and dH 3.90) to
C-21 (dC 134.2) supported existence of hydroxymethyl functional group.
To confirm benzo-oxazinone moiety of starkmycin D, starkmycin D (19)
was measured 1H and 13C NMR together with 2D NMR spectra in DMSOd6. HMBC correlation from NH (dH 9.90) to C-1, C-3 and C-14 supported
the benzo-oxazinone moiety. The significant enhancement of correlations
under the experimental conditions for a smaller coupling constant (D-
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HMBC experiment, JCH = 6 Hz) than normal (gHMBC experiment, JCH =
8 Hz) indicated that the assignment C-2 (dC 131.8) with correlation
between H-5 (dH 7.57) and C-2 of starkmycin D.
Starkmycins A-D (16-19) were evaluated for their cytotoxicity
against human cancer cell lines (A549, HCT116, SNU638, SK-HEP1,
MDA-MB231, and K562). Starkmycins A-D (16-19) showed no activity
against cancer cell lines. Also antimicrobial bioactivity of starkmycins AD were investigated against diverse microbes, however starkmycins A-D
did not show significant antimicrobial activity.
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4-3. Experimental section
General Experimental Procedures. Optical rotations were
measured on a Jasco P-1020 polarimeter using a 1-cm cell. UV spectra
were

acquired

using

a

PerkinElmer

Lambda

35

UV/VIS

spectrophotometer. CD spectra were recorded using an Applied
Photophysics Chirascan-plus circular dichroism detector. IR spectra were
obtained on a Thermo N1COLET iS10 spectrometer. 1H,

13

C, and 2D

NMR spectra were acquired on a Bruker Avance 600-MHz and 500-MHz
spectrometers at the NCIRF (National Center for Interuniversity Research
Facilities at Seoul National University) and on a Bruker Avance II 900MHz NMR spectrometer at the KBSI (Korea Basic Science Institute at
Ochang). Electrospray ionization (ESI) low-resolution LC/MS data were
acquired on an Agilent Technologies 6130 quadrupole mass spectrometer
coupled with an Agilent Technologies 1200-series HPLC using a reversedphase C18 column (Phenomenex Luna, 100×4.6 mm). High-resolution
FAB mass spectrometric data were obtained at the NCIRF using a JEOL
JMS 700 mass spectrometer with meta-nitrobenzyl alcohol (NBA) as a
matrix for the FABMS. Instant Ocean was utilized to generate artificial
seawater.
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Bacterial Isolation. A saltern sediment sample was collected on
Shin-eui Island in the Republic of Korea. The sample (1 g) was diluted in
10 mL of sterilized artificial saline water (3´ strength of seawater) and
vortexed. The mixture was spread onto actinomycete isolation agar, A4
medium (1 L of artificial seawater, 18 g of agar, and 100 mg/L of
cycloheximide), A5 medium (750 mL of artificial seawater, 250 mL of
distilled H2O, 18 g of agar, and 100 mg/L of cycloheximide), A6 medium
(1 L of artificial seawater, 18 g of agar, and 5 mg/L of polymyxin B
sulfate), A7 medium (1 L of artificial seawater, 18 g of agar, and 5 mg/L of
kanamycin) and chitin-based agar (1 L of artificial seawater, chitin 4 g,
K2HPO4 0.75 g, MgSO4∙7H2O 0.5 g, KH2PO4 3.5 g, FeSO4∙7H2O 10 mg,
MnCl2∙4H2O 10 mg, ZnSO4∙7H2O 10 mg, 18 g of agar, and 100 mg/L of
cycloheximide). The strain HK10 was isolated on actinomycete isolation
agar medium. Colonies were repeatedly inoculated onto fresh agar plates
to obtain single strains. HK10 16S rDNA sequence analysis data obtained
from COSMO Co., Ltd. revealed that HK10 is most closely related to
Streptomyces radiopugnans (99% identity), identifying the strain as a
Streptomyces sp. (GenBank accession number: LC013479).
Cultivation and Extraction. The HK10 strain was cultivated in
50 mL of YEME medium (4 g of yeast extract, 10 g of malt extract, and 4
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g of glucose in 1 L of artificial seawater) in a 125-mL Erlenmeyer flask.
After the strain was cultivated for 3 days on a rotary shaker at 200 rpm at
30 °C, 10 mL of the culture was inoculated in 1 L of YPM + starch
medium (6 g of yeast extract, 4 g of peptone, 10 g of starch, and 4 g of
mannitol in 1 L of artificial seawater) in 2.8-L Fernbach flasks. These
large cultures (60 L) were incubated at 180 rpm at 30 °C. After 5 days, the
entire culture volume was extracted twice using EtOAc. The EtOAc layer
was separated and dried over anhydrous sodium sulfate. The EtOAc
extract was enriched in vacuo to yield 5 g of dried material.
Isolation of Starkmycins A-D (16-19). The dried extract was
absorbed on celite, loaded onto a 20 g C18 resin, and fractionated with 200
mL each of 20%, 40%, 60%, 80% and 100% MeOH in H2O and 1:1
MeOH/CH2Cl2. Starkmycins A-D (16-19) were detected in the 80%
MeOH/ H2O fraction. To purify 16-19, the 80% fraction was
chromatographed using reversed-phase HPLC on a C18 column (Kromasil,
5 μm, 250×10 mm) under isocratic conditions (55:45 CH3CN/H2O, UV
detection at 254 nm, flow rate of 2 mL/min). Finally, starkmycin A (16) (5
mg), starkmycin B (17) (7 mg), starkmycin C (18) (3 mg), and starkmycin
D (19) (2 mg) were isolated as pure compounds at retention times of 28,
36, 40, and 17 min, respectively.
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Starkmycin A (16): pale yellow amorphous oil; [a]20
D +10 (c 0.1,
MeOH); UV (MeOH) lmax (log e) 206 (3.97), 274 (3.24) nm; IR (ZnSe)
nmax 3387, 2957, 2924, 1662, 1377 cm-1; for 1H and 13C NMR data, Table
11; HRFABMS m/z 404.2439 [M+H]+ (calcd for C23H34NO5, 404.2437).
Starkmycin B (17): pale yellow amorphous oil; [a]20
D +43 (c 0.1,
MeOH); UV (MeOH) lmax (log e) 216 (3.54), 307 (3.07) nm; IR (ZnSe)
nmax 3384, 2955, 2957, 1662, 1522 cm-1; for 1H and 13C NMR data, Table
12; HRFABMS m/z 404.2442 [M+H]+ (calcd for C23H34NO5, 404.2437).
Starkmycin C (18): pale yellow amorphous oil; [a] 20
D +3 (c 0.1,
MeOH); UV (MeOH) lmax (log e) 226 (3.13), 288 (3.07) nm; IR (ZnSe)
nmax 3388, 2957, 2925, 1674, 1418 cm-1; for 1H and 13C NMR data, Table
13; HRFABMS m/z 459.2491 [M+H]+ (calcd for C25H35N2O6, 459.2495).
Starkmycin D (19): pale yellow amorphous oil; [a]20
D +20 (c 0.1,
MeOH); UV (MeOH) lmax (log e) 236 (4.06), 274 (3.96) nm; IR (ZnSe)
nmax 3388, 2926, 1680, 1518 cm-1; for 1H and

13

C NMR data, Table 14;

HRFABMS m/z 475.2434 [M+H]+ (calcd for C25H35N2O6, 475.2444).
Methylation of Starkmycin A. Starkmycin A (16) (1 mg) was

98

dissolved in 1 mL of anhydrous DMF. Then, K2CO3 was added to the
starkmycin A (16) solution, and added 60 μL of CH3I to the vial. The
reaction mixture was stirred at 25 °C for 2 h. After the reaction mixture
dried, starkmycin A methylation derivative was purified by reversed-phase
HPLC using a C18 column (Kromasil, 5 μm, 250×10 mm) with an
acetonitrile gradient (from 50% to 100% CH3CN/H2O in 60 min, UV
detection at 254 nm, flow rate of 2 mL/min, tR=25 min).
Starkmycin A methylation derivative (16a): 1H NMR (500 MHz,
methanol-d4) d 7.54 (s, 1H), 6.81 (dd, J=15.5, 8.0 Hz, 1H), 6.67 (s, 1H),
6.22 (d, J=15.5 Hz, 1H), 4.88 (overlapped, 1H), 3.85 (s, 3H), 3.79 (s, 3H),
2.59 (m, 2H), 2.47 (m, 1H), 2.36 (m, 1H), 2.27 (m, 2H), 1.68 (s, 3H),
1.65-1.63 (m, 2H), 1.63 (s, 3H), 1.35-1.31 (m, 4H), 1.07 (d, J=6.5 Hz, 3H),
0.94 (d, J=6.5 Hz, 3H).; ESIMS m/z 432 [M+H]+, 454 [M+Na]+.
Cell Culture. Human lung cancer (A549), colon cancer
(HCT116), stomach cancer (SNU638), leukemia (K562), liver cancer (SKHEP-1), and breast cancer (MDA-MB-231) cells were provided by the
Korean Cell Line Bank (Seoul, Korea). Cells were cultured in medium
(RPMI 1640 medium for A549, HCT116, SNU638, and K562 cells;
DMEM for SK-HEP-1 and MDA-MB-231 cells) supplemented with 10%
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heat-inactivated FBS and antibiotic-antimycotic solution (100 U/mL
penicillin G sodium, 100 μg/mL streptomycin, and 250 ng/mL
amphotericin B). Cells were incubated at 37 °C in a humidiﬁed
atmosphere containing 5% CO2.
Cell Proliferation Assay. Six human cancer cell lines (A549,
HCT116, SNU638, K562, SK-HEP1, and MDA-MB231; 3.5×104
cells/mL) were treated with several concentrations of starkmycins A-D for
3 days. After treatment, cells were ﬁxed with a 10% TCA solution, and
cell viability was determined using a sulforhodamine B (SRB) assay. The
results were expressed as percentages relative to solvent-treated control
incubations, and IC50 values were calculated using nonlinear regression
analysis (percent survival versus concentration).
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Table 11. 13C and 1H NMR assignment for compound 16 in CD3OD
16
Position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16a
16b
17
18
19
20
21
22
23
1

dC, type
148.2, C
136.2, C
127.3, C
114.4, CH
135.5, C
113.6, CH
36.0, CH2
32.3, CH2
26.3, CH2
36.5, CH2
179.7, C
167.5, C
121.9, CH
153.8, CH
35.8, CH
45.4, CH2

dH, mult (J in Hz)

6.66, s
6.52, s
2.49, m
1.61, m
1.62, m
2.25, t (7.0)
6.15, d (15.0)
6.87, dd (15.0, 8.0)
2.37, m
1.35, m
1.32, m
2.46, m
4.89, d (8.0)

31.5, CH
132.1, CH
131.4, C
25.9, CH3
18.1, CH3
21.7, CH3
19.8, CH3

1.68, d (1.0)
1.63, d (1.0)
0.94, d (6.5)
1.07, d (6.5)

H 500 MHz, 13C 125 MHz.
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Table 12. 13C and 1H NMR assignment for compound 17 in CD3OD
17
Position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16a
16b
17
18
19
20
21
22
23
1

dC, type

dH, mult (J in Hz)

149.2, C
118.8, C
125.4, CH
121.7, C
155.1, C
105.3, CH
30.1, CH2
30.8, CH2
26.2, CH2
35.9, CH2
179.0, C
167.1, C
122.0, CH
153.0, CH
35.8, CH
45.4, CH2

7.01, s
6.35, s
2.52, t (7.0)
1.60, m
1.62, m
2.28, t (7.0)
6.11, d (15.5)
6.81, dd (15.5, 8.0)
2.35, m
1.34, m
1.31, m
2.46, m
4.88, d (8.0)

31.5, CH
132.1, CH
131.3, C
26.0, CH3
18.1, CH3
21.7, CH3
19.8, CH3

1.68, d (1.0)
1.63, d (1.0)
0.93, d (7.0)
1.06, d (7.0)

H 500 MHz, 13C 125 MHz.
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Table 13. 13C and 1H NMR assignment for compound 18 in CD3OD
Position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18a
18b
19
20
21
22
23
24
25
1

dC, type
143.9, C
132.8, C
118.8, CH
141.9, C
117.6, CH
136.5, C
62.9, CH2
174.5, C
37.0, CH2
32.4, CH2
26.2, CH2
36.0, CH2
179.0, C
167.0, C
123.0, CH
153.5, CH
35.8, CH
45.4, CH2
31.5, CH
132.1, CH
131.4, C
26.0, CH3
18.1, CH3
21.7, CH3
19.8, CH3

18
dH, mult (J in Hz)
8.13, s
7.54, s
4.97, s
2.77, t (7.0)
1.74, m
1.67, m
2.30, t (7.0)
6.26, dd (15.5, 1.0)
6.89, dd (15.5, 8.0)
2.40, m
1.37, m
1.33, m
2.48, m
4.90, d (9.0)
1.69, d (1.0)
1.64, d (1.0)
0.95, d (6.5)
1.09, d (6.5)

H 500 MHz, 13C 125 MHz.
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Table 14. 13C and 1H NMR assignment for compound 19 in DMSO-d6
Position
1
2
3
4
5
6
7
8
9
10
11
12
13
NH
14
15
16
17
18a
18b
19
20
21
22a
22b
23
24
25
1

dC, type
142.3, C
131.8, C
117.4, CH
139.6, C
115.9, CH
134.4, C
61.2, CH2
173.7, C
35.4, CH2
30.9, CH2
24.8, CH2
35.1, CH2
175.1, C

19
dH, mult (J in Hz)
8.13, s
7.57, s
4.87, s
2.66, t (7.5)
1.60, m
1.51, m
2.12, t (7.5)
9.90, s

164.1, C
122.8, CH
150.2, CH
33.4, CH
43.7, CH2
29.0, CH
132.1, CH
134.2, C
59.7, CH2
21.2, CH3
21.5, CH3
19.2, CH3

6.52, d (15.5)
6.73, dd (15.5, 7.5)
2.29, m
1.32, m
1.24, m
2.49, m
4.93, d (9.5)
3.93, d (12.0)
3.90. d (12.0)
1.68, s
0.91, d (6.5)
1.01, d (6.5)

H 500 MHz, 13C 125 MHz.
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V. Conclusion

The purpose of this work is the investigation of new bioactive
secondary metabolites from Streptomyces inhabiting Korean a solar saltern.
Based upon chemical analysis and bioassay, novel substances from
microorganisms have been isolated and demonstrated the biomedical
potential as new drug candidates.
Chemical studies of selected two halophilic strains lead to
isolation of 12 novel compounds and 2 known compounds. These
compounds have been structurally elucidated by combined spectroscopic
methods and chemical analysis. The structures of 12 new compounds are
belonged to various structural classes and have been derived from various
biogenetic origins.
Diverse bioassay tests related to anticancer, antimicrobial, and
enzyme-inhibitory activities have been performed. Some of the isolated
compounds showed potent bioactivities in anticancer and antiviral
activities. Structure-activity relationships were also deduced.
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Part B.

Structure Determination of the New Bioactive
Metabolites from Streptomyces sp. from the Dung
Beetle, Copris tripartitus
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I. Introduction

Discovering new chemotypes with pharmaceutical potential from
natural sources has driven drug discovery and development.40 However,
there has been a general decline in the discovery of structurally novel
natural products over the past three decades, as conventional sources of
natural products, such as terrestrial plants and soil microorganisms, have
been thoroughly studied.41 This situation compels the urgent search for
new biological systems that can provide novel bioactive natural products.
As opposed to single or free-living organisms, complex biological systems,
such as insect-microbial symbiosis, have recently been highlighted as
prolific sources of interesting chemotypes.42 For example, a structurally
novel polyene peroxide, mycangimycin, produced by a symbiotic
Streptomyces sp. was discovered as a chemical mediator of the symbiotic
system of the southern pine beetle (Dendroctonus frontalis), its mutualistic
fungus, and an antagonistic fungus.43,44 It has also been reported that a
fungus-growing ant (Apterostigma dentigerum) protects its food fungus
from an antagonistic fungus by the utilization of a selective antifungal
agent, a new cyclic peptide, dentigerumycin, secreted by the symbiotic
actinomycete, Pseudonocardia sp.45 Even in those systems where the
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ecological roles of symbiotic partners and the symbiotic tightness between
host insects and their associated microbes are not clearly established,
insects are appreciated as a rich source of microbes that produce bioactive
natural products, which could serve as a source of new chemotypes. The
Streptomyces strains associated with the mud dauber, Sceliphron
caementarium, produce various antibiotic molecules, including a new
antifungal polyene macrocyclic lactam, sceliphrolactam, for which an
ecological function has not yet been elucidated.46,47 Recently, new
immunosuppressive polyketides have been reported from a mantisassociated fungus.48 Therefore, it is increasingly clear that chemical
studies of insectassociated microorganisms would be an effective strategy
for the discovery of new chemotypes with biological activity.
Dung beetles are of ecological importance in that they are prime
contributors to the cyclic breakdown of organic wastes.49 In general, dung
beetles gather feces and lay a single egg inside the dung brood balls that
they produce from the feces. The hatched larva feeds on the dung ball and
resides inside it until its adult stage, spending from a month to several
months inside the dung ball, depending on the species.50 However, brood
balls, which are mainly composed of the feces of herbivores, seem to be
an ideal environment for microbes rather than insect larvae. Although it is
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still unclear how the larvae are protected from bacterial and fungal
infestations during their development inside the brood balls, dung balls
have been reasonably assumed to be sources of uninvestigated microbes
that potentially produce structurally novel and biologically active
secondary metabolites.
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II. Tripartin from Streptomyces sp. SNC023 Associated
with a Dung Beetle Larva

“Reproduced from [Kim, S.-H.; Kwon, S. H.; Park, S,-H.; Lee, J. K.;
Bang, H.-S.; Nam, S.-J.; Kwon, H. C.; Shin, J.; Oh, D.-C. Organic Letters,
2013, 15, 1834-1837.].”

Tripartin (20), a new dichlorinated indanone, was isolated from the culture
broth of the Streptomyces sp. associated with a larva of the dung beetle
Copris tripartitus Waterhouse. The planar structure of tripartin (20) was
identified by the spectroscopic analyses of NMR, mass, UV, and IR data.
The structure was confirmed, and the absolute configuration of 20 was
determined by X-ray crystallography. Tripartin displayed specific activity as
an inhibitor of the histone H3 lysine 9 demethylase KDM4 in HeLa cells.
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2-1. Introduction
Investigation of the bacterial symbionts of eukaryotic hosts has
become a powerful approach for the discovery of new chemical entities.51
In particular, insects, the phylogenetic group with the most biodiversity on
Earth, host numerous chemically prolific bacteria.52 For example, the
fungus-growing ant Apterostigma dentigerum utilizes dentigerumycin, a
selective antifungal cyclic peptide produced by a Pseudonocardia
symbiont, for the protection of a food fungus from a parasitic fungus.45
The southern pine beetle Dendroctonus frontalis harbors a Streptomyces
sp. in a specialized body structure, the mycangium, and controls the
antagonistic fungus Ophiostoma minus to protect the larval food fungus
Entomocorticium sp. with the bacterial compound mycangimycin.53
Continuous research on identifying new bioactive compounds with novel
structures from insect-associated bacteria has resulted in the discovery of a
new macrocyclic lactam, sceliphrolactam, from a wasp system.54
Additionally, a recent study on a rare actinomycete, Amycolatopsis sp.,
from a grasshopper resulted in the discovery of new tetrasaccharides,
actinotetraoses and a new angucycline, amycomycin A.55 A termiteassociated Streptomyces strain yielded cyclic depsipeptides with modified
amino acids, microtermolides A and B.56
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2-2. Results and discussion
The bacteria associated with the dung beetle Copris tripartitus
Waterhouse have been investigated in the search for new chemotypes
because its system comprises extensive microbial communities that
possibly originated from the feces of herbivores, which the beetle utilizes
for feeding and making brood balls.57 Our chemical investigation of the
actinomycetes isolated from dung beetle brood balls led to the discovery
of tripartilactam, a novel macrocyclic lactam with a cyclobutane ring with
Na+/K+ ATPase inhibition activity,58 and the coprismycins, which are new
neuroprotective phenylpyridines.59 Bacteria associated with the beetle’s
larvae continuously were isolated and chemically screened the bacterial
cultures. During our LC/MS chemical analysis, a Streptomyces sp. (strain
#SNC023) was identified that produced a compound displaying a typical
dichlorinated mass spectral pattern. The culture of SNC023 were scaled up
and further investigated the compound, isolating and identifying a
structurally novel dichlorinated indanone, tripartin (20).
For biological evaluation of new chemotypes, the histone
methylation regulation system was primarily focused on, because histone
methylation plays a role in biology by regulating transcription,
maintaining genomic integrity, and by contributing to epigenetic effects.60
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The dynamic methylation of lysine and arginine residues has diverse
transcriptional outcomes, with different methylation sites and states being
associated with activation or repression of transcription. The methylation
of specific lysine residues is regulated by competition of two enzymes,
histone methyltransferases (HMTs) and histone demethylases (KDMs).
The largest identified family of KDMs is the JmjC-domain-containing
family and 2-oxoglutarate and Fe(II)-dependent oxygenase.61 The human
KDM subfamily has five members (KDM2/7, KDM3, KDM4, KDM5,
and KDM6). Several KDMs are targets for the treatment of diseases such
as leukemia, breast, and prostate cancers62 and inflammation.63 Despite
extensive effort, very few KDM-selective inhibitors have been
identified.64 Among the KDMs, KDM4 (histone H3 lysine 9 demethylase)specific inhibitors are least known. I evaluated the biological activity of
tripartin as a histone H3 lysine 9 demethylase KDM4 inhibitor. Here, I
report the discovery of tripartin (20) including the isolation and structure
elucidation and its biological activity as the first natural specific inhibitor
of the histone lysine demethylase KDM4.
The Streptomyces strain SNC023 was isolated from a larva of the
dung beetle C. tripartitus. The bacterium was cultivated in YPM (mannitol
4 g, yeast 2 g, and peptone 2 g) liquid medium, and the entire culture (20

113

L) was extracted with ethyl acetate. A dry extract was prepared after
evaporating the organic solvent in vacuo. Tripartin (20) was isolated as a
white

powder

from

the

extract

by

repetitive

reversed-phase

chromatography using a flash column and HPLC. The molecular formula
of 1 was deduced as C10H8Cl2O4 based on the high-resolution chemical
ionization mass spectrum (obsd [M+H]+ at m/z 262.9873, calcd [M+H]+
262.9878) and 1H and 13C NMR data. Analysis of the IR spectrum
indicated the presence of hydroxy and carbonyl functionalities with IR
absorption at 3360 cm-1 and 1659 cm-1, respectively.

Figure 17. Chemical structure of Tripatin (20).
Of the eight protons in the molecular formula, the 1H-NMR
spectrum showed three down-field protons (δH 6.41, 6.57, and 6.66) and
two protons (δH 2.62 and 3.10) in the aliphatic region, indicating that
tripartin possesses three exchangeable protons. Analysis of the

13

C-NMR

spectrum revealed one ketone carbon (δC 201.8), six sp2 carbons (δC 160.4,
155.7, 139.2, 131.1, 109.2, and 98.5), and three sp3 carbons (δC 80.2, 76.7,
and 47.2). The 1H-13C one-bond correlations in the gHSQC spectrum
showed that the protons at 6.57 and 6.41 ppm were directly connected to
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the double-bond carbons at 109.2 and 98.5 ppm, respectively. The singlet
proton at 6.66 ppm correlated with the carbon at 76.7 ppm in the gHSQC
spectrum, indicating that this carbon is possibly dichlorinated. The 1H-1H
COSY spectrum provided a long-range coupling between the two protons
at δH 6.57 and 6.41, with a small coupling constant of 1.8 Hz, a typical
meta coupling in an aromatic ring system. Further analysis of the gHMBC
correlations led to the construction of the dihydroxy aromatic ring based
on the heteronuclear coupling from H-5 (δH 6.57) to C-3, C-4, C-6, C-7,
and C-9 and from H-7 (δH 6.41) to C-1, C-5, C-6, and C-9 (Figure 18).
The particularly large geminal coupling constant (18.9 Hz) between the
two protons at C-2 indicated that this methylene belongs to a fivemembered ring system.65 In addition, the key HMBC correlations from
H2-2 to C-1, C-3, C-8, C-9, and C-10 connected the five-membered ring
with a ketone to the aromatic ring, constructing an indanone skeleton. The
dichlorinated C-10 was connected to C-3 by the HMBC couplings
between H-10 and C-3, C-2, and C-9, completing the planar structure of
the dichlorinated indanone tripartin (20) (Figure 18).

Figure 18. Key HMBC correlations of tripartin (20).
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To confirm the planar structure of tripartin (20) and determine the
absolute configuration of the only stereogenic center at C-3, crystallization
20 was attempted for single-crystal X-ray diffraction analysis. Fortunately,
Crystallization 20 was successful in diethyl ether/methanol to yield a
single and platelet crystal, which diffracted as a triclinic system. Based on
the crystallographic analysis, the absolute configuration of C-3 was
determined to be 3S (Figure 19).

Figure 19. ORTEP diagram for tripartin (20).
The indanone structure is often found in various natural sources.
For example, afzeliindanone was isolated from the roots of Uvaria afzelii
plants, and pterosin class compounds were reported from Pteris
semipinnata.66 Nodulisporin C was reported to be a secondary metabolite
of the fungus Nodulisporium sp., which is associated with Juniperus
cedre.67 In addition, an indanone (1-methoxy-6-methyl-3-oxo-2,3-dihydro1H-indene-4-carbaldehyde)

was

discovered
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from

the

marine

cyanobacterium Lyngbya majuscula.68
However, tripartin is the first indanone compound isolated from
actinomycete bacteria. The dichlorine functionality is unique; thus,
tripartin is the first dichlorinated example of the indanone class of natural
products. Tripartin (20) could be biosynthesized by adding and cyclizing
acetate-derived precursors. The two chlorine atoms at C-10 are possibly
introduced through a flavin-dependent halogenase, which was proposed to
produce a dichlorinated acetate unit incorporated in chloramphenicol from
Streptomyces venezuleae.69 However, the biosynthetic chlorination
mechanism should be further studied to exclude the alternative non-heme
iron halogenation, which introduces chlorine atoms into the sp3 carbon of
leucine, as shown for barbamide biosynthesis.70
To test whether tripartin (20) is a potent and highly selective
KDM4 inhibitor, I examined the ability of tripartin to inhibit KDM4 in
HeLa cells by immunoblot analysis of extracted histone using antibodies
specific for methylated H3K9. Treatment of HeLa cells with tripartin (10
mM) led to a substantial increase in global H3K9me3 levels, which
signifies the accumulation of methylated lysine by inhibition of the
demethylation process of KDM4 (Figure 20). KDM3 specifically
demethylates H3K9me2/1,71 of which levels were not increased by
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tripartin. Thus tripartin is not an inhibitor of KDM3.
Tripartin did not influence the methylation of other lysines such as
Lys 27, Lys 4, or Lys 36. Because KDM6, KDM5, and KDM2/7
demethylate histone H3 Lys 27, Lys 4, and Lys 36 respectively, this result
suggests that tripartin does not inhibit KDM6, KDM5, or KDM2/7. Even
though demethylation enzyme of Lys 79 has not been identified yet, I
measured the methylation level of H3K79me2 for a further specificity test.
In this assay, tripartin did not change the methylation level of H3K79me2.
Additionally, tripartin did not affect histone H3 acetylation (H3ace in
Figure 20). These results strongly suggest that tripartin (20) can
specifically inhibit histone H3 lysine 9 demethylase (KDM4).

Figure 20. Effect of tripartin (20) on various histone H3 lysine
methylation and acetylation. HeLa cells were treated with 0.1% DMSO
(control) or 10 μM of 1, as indicated. After 24 hours, histones extracted
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from HeLa cells were resolved on a 15% SDS-polyacrylamide gel.
Immunoblotting was performed with anti-pan histone H3, anti-H3K9me3,
anti-H3K9me2, anti-H3K3me1, anti-H3K27me3, anti-H3K4me3, antiH3K36me3, anti-H3K79me2, and anti-H3ace.
Inhibitors of KDMs, which are the most recently discovered
families of histone demethylases, are extremely rare.71 Only a few KDMselective inhibitors such as N-oxalylglycine, disulfiram, ebselen, and Noxalyl-D-tyrosine derivatives have been identified from synthetic
libraries.62 screening of small compound libraries provided quercetin as a
KDM inhibitor.72 However, quercetin, a natural flavonoid, was determined
to be a promiscuous inhibitor. Tripartin (20) is the first natural product that
exhibits specific inhibitory activity toward as one of the rare KDM
inhibitors.
The cytotoxicity of 20 also were investigated against various
cancer cell lines such as HeLa, SNU638, A549, HCT116, K562, MDAMB231, and SK-HEP-1. However it displayed no significant activity. I
also evaluated tripartin’s bioactivity using in vitro antibacterial assays but
could not find significant inhibitory activity against the pathogenic
bacteria Staphylococcus aureus, Bacillus subtilis, Micrococcus luteus,
Proteus vulgaris, Salmonella typhimurium, and Escherichia coli. Using in
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vitro antifungal assays, tripartin did not inhibit Candida albicans,
Aspergillus

fumigatus,

Trichophyton

rubrum,

and

Trichophyton

mentagrophytes. Additionally, I tested inhibitory activity of tripartin
against amyloid-β42 aggregation related to Alzheimer disease73 but found
no significant activity.
In conclusion, a structurally novel dichlorinated indanone were
identified, tripartin, as a specific histone H3 lysine 9 demethylase (KDM4)
inhibitor, from the culture broth of a Streptomyces sp. associated with a
larva of the dung beetle Copris tripartitus. The discovery of this new
chemotype

with

interesting

biological

activity

highlights

that

microorganisms in insect symbiotic systems are a promising niche for
exploring undiscovered natural chemical diversity.
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2-3. Experimental section
General Experimental Procedures. Optical rotation was
measured on a Jasco P-2000 polarimeter with a 1 cm path length cell. IR
spectra were recorded on a Jasco FT/IR-4200 spectrometer. UV absorption
spectra were acquired with a Hitachi U-3010 UV/VIS spectrophotometer.
Electrospray ionization (ESI) low resolution mass spectra were recorded
on an Agilent Technologies 6130 quadrupole mass spectrometer coupled
with an Agilent Technologies 1200 series HPLC. High resolution mass
spectra were obtained by a chemical ionization (CI) GC-MS, a Jeol, JMS700 high resolution mass spectrometer with Agilent Technologies 6890
series GC at the National Center for Inter-University Research Facilities.
1D and 2D NMR spectra, including 1H-1H COSY, HSQC, HMBC, and
ROESY experiments,

were collected on a JEOL, JNM-LA300

spectrometer operating at 300 MHz (1H) and 75 MHz (13C) and a Bruker
Avance 500 spectrometer operating at 500 MHz (1H) and 125 MHz (13C)
with chemical shifts given in ppm (δ). Semi-preparative HPLC was
performed by using a Gilson 305 pump with a Gilson UV/VIS-155
detector. Flash column chromatography (40 mm diameter × 100 mm
height, YMC-Gel ODS-A 12 nm S-75 mm) was performed by applying
vacuum with a Gast pump. X-ray crystallographic data were acquired on a
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Rigaku R-AXIS RAPID diffractometer using graphite-monochromated
Mo Kα radiation (λ= 0.71075 Å).
Biomaterial and Isolation of the Bacterial Strain (SNC023).
The bacterial (SNC023) strain was isolated from a larva of the dung beetle
Copris tripartitus. The larva of the dung beetle was taken from Korea
Rural Development Administration, in May, 2010. A larva of the dung
beetle was dissected with a sterilized surgery knife and scissors. The
comminution of the larva (weight: 1 g) was diluted in 5 mL of sterilized
deionized water and was spread on chitin-based agar, actinomycete
isolation agar, A1+C, Czapek Dox agar with cycloheximide (100 mg/ L)
and YPG agar with penicillin (150 mg/ L). The bacterial strain (SNC023)
was isolated on chitin-based agar (chitin 4 g, K2HPO4 0.75 g,
MgSO4∙7H2O 0.5 g, KH2PO4 3.5 g, FeSO4∙7H2O 10 mg, MnCl2∙4H2O 10
mg, ZnSO4∙7H2O 10 mg, and agar 15 g in distilled 1 L water).
Isolation of Ribosomal DNA, Gene Amplification, and
Sequencing. Isolation of the chromosomal DNA of bacterial strain
SNC023 was performed using a G-spinTM Genomic DNA extraction Kit.
The 16S rDNA sequence data were acquired in COSMO co, Ltd. Through
the 16S rDNA analysis SNC023 is most closely related to Streptomyces
diastaticus (99% identity), identifying the strain as Streptomyces sp.
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Cultivation and Extraction. The bacterial strain (SNC023) was
cultivated in twenty 2.8 L Firnbach flasks each containing 1 L of YPM
medium (4 g mannitol, 2 g yeast extract, 2 g peptone in 1 L of distilled
water) at 30 °C with shaking at 180 rpm. After inoculation of the
bacterium (SNC023), time-course analysis was performed once every two
days to monitor the production of secondary metabolites. On day 8, the
whole culture (20 L) was extracted with 40 L of ethyl acetate. The ethyl
acetate layer was concentrated in vacuo to yield 10 g crude extract.
Isolation and Purification of Tripartin (20). The crude extract
was fractionated using flash column chromatography by a step gradient
elution with water and methanol (20%, 40%, 60%, and 80% methanol in
water and 100% methanol) to yield five subfractions. The 40% methanol
fraction was dried in vacuo and separated by preparative reversed-phase
HPLC (Phenomenex Luna 5 μm C18(2) 250 × 21.20 mm column, flow rate
10 mL/min, UV 254 nm detection) under the gradient condition (30% 65% aqueous methanol over 50 min) to obtain 7.0 mg of tripartin (1).
Tripartin eluted at 34 min.
Tripartin (20): white powder, [α]20D -109 (c 0.05, MeOH), UV
(MeOH) λmax (log ε) 217 (3.38) nm, 268 (2.77) nm, 330 (2.42) nm, IR
(neat) νmax 3360, 3195, 2924, 2853, 1659 cm-1, For 1H (500 MHz) and 13C
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(125 MHz) NMR data, see Table 15, HRCIMS obsd [M+H]+ at m/z
262.9873, (calcd for C10H9Cl2O4 [M+H]+ 262.9878).
X-ray Crystallographic Data of Tripartin (20). Colorless
platelet crystal, C12H14Cl2O5S1, Mr = 341.21, triclinic, space group P-1
(#2), a = 8.1107(12) Å, b = 9.1475(16) Å, c = 11.4039(19) Å, α =
106.487(5) ˚, β = 103.627(4) ˚, γ = 104.156(4) ˚, V = 743.1(2) Å3, T =
23.0 °C, 2θmax = 54.9 ˚, Z = 2, Dcalcd = 1.525 g/cm3, crystal dimensions =
0.200 ´ 0.100 ´ 0.050 mm, F000 = 352.00, The final R1 value is 0.0449
(wR2 = 0.1268) for 3358 all reflections [I > 2.00σ(I)]. Crystallographic
data for tripartin (1) have been deposited to the Cambridge
Crystallographic Data Centre. The deposition number is CCDC 923572.
Copies of the data are available free of charge via the Internet at
http://www.ccdc.cam.ac.uk. CCDC 12 Union Road Cambridge CB2 1EZ
UK (Tel: +44 (0)1223-762911).
Acid Extraction of Histones. Acid extraction of histones was
performed as described previously. Briefly, HeLa cell pellets were
suspended in 10 volumes of PBS and centrifuged at 200 × g for 10 min.
Cells were then suspended with five volumes of hypotonic lysis buffer [10
mM Tris-Cl (pH 8.0), 1.5 mM MgCl2, 1 mM KCl, 1 mM DTT, and 1 mM
phenylmethylsulfonyl fluoride] and 0.4 N H2SO4 at a final concentration
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of 0.2 M and subsequently lysed on ice for 30 min. After centrifugation at
16,000 × g for 10 min at 4 °C, the cell supernatant fraction that contained
acid-soluble proteins was retained. Trichloroacetic acid was added to the
supernatant up to 33% and the samples were incubated on ice overnight.
Proteins were pelleted by centrifugation at 16,000 × g for 10 min at 4 °C
and washed 4 times with ice cold acetone with centrifugations at 16,000 ×
g for 5 min at 4 °C. The histone pellet was air-dried at room temperature
for 20 minutes and dissolved in an appropriate volume of ddH2O.
Western Blot Analysis. Acid extracted proteins were analyzed by
sodium duodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE)/immunoblotting with antibodies recognizing methylated histones
H3K9 and histone H3. Protein samples were separated along with
molecular weight markers (Bio-Rad, Hercules, CA, USA) in 15%
polyacrylamide gels. Gels were transferred onto 0.45-μm nitrocellulose
membranes (Schleicher and Schuell). Species-specific immunoglobulin Ghorseradish peroxidase (IgG-HRP) secondary antibodies were purchased
from Bio-Rad. Blots were developed with chemiluminescent substrate
(Amersham

International,

Buckinghamshire

England),

autoradiography was performed by utilizing X-OMAT film (Kodak).
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and

Table 15. 13C and 1H NMR assignment for Tripartin (20) in DMSO-d6

C/H
1
2a
2b
3
4
5
6
7
8

dHa
3.10
2.62

mult (J in Hz)
d (18.9)
d (18.9)

6.57

d (1.8)

6.41

d (1.8)

dCb
201.8
47.2
80.2
155.7
109.2
160.4
98.5

HMBC
C
CH2
C
C
CH
C
CH
C

1,3,8,9,10
1,3,8,9,10

3,4,6,7,9
1,5,6,9

139.2
9
10
1

C
6.66

s

131.1
76.7

H 300 MHz, 13C 75 MHz.
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CH

2,3,9

III. Conclusion

The purpose of this work is the investigation of new bioactive
metabolites from a larva of Dung beetle, Copris tripartitus. Based upon
chemical analysis and bioassay, novel substances from a larva of Dung
beetle, Copris tripartitus have been isolated and demonstrated the
biomedical potential as new drug candidates. Chemical studies of selected
Streptomyces sp. lead to isolation of novel compound. This compound
have been structurally elucidated by combined spectroscopic methods and
crystallization analysis. These results strongly suggest that novel
compound can specifically inhibit histone H3 lysine 9 demethylase
(KDM4).
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Summary

During the four years of the Doctor of Philosophy studies, effort is
focused on the study of isolation of secondary metabolites from
Streptomyces from Korea saltern and dung beetle, Copris tripatitus.
To achieve isolation and structure determination of novel
substances from saltern-derived microorganisms, topsoil samples were
collected from a solar saltern at Shinui Island in Korea. Two strains
(#HK10 and #HK18) were selected for chemical investigation on the basis
of LC/MS analysis of the crude extracts. From the culture extract of
Streptomyces sp., 12 new compounds have been isolated and structurally
elucidated by combined spectroscopic and chemical analysis. The
structures of these 12 compounds belonged to diverse structural classes
with various biogenetic origins. Diverse bioassay tests related to
anticancer, antimicrobial, enzyme-inhibitory activities, and antiviral
activities have been performed. Some of the isolated compounds showed
potent bioactivities in anticancer, antiviral, and enzyme inhibition
activities. Structure-activity relationships were also deduced.
In addition, Streptomyces sp. (#SNC023) was isolated from a larva
of the dung beetle Copris tripartitus. The larva of the dung beetle was
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taken from Korea Rural Development Administration. From the culture
extract of Streptomyces sp., a new compound have been isolated and
structurally elucidated by combined spectroscopic and crystallization
analysis. Novel compound have inhibition activity of histone H3 lysine 9
demethylase (KDM4).

1. Salternamides A-E from a Halophilic Streptomyces sp. HK10
Salternamides A−E (1−5), the first secondary metabolites
discovered from saltern-derived actinomycetes, were isolated from a
halophilic Streptomyces strain isolated from a saltern on Shinui Island in
the Republic of Korea. Salternamide A (1), which is the first chlorinated
compound in the manumycin family, exhibited potent cytotoxicity against
a human colon cancer cell line (HCT116) and a gastric cancer cell line
(SNU638) with submicromolar IC50 values. Salternamides A and D were
also determined to be weak Na+/K+ ATPase inhibitors.

2. Xiamycins C-E from a Halophilic Streptomyces sp. HK18
New metabolites, xiamycins C-E (10-12), were isolated from a
Streptomyces sp. (#HK18) culture inhabiting the topsoil in a Korean solar
saltern. Xiamycin D (2) showed the strongest inhibitory effect on porcine
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epidemic diarrhea virus (PEDV) replication (EC50=0.93 mM) with low
cytotoxicity (CC50=56.03 mM), thus displaying a high selective index
(60.31). Quantitative real-time PCR data revealed the inhibitory effect of
11 on genes encoding essential structural proteins (GP6 nucleocapsid, GP2
spike, and GP5 membrane) for PEDV replication in a dose-dependent
manner. The antiviral activity of xiamycin D (11) was also supported by
both Western blotting of the GP2 spike and GP6 nucleocapsid protein
synthesis of PEDV. Therefore, xiamycin D shows the potential of
indolosesquiterpenoids as new and promising chemical skeletons against
PEDV-related viruses.

3. Starkmycins A-D from a Halophilic Streptomyces sp. HK10
Starkmycins A-D (16-19), were isolated from a Streptomyces sp.
(#HK10) culture inhabiting the topsoil in a Korean solar saltern.
Starkmycin A and B possess a novel amide structure consisting of an
amino-phenylpentanoic acid core and an unsaturated fatty acid chain. Also,
starkmycin C and D possess unique benzo-oxazinone moiety. Starkmycins
showed no activity against cancer cell lines and diverse microbes.
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4. Tripartin from Streptomyces sp. SNC023 Associated with the Dung
Beetle Larva
Tripartin (20), a new dichlorinated indanone, was isolated from
the culture broth of the Streptomyces sp. associated with a larva of the
dung beetle Copris tripartitus. Tripartin displayed specific activity as an
inhibitor of the histone H3 lysine 9 demethylase KDM4 in HeLa cells.
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국문초록

염전표층과 애기뿔소똥구리에서 자생하는
스트렙토마이세스 방선균이 생산하는
생리활성 이차대사 물질의 구조 결정
서울대학교 대학원
약학과
천연물과학 전공
김 성 환

Part A. 한국의 토판염전 표층에서 분리된 호염환경에서 자생하는
방선균 유래의 생리활성 천연물에 대한 연구
화학적 분석방법과 생리활성 측정을 통하여 선별되어진 2
종의 순수균주 Streptomyces sp.를 배양하고 상기 배양액에서
추출한 유기물질들을 다양한 크로마토 그래피 법으로 분리 및
정제 하여 12 개의 순수한 신규물질들을 얻었다. 각각의 분광학
자료에 의하여 12 종의 신규물질들을 구조 결정하였다. 입체구조
결정을 위하여 화학적 방법과 분광학 자료분석 등 다양한 방법이
시도되었으며 분리된 물질들은 다양한 계열의 신규화합물을 (5
종의

manumycin

계열의

salteramides

A-E,

3

종의

indolosesquiterpenoid 계열의 xiamycin C-E, 4 종의 arylamine 계열의
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starkmycin

A-D)

으로

명명하였다.

분리된

물질들은

항암,

항바이러스 저해 등의 생리활성 검색이 이루어졌으며, 몇몇의
물질들은 주목할만한 활성이 있는 것으로 나타났다.

Part B. 애기뿔소똥구리 유충에 자생하는 방선균 유래의 생리활성
천연물에 대한 연구
화학적 분석방법과 생리활성 측정을 통하여 선별되어진 1
종의 순수균주 Streptomyces sp.를 배양하고 상기 배양액에서
추출한 유기물질들을 다양한 크로마토 그래피 법으로 분리 및
정제 하여 1 개의 순수한 신규물질들을 얻었다. 각각의 분광학
자료에 의하여 1 개의 신규물질들을 구조 결정하였다. 입체구조
결정을 위하여 화학적 방법과 분광학 자료분석 등 다양한 방법이
시도되었으며

분리된

물질들은

인다논 계열의

신규화합물로

tripartin으로 명명하였다. 분리된 물질은 히스톤 디메틸라아제
억제생리활성 검색이 이루어졌으며, 이는 주목할만한 활성이
있는 것으로 나타났다.
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