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eptides from the mangrove
rhizosphere-derived Streptomyces sp. GXIMD
03507

Yanan Wang, Rongchun Qin, Zhenzhou Tang, Mi Zhou, Peiying Xue, Chunxiao Chen,
Jingqi Zhu, Yongxue Du, Xiaodong Jiang,* Yonghong Liu * and Xiao Lin *

Mangrove-derived actinomycetes are a rich reservoir of bioactive natural products, offering promising

opportunities for new lead discovery. Seven new quinomycin-type octapeptides, designated quinomycin

Q–U and triostin D–E, were isolated from the mangrove rhizosphere-derived Streptomyces sp. GXIMD

03507. The structures of compounds 1–7, including their absolute configurations were elucidated

through a combination of chemical and spectroscopic analyses. The anti-proliferation activities of

compounds 1–7 were evaluated against five tumor cell lines. None of the compounds (1–7) exhibited

significant cytotoxic activity. These results suggested that the bicyclic framework bridged by ester

linkages is crucial for biological activity, hydrolysis of one or both of these ester bonds dramatically

decreases the cytotoxic potency.
Introduction

Recently, drug resistance and pathogen mutations have weak-
ened the effectiveness of many anticancer and antimicrobial
drugs. This challenge underscores the urgent need to discover
new chemotypes and pharmaceutical resources. Mangrove
ecosystems, widely distributed across tropical and subtropical
intertidal zones, are promising environments for such
discovery. Mangrove plants, have adapted to harsh environ-
ments, including high salinity and tidal ooding, supporting
diverse microbial community in the rhizosphere soil.1 Many of
these microbes produce structurally diverse metabolites with
distinct biological functions, and mangrove-derived microor-
ganisms have emerged as a rich source of new drug leads.2,3

Within these communities, Streptomyces species are prolic
members of mangrove-associated microbiota and are renowned
for producing structurally complex natural products.4

Numerous studies have shown that secondary metabolites iso-
lated from Streptomyces sp. exhibit potential as new antibiotics,
antitumor agents, immunosuppressive agents and enzyme
inhibitors.5 Among these metabolites, quinomycins constitute
a family of octapeptides characterized by two aromatic hetero-
cycles tethered to a dimerized peptide core and act as DNA bi-
sintercalators. To date, approximately 40 quinomycins have
been reported from various Streptomyces sp.6
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In our ongoing efforts to explore bioactive marine peptides
from microorganisms, we discovered that the fermentation
extract of strain GXIMD 03507 contained quinomycin-type
peptides. This strain was isolated from mangrove rhizosphere
soil in Dongxing, Guangxi, China, and was identied as Strep-
tomyces sp. Liquid chromatography-photodiode array-mass
spectrometry (LC-PDA-MS) analysis of the culture extract
revealed several previously undescribed quasi-molecular ions
with UV absorption proles closely resembling that of echino-
mycin (Fig. S2), suggesting the presence of new quinomycin-
type metabolites. Inspired by these ndings, we expanded our
chemical exploration of this strain, leading to the discovery of
seven new quinomycin-type octapeptides, designated as quin-
omycins Q–U (1–5) and triostins D–E (6–7), along with four
known compounds quinomycin G (8),7 depsiechinoserine (9),8

echinoserine (10),9 and echinomycin (11).10 Herein, we describe
the isolation, structural elucidation, and cytotoxic evaluation of
1–7, which expand the chemical diversity of the quinomycin
family and under core mangrove-derived Streptomyces as
a valuable reservoir of drug leads.
Results and discussion

Liquid chromatography-mass spectrometry (LC-PDA-MS) anal-
ysis was performed on quinomycin-type octapeptide sub-
fractions extracted from the liquid medium of Streptomyces sp.
GXIMD 03507, and revealed the presence of undescribed MS
prole with [M + H]+ ions ranging from m/z 1101 to 1123
(Fig. S2). Large-scale fermentation was conducted to produce
the target compounds, followed by extensive combinatorial
RSC Adv., 2026, 16, 16241–16248 | 16241

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra09728b&domain=pdf&date_stamp=2026-03-23
http://orcid.org/0000-0001-8327-3108
http://orcid.org/0000-0001-7278-2062
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09728b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016018


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
5:

36
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
chromatographic purication, which ultimately yielded seven
new quinomycin-type octapeptides (compounds 1–7).

Quinomycin Q (1) was obtained as a white amorphous
powder. Its molecular formula was deduced as C51H64N12O12S2
by HRESI-MS measurement (m/z 1101.4288 [M + H]+, calcd for
C51H65N12O12S2, 1101.4286 [M + H]+), indicating 26 degrees of
unsaturation (attributes to aromatic rings, carbonyl groups, and
olenic groups). The UV spectrum showed maximum absorp-
tion bands at 201, 242, 318, and 324 nm (Fig. S3), suggesting the
presence of a quinoxaline-2-carboxylic acid chromophore.7,11

The 1H NMR data (Table 1) of 1 displayed four NH protons
(dH 7.38, 7.51, 10.56, and 10.58), the characteristic signals (dH
7.90–7.81, 8.23–8.14) of two quinoxaline-2-carboxylic acids (QXA
and QXA0), four N-methyl groups (dH 3.02–3.07) and a S-methyl
group (dH 2.06). The 13C NMR spectra (Table 1), with the
assistance of 2D NMR, revealed the presence of 51 carbons
signals, including eight carbonyls (dC 173.1, 172.6, 170.7, 170.7,
169.4, 169.4, 163.3, 162.9), two quinoxaline-2-carboxylic acid
moiety carbons (dC 162.2, 162.2, 129.6–144.1), two olenic
methine carbons (dC 103.8, 103.1), six aliphatic a-amino
carbons (dC 64.4, 62.8, 54.5, 53.6, 46.7, 46.6), and four methyl-
amino carbons (dC 31.8, 31.4, 30.9, 30.6). Comparison of the 1D
NMR spectra of 1 and echinomycin (11) showed signicant
similarities, except for two terminal olenic signals (dH 6.76,
5.53; 6.79, 5.60; dC 134.0, 103.8; 134.0, 103.1) and the absence of
two serine resonance in 1, indicating that two serine residues
were replaced by dehydroalanine (Dha) units.

Comprehensive analysis of the 1H–1H COSY (Fig. S12) and
HSQC (Fig. S13) of compound 1, indicated that 1 was comprised
of two quinoxalines and eight amino acid moieties (two N-Me-
Table 1 1H (800 MHz) and 13C (201 MHz) NMR data of compound 1 in C

Pos. dH, mult (J in Hz) dC, type Pos. dH, m

QXA/QXA0 Ala
2/20 143.3a/143.3a, C 1
3/30 9.67a, s/9.67a, s 143.7b/143.7b, CH 2 5.02,
4a/4a0 144.1c/144.1c, C 3 1.45,
5/50 8.18b, m/8.18b, m 129.6d/129.6d, CH NH 7.52,
6/60 7.88c, m/7.88c, m 132.1e/132.1e, CH
7/70 7.85d, m/7.85d, m 131.2 f/131.2 f, CH
8/80 8.22e, m/8.22e, m 130.2g/130.2g, CH
8a/8a0 140.4h/140.4h, C
9/90 162.2/162.2, C
Dha Ala0

1 163.3, C 1
2 134.0, C 2 5.02,
3 5.53, s 103.8, CH2 3 1.39,

6.76, s NH 7.38,
NH 10.56, s

Dha0 Cys
1 162.9, C 1
2 133.9, C 2 5.66,
3 5.60, s 103.1, CH2 3 4.57,

6.79, s S–Me 2.06,
NH 10.58, s N–Me 3.07,

a a–h assignments for overlapping 1H NMR and 13C NMR resonances with

16242 | RSC Adv., 2026, 16, 16241–16248
Val, two Ala, two N-Me-Cys, and two Dha) (Fig. 1). The connec-
tions between amino acids moieties were conrmed by the
HMBC correlations (Fig. S14) from H-2 (dH 4.57) of N-Me-Val to
C-1 (dC 170.7) of N-Me-Cys; from N–CH3 (dH 3.07) of N-Me-Cys to
the C-1 (dC 172.2) of Ala, and from H-2 (dH 5.02) of Ala to C-1(dC
163.3) of Dha. Thus, the amino acid sequences were determined
as QXA-Dha-Ala-Cys-Val for the upper hemisphere and QXA0-
Dha0-Ala0-Cys0-Val0 for the lower hemisphere, based on the
interpretation of HMBC correlations (Fig. 4 and S14). Correla-
tions between H-3 (dH 4.57) of Cys and C-3 (dC 31.5) of Cys0

indicated the presence of a thioacetal linkage connecting the
two hemispheres. Accordingly, the HRESIMS/MS fragmentation
pattern yields key ions (fragments a–g in Fig. 2) that match the
proposed sequence of amino acid residues, thereby strongly
supporting the planar structure and the connectivity deduced
from HMBC data.

Quinomycin R (2) was puried as a yellow amorphous
powder. High resolution electrospray ionization mass spec-
trometry (HRESIMS) data (Fig. S18) revealed a molecular ion at
m/z 1119.4369 [M + H]+, corresponding to the molecular
formula C51H66N12O13S2, indicating 25 degrees of unsaturation.
The NMR data of 2 (Table S1, Fig. S21–S23) showed a nearly
identical prole to that of 1, except for the replacement of one
Dha unit by a serine residue. Detailed analysis of 2D NMR data
(Fig. S24–S28) indicated that the replacement occurred in the
upper hemisphere (Fig. S29). Therefore, the structure of
compound 2 was established and further conrmed by
HRESIMS/MS fragmentation analysis (Fig. S19).

Quinomycin S (3) was obtained as a yellow amorphous solid
and assigned the molecular formula C51H66N12O13S2 based on
DCl3
a

ult (J in Hz) dC, type Pos. dH, mult (J in Hz) dC, type

Cys0

173.1, C 1 170.7, C
m 46.7, CH 2 5.74, m 53.6, CH
d (6.8) 18.6, CH3 3 2.78, d (12.9) 31.5, CH2

d (7.2) 3.32, d (12.4)
N–Me 3.02, overlapped 30.6, CH3

Val
172.6, C 1 169.4, C

m 46.6, CH 2 4.79, d (10.4) 64.4, CH
d (6.7) 18.7, CH3 3 2.19, m 27.2, CH
d (7.2) 4 1.05, overlapped 20.0, CH3

5 0.79, d (6.6) 19.0, CH3

N–Me 3.07, overlapped 31.8, CH3

Val0

169.4, C 1 170.7, C
d (11.1) 54.5, CH 2 4.57, d (11.2) 62.8, CH
m 52.6, CH 3 2.26, m 27.3, CH
s 12.0, CH3 4 1.05, overlapped 20.0, CH3

overlapped 30.9, CH3 5 0.85, d (6.6) 19.4, CH3

N–Me 3.07, overlapped 31.4, CH3

the same superscript may be interchanged.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of compounds 1–11.
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HRESIMS (m/z 1119.4399 [M + H]+), indicating that is an isomer
of 2. Comprehensive NMR analysis (Table S2, Fig. S33–S40)
revealed the absence of one terminal double bond, which was
replaced by an ester bond linkage. Comparison of 1D NMR data,
suggested that the ester linkage occurred between Val and Ser0,
as evidenced by the upeld shi of the b-H in Ser0.

Quinomycin T (4) was isolated as a yellow powder with
a molecular formula of C51H66N12O13S2, as determined by
HRESIMS analysis (m/z 1119.4364 [M + H]+), indicating that it is
Fig. 2 Selected (+) HRESIMS2 fragments of compound 1 and MS2 fra
1101.4288).

© 2026 The Author(s). Published by the Royal Society of Chemistry
an isomer of 2. However, the NMR spectra of 4 in CDCl3
exhibited poorly resolved and extensively overlapping reso-
nances. Based on literature survey, peptides containing the N-
methylamino acid residue can exist in solution with multiple
conformational isomers due to cis–trans isomerization of the
amide bond.12,13 We thus recorded the NMR spectra of 4 at
different temperatures in DMSO-d6, and the signals resolution
improved at 53 °C (Fig. 3). According to the 1H NMR (Table S3
and Fig. S45), at least two sets of paired resonances with a 1 : 1
gmentation pattern of the protonated molecular ion [M + H]+ (m/z

RSC Adv., 2026, 16, 16241–16248 | 16243
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Fig. 3 Effect of temperature on the 1H NMR spectra of compound 4.
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ratio were observed based on the well-resolved terminal olenic
protons, indicating the presence of two conformational
isomers. Due to this conformational heterogeneity, the deni-
tive structural assignment for 4 by NMR alone is more chal-
lenging than for the other analogues. However, the overall set of
data (1D and 2D NMR, together with MS/MS) strongly supports
the proposed structure (Fig. 1 and S51). Analysis of the 2D NMR
data (Fig. S47–S50) determined that the Dha residue is located
in the upper hemisphere, which is the exact opposite of the
position in 2. MS/MS fragmentation analysis provided addi-
tional evidence to support this assignment (Fig. S43). The
denitive structural assignment for 4 is more challenging due
to this conformational heterogeneity, though the combined
data (NMR, MS/MS) support the proposed structure.

Quinomycin U (5) was obtained as a white amorphous solid.
On the basis of HRESIMS studies, the molecular formula
C51H64N12O12S2 was deduced at m/z 1101.4280 [M + H]+. The
Fig. 4 Key COSY, HMBC, ROESY correlations of representative compou

16244 | RSC Adv., 2026, 16, 16241–16248
NMR data (Table S4, Fig. S55 and S56) showed a similar prole
to that of 3, except for the replacement of a serine residue by
a Dha unit, indicating the presence of a terminal double bond
in the upper hemisphere. Further 2D NMR correlations
(Fig. S57–S62) and MS/MS fragmentation (Fig. S53) conrmed
this assignment.

Triostin D (6) was obtained as a white amorphous powder. It
possessed a molecular formula of C50H66N12O14S2 by the HRE-
SIMS ion at m/z 1123.4348 [M + H]+(calcd for C50H67N12O14S2,
1123.4341). Analysis of the UV and MS/MS spectrum suggested
that it was a quinomycin-type octapeptide containing a di-
sulde cross-link instead of a thioacetal bridge, as inferred from
the characteristic neutral loss of the 48 Da observed in 1–5
(Fig. S64). The 13C NMR spectrum (Table S5 and Fig. S67),
interpreted with the aid of 2D NMR data (Fig. S70–S74), revealed
26 distinct carbon signals, accounting for only half of the total
carbons in the molecular formula and thereby indicating that 6
nds 1 and 6.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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is a symmetrical dimer. The spectra of 6 were highly similar to
those of triostin A14,15 except for the cleaved ester bonds between
Val/Ser0 and Val0/Ser. This structural difference was conrmed
by MS/MS fragmentation analysis (Fig. S64) and the absence of
the key HMBC correlations for the Val/Ser0 and Val0/Ser ester
linkages (Fig. 4 and S75).

Triostin E (7) was isolated as a yellow amorphous solid and
assigned the molecular formula C50H64N12O13S2 based on
HRESIMS data (m/z 1105.4230 [M + H]+), consistent with the loss
of one H2O unit compared to 6. The NMR spectra (Table S6,
Fig. S79–S81) of compound 7 in CDCl3 also presented severely
overlapping resonances due to conformational heterogeneity.
Analysis of 2D NMR data (Fig. S82–S86) indicated that the
amino acid sequence in 7 were similar to that of 6, except for an
ester bond linkage between Val and Ser0. This was further sup-
ported by HRESIMS/MS fragmentation analysis (Fig. S77).

The absolute congurations of the amino acid residues in
compounds 1–7 were established by UPLC-MS analysis of their
acid hydrolysates derivatized using Marfey's method. Compar-
ison of the FDLA derivatives of the hydrolysates of 1–7 with
those of appropriate standard amino acids by UPLC-MS analysis
indicated L-, L-, and D-conguration for Ala, N-Me-Val, and Ser,
respectively, in compounds 1–4 and 6–7 (Table S7, Fig. S7, S20,
S32, S44, S65, and S78). Although compounds 3 and 5 share
highly similar structures, both characterized by cleavage of the
le-side ester bond, they differ in the stereochemistry of their N-
Me-Val residues. Compound 3 contains only the L-congura-
tion, whereas compound 5 comprises both D- and L-forms
(Fig. S54). However, the precise stereochemical assignments
could not be determined due to the limited sample quantity,
which precluded denitive 2D NMR correlation analysis.
According to the reported biosynthetic pathway of echinomy-
cin,16 the formation of disulde bonds and thioacetal bridges in
this class of peptides oen occurs as a post-assembly tailoring
modication. Therefore, whether the observed stereochemical
heterogeneity in compound 5 arises from such post-
biosynthetic processes remains unclear and will require
further investigation. The conguration of the N-Me-Cys
residue was tentatively assigned as L based on the congruence
of the ECD spectra (Fig. S4) and optical rotation data between
compounds 1–7 and echinomycin (11). The absolute congu-
rations of the amino acid residues in compounds 1–7 are
summarized in Table S7.

Compounds 1–7 were evaluated for their in vitro anti-cancer
activity against ve human tumor cell lines (K562, HepG2,
HT29, DLD-1, NCI-H460) using the MTT method. No signicant
cytotoxicity (IC50 > 10 mM) was observed for compounds 1–7
compared to the positive control cisplatin and compound 11. In
contrast, echinomycin (11) exhibited the most potent anti-
cancer activity (IC50 0.006 mM). Given this pronounced differ-
ence in activity, further IC50 determinations were not pursued.
To rationalize these biological results, the structural charac-
teristics of 1–7 were further analyzed. Compounds 1–7 shared
common structural features: two peptide chains, analogous to
those of echinoserine, are connected either by a thioacetal or
disulde bridge alone, or by a sulfur bridge in combination with
an ester linkage. The lack of activity in compounds 1–7, in
© 2026 The Author(s). Published by the Royal Society of Chemistry
contrast to the active, fully cyclized echinomycin (11), suggests
that the integrity of the bicyclic scaffold is likely crucial for
biological activity.8

Echinomycin, the rst discovered natural product bi-
sintercalator, exhibits remarkable antitumor activity and has
progressed to phase II clinical trials.17 Its mechanism of action
involves not only bisintercalation into DNA18,19 but also selective
inhibition of hypoxia-inducible factor-1 (HIF-1).20 However,
within this family, structural modications such as ester bond
hydrolysis or sulfoxide formation, while increasing structural
diversity, generally lead to a remarkable reduction in bioactivity.
In earlier studies, quinomycin analogues with distinct inter-
peptide chain linkages have been reported. Some preserve
both ester-bond connections without the sulfur cross link,21

whereas others maintain the sulfur bridge but show cleavage of
one or both head-to-tail easter bond.7,22 These derivatives like-
wise displayed either undetectable activity or antitumor potency
reduced by 2–3 orders of magnitude compared with echino-
mycin. Earlier study attributed the dramatic decrease in activity
to the altered and more exible conformations resulting from
ester bond cleavage, which likely prevent the chromophores
from bisintercalating into the duplex DNA effectively.22 While
this explanation is plausible, an alternative possibility is that
the presence of free carboxylic acid groups reduces membrane
permeability and consequently limits cellular uptake.

To distinguish between these two hypotheses, we designed
and performed the following experiments. Two structurally
distinct compounds, 10 and 11, were selected and administered
to NCI-H460 cells at different concentrations. Cells were har-
vested at various time points post-treatment, and the intracel-
lular and extracellular levels of both compounds were analyzed
by UPLC-HRMS. The results demonstrated that the active
compound 11 was readily detectable inside the cells at multiple
time points, with particularly prominent accumulation
observed at 24 h, coinciding with the onset of apoptosis
(Fig. S93A). In contrast, compound 10 was not detected intra-
cellularly and was only present in the culture medium. This
intriguing observation prompted further mechanistic specula-
tion. Cells possess intrinsic protective systems capable of
expelling xenobiotics through efflux transporters such as P-
glycoprotein (P-gp) and multidrug resistance-associated
protein 1 (MPR1).23 Given that 11 induced apoptosis, intracel-
lular ATP levels are likely to decline following treatment. In the
absence of sufficient energy supply, ATP-dependent efflux
pumps may become functionally impaired, leading to intracel-
lular accumulation of 11. The observed dose-dependent intra-
cellular levels of 11 further supports this interpretation
(Fig. S93B). In contrast, compound 10 was undetectable within
the cells, which may be attributed to its poor membrane
permeability and/or efficient ATP-dependent efflux, thereby
resulting in intracellular concentrations below the detection
limit of mass spectrometry.

To further evaluate this hypothesis, we performed another
experiment. An LC-MS method was employed to examine the
distribution of compounds 10 and 11 in the producing strain
aer fermentation. The results revealed that compound 11 was
present in both the mycelia and the culture broth. In contrast,
RSC Adv., 2026, 16, 16241–16248 | 16245
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compound 10 was predominantly detected in the broth, with
only trace amounts observed in the mycelia (Fig. S94). These
ndings suggest that ester-bond-cleavaged derivatives such as
1–10 may represent naturally occurring metabolites with low-
toxicity, and generated by the producing strain as part of
a self-resistance mechanism.24 These compounds may exhibit
reduced membrane permeability, and even if small amounts
enter the cells, they could be efficiently eliminated by ATP-
driven efflux transporters.
Experimental section
General experimental procedures

High-resolution electrospray ionization mass spectrometry
(HRESIMS) and MS/MS data were acquired using a Waters Xevo
G2 Q-T of instrument equipped with a Waters ACQUITY UPLC
BEH C18 column (100 × 2.1 mm, 1.7 mm). NMR spectra were
acquired using Bruker AVANCE III HD 500 MHz and Ascend TM
800 MHz NMR spectrometers. Optical rotations and ECD
spectra were acquired using a JASCO J-1500 spectropolarimeter
(JASCO, Tokyo, Japan). Semipreparative HPLC was performed
on an LC2030 system (Shimadzu, Kyoto, Japan) equipped with
a DAD detector, using a Sunniest PFP&C18 column (10 × 250
mm, 5 mm) at a ow rate of 2.0 mL min−1.
Extraction and separation of crude extracts

The Streptomyces sp. GXIMD 03507 was isolated frommangrove
rhizosphere soil in Dongxing, Guangxi, China. Genomic DNA
extraction, PCR amplication, and sequencing were carried out
by Shanghai BIOZERON Biotech. Co., Ltd. The partial 16S rRNA
gene fragment was amplied using the universal primers 27F
(50-AGAGTTTGATCCTGGCTCAG-3) and 1492R (50-TACGGC-
TACCTTGTTACGACTT-30). Strain identication was based on
morphological characteristics and 16S rRNA gene sequence
analysis, and the sequence has been deposited in GenBank
under the accession number PX472909 (Fig. S1). The strain is
preserved at the Institute of Marine Drugs, Guangxi University
of Chinese Medicine, Nanning, People's Republic of China.

The strain was initially grown and maintained on an agar
plate with 38# medium (glucose 4 g L−1, yeast extract 4 g L−1,
malt extract 10 g L−1, agar 20 g L−1, multivitamin 500 ml L−1,
marine salt 15 g L−1, distilled water 1 L, pH = 7.2–7.4) at 28 °C
for 4 days to produce spore suspension. The spores were inoc-
ulated into 1000 mL Erlenmeyer asks containing 200 mL of
38# medium at 28 °C, 200 rpm for 7 days. The culture broth (60
L) was centrifuged (4300 rpm, 30 min), and the resulting
supernatant was subjected to microporous resin (Amberlite
XAD16, 20–60 mesh) adsorption, followed by multiple elution
with methanol, and then partitioned against ethyl acetate to
obtain the crude organic extract (10.79 g). The extract was
subjected to Vacuum Liquid Chromatography (VLC) on silica
gel (200–300 mesh) eluted with CH2Cl2–MeOH (1 : 0, 50 : 1, 25 :
1, 20 : 1, 15 : 1, 10 : 1, 5 : 1, 3 : 1, 0 : 1, v/v) to obtain thirteen
fractions (Fr.1–Fr.13). Based on HPLC-PDA-MS analysis, Fr.5
(1.45 g), Fr.7 (584.9 mg), Fr.9 (396.3 mg) and Fr.10 (1.02 g),
which were tentatively identied as containing quinomycin-type
16246 | RSC Adv., 2026, 16, 16241–16248
compounds (exhibiting maximum absorption at 201, 242, 318,
and 324 nm, similar to echinomycin), were further fractionated
on Sephadex LH-20 using CH2Cl2/MeOH (1 : 1, v/v), respectively.
Fr.5.2 (463.9 mg) was separated by semipreparative HPLC (75%
aqueous MeOH with 0.1% formic acid) to obtain compound 3
(tR = 20.6 min, 18 mg) (Fig. S90), and by semipreparative HPLC
(52% aqueous MeCN with 0.1% formic acid) to obtain
compound 5 (tR = 41.6 min, 4.7 mg) (Fig. S91). Fr.7.1 (143.8 mg)
was separated by semipreparative HPLC (50% aqueous MeCN
with 0.1% formic acid) to obtain compound 1 (tR= 45.7 min, 7.6
mg), compound 7 (tR = 11.7 min, 12.3 mg) (Fig. S88). Fr.9.1
(396.3 mg) was separated by semipreparative HPLC (44%
aqueous MeCN with 0.1% formic acid) to obtain compound 2
(tR = 26.4 min, 36.1 mg), compound 4 (tR = 28.7 min, 10.1 mg)
(Fig. S89). Fr.10.1 (597.4 mg) was separated by semipreparative
HPLC (37% aqueous MeCN with 0.1% formic acid) to obtain
compound 6 (tR = 23.1 min, 5 mg) (Fig. S92).

Quinomycin Q (1). White amorphous solid; [a]20D −110.1 (c
0.25, MeOH); NMR data, Table 1 and Fig. S8–S16; HRESIMS m/z
1101.4288 [M + H]+ (calcd for C51H65N12O12S2, 1101.4286, D 0.18
ppm).

Quinomycin R (2). Yellow amorphous solid; [a]20D −122.1 (c
0.25, MeOH); NMR data, Table S1 and Fig. S21–S28; HRESIMS
m/z 1119.4369 [M + H]+ (calcd for C51H67N12O13S2, 1119.4392, D
2.05 ppm).

Quinomycin S (3). Yellow amorphous solid; [a]20D −162.1 (c
0.25, MeOH); NMR data, Table S2 and Fig. S33–S40; HRESIMS
m/z 1119.4399 [M + H]+ (calcd for C51H67N12O13S2, 1119.4392, D
0.63 ppm).

Quinomycin T (4). Yellow amorphous solid; [a]20D −76.0 (c
0.25, MeOH); NMR data, Table S3 and Fig. S45–S50; HRESIMS
m/z 1119.4364 [M + H]+ (calcd for C51H67N12O13S2, 1119.4392, D
2.5 ppm).

Quinomycin U (5). White amorphous solid; [a]20D −82.1 (c
0.25, MeOH); NMR data, Table S4 and Fig. S55–S61; HRESIMS
m/z 1101.4280 [M + H]+ (calcd for C51H65N12O12S2, 1101.4286, D
0.54 ppm).

Triostin D (6). White amorphous solid; [a]20D −226.2 (c 0.25,
MeOH); NMR data, Table S5 and Fig. S66–S74; HRESIMS m/z
1123.4348 [M + H]+ (calcd for C50H67N12O14S2, 1123.4341, D 0.62
ppm).

Triostin E (7). Yellow amorphous solid; [a]20D −152.1 (c 0.25,
MeOH); NMR data, Table S6 and Fig. S79–S86; HRESIMS m/z
1105.4230 [M + H]+ (calcd for C50H65N12O13S2, 1105.4235, D 0.45
ppm).
Marfey's analysis

Analysis was carried out following the published method.25

Compounds 1–7 (100 mg) were dissolved in 6 N HCl (100 mL),
and heated at 110 °C for 24 h. Aer cooling to room tempera-
ture, the hydrolysates were dried under reduced pressure. The
hydrolysates were treated with 1 M NaHCO3 (40 mL) and then
reacted with (5-uoro-2,4-dinitrophenyl-L-leucineamide, 1%
solution in acetone, 100 mL) L-FDLA at 40 °C for 1 h. Aer
cooling to room temperature, the mixture was added with 1 M
HCl (25 mL) to neutralize and terminate the reaction. MeOH was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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then added to the quenched reaction to afford a total volume of
1 mL, and ltered (0.25 mm PTFE) before subjected to HPLC-
HRMS analysis (Waters ACQUITY UPLC BEH C18 column 100
× 2.1 mm i.d.; 1.7 mm, 0.3 mL min−1) with linear gradient
elution (20–50% solvent Bin 10 min; solvent A: H2O with 0.1%
formic acid, solvent B: 100% MeCN).
ECD analysis

The circular dichroism experiment was performed on a Jasco J-
1500 CD spectrophotometer utilizing a 1 mm cuvette.
Compounds 1–7 dissolved in MeOH solution were made up as
0.25 mg mL−1 solutions. The spectra were recorded from 400 to
200 nmwith 100 nmmin−1 scanning speed at the response time
of 1 s and 2 nm bandwidth.
Anti-tumor assay

The anti-tumor activities of compounds 1–11 against 5 tumor
cell lines including: human chronic myelogenous leukemia cell
line (k562), human hepatoma cell line (HepG2), human colo-
rectal cancer cell lines (HT29, DLD-1), human non-small cell
lung carcinoma cell line (NCI-H460) were determined by MTT
method.26 All cell lines were purchased from Zhongqiao Xinz-
hou Biotechnology Co., Ltd, Shanghai.

MTT assay: briey, logarithmic cells were digested with
0.25% pancreatic enzyme-EDTA and plated in the 96-well plates
at a concentration of 2000–3000/100 mL per well, incubated in
either RPMI-1640 medium (for K562, HT-29, DLD-1 and NCI-
H460) or DMEM medium (for HepG2) at 37 °C in a humidi-
ed atmosphere containing 5% CO2 for 24 h. Aer this incu-
bation, compounds 1–11 P were added in triplicate at nal
concentrations of 0.006–10 mM. The cells were incubated
further at 37 °C for 96 h, the medium was removed, and 200 mL
MTT of 0.5 mg mL−1 in medium was added. Aer 4 h incuba-
tion, the medium was removed, and 200 mL DMSO was added to
dissolve the formazan crystals. Absorbance was measured at
a wavelength of 560 nmwith background subtraction at 650 nm.
The dose–response curves were generated with Sigma Plot and
IC50 values were determined.
Determination of compounds 10 and 11 in NCI-H460 cells

NCI-H460 cells were seeded into 6-well plates at a density of 4 ×

105 cells per well and cultured for 24 h. Cells were then treated
with fresh medium containing the indicated concentrations of
compounds 10 and 11 (2.5, 5, 10, and 20 mM). Aer incubation
at 37 °C for 0.5, 1, 3, 6, 12 and 24 h, the medium was collected
and processed separately later, and the cells were washed twice
with 2 mL PBS with 0.1% serum. Following trypsin digestion,
cells were harvested by centrifugation (1000 rpm, 3 min). The
cell pellet was resuspended in 100 mL of PBS, followed by the
addition of approximately 1 mL of cell lysis buffer and vortex-
ing. Both the cell lysates and the collected culture medium were
extracted with ethyl acetate and concentrated under reduced
pressure, respectively. The resulting residues were each recon-
stituted in methanol to a nal volume of 1 mL, and the super-
natant was subsequently analyzed by HPLC-HRMS.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Determination of the distribution of compounds 10 and 11 in
the fermentation broth and mycelia

The strain was initially cultivated in 0.2 L 38# medium. Aer 7
days of fermentation, the culture broth was centrifuged to
separate the mycelia from the supernatant. The supernatant
was adsorbed onto microporous resin (Amberlite XAD16, 20–60
mesh), eluted repeatedly with methanol, and subsequently
partitioned with ethyl acetate to afford the crude broth extract.
The mycelial pellet was washed three times with distilled water,
extracted with methanol under ultrasonication, and centrifuged
(4300 rpm, 30 min). The methanol solution was concentrated in
vacuo and partitioned with ethyl acetate to yield the crude
mycelial extract. Both extracts were subsequently analyzed by
HPLC-HRMS.
Conclusions

This study reports the isolation and characterization of seven
novel quinomycin-type octapeptides from the mangrove
rhizosphere-derived Streptomyces sp. GXIMD 03507 through an
LC-PDA-MS guided chemical investigation. These compounds
were characterized by the cleavage of one or both ester bonds.
Their planar structures and absolute congurations were
elucidated by detailed NMR, ESIMS2 fragments, advanced
Marfey's method and ECD analyses. Compounds 1–7 exhibited
poor antitumor activity (IC50 > 10 mM), which may be associated
with their structural differences from echinomycin (11), par-
itcularly the two head-to-tail ester bonds. These structural
alterations may lead to reduced membrane permeability and/or
enhanced susceptibility to ATP-dependent efflux mechanism,
thereby limiting intracellular accumulation and consequently
diminishing their biological activity. This study expands the
chemical diversity of quinomycin-type peptides and reinforces
the stringent structural requirements for biological activity
within this family, providing valuable insights for future
analogue design and biosynthetic engineering.
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Data availability

The supporting data has been provided as part of the supple-
mentary information (SI). Supplementary information: Tables
S1–S6: the 1H and 13C NMR data of 2–7; Table S7: the amino
acids congurations of 1–7; Fig. S1: phylogram generated by the
concatenation of the GXIMD 03507 of the Streptomyces sp.;
Fig. S2 and S3: LC-PDA-MS and UV spectra of crude extract;
Fig. S4–S92: the ESI-MS2, NMR, Marfey's analysis, CD and Key
COSY, HMBC, ROESY/NOESY correlations spectrum of
compounds 1–7; Fig. S93: LC-MS analysis of the intracellular
distribution of compound 11. Fig. S94: LC-MS determination of
compounds 10 and 11 in the fermentation broth andmycelium.
See DOI: https://doi.org/10.1039/d5ra09728b.
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