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Discovery of 15-deoxynaphthomycins
activating the antioxidant NRF2-ARE pathway
from Streptomyces sp. N50 via genome
mining, global requlator introduction,

and molecular networking
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Abstract

Genome mining is a promising avenue for expanding the repertoire of microbial natural products, which are
important for drug development. This approach involves predicting genetically encoded small molecules

by examining bacterial genomes via accumulated knowledge of microbial biosynthesis. However, it is also
important that the microbes produce the predicted molecule in practice. Here, we introduce an endophytic
Streptomyces sp. N50, which was isolated from the medicinal plant Selaginella tamariscina. Upon sequencing

its entire genome, 33 biosynthetic gene clusters (BGCs) were identified in a chromosome and a megaplasmid.
Subsequent genome mining revealed that the new 15-deoxynaphthomycin could be produced due to the
presence of an enoyl reductase domain, which is absent in the known BGC of naphthomycin, a type of ansamycin
antibiotics. In addition, the engineered strain with the introduction of the global regulatory gene afsR2 into N50
successfully produced 15-deoxynaphthomycins. Furthermore, molecular network analysis via MS/MS selectively
confirmed the presence of additional sulfur-containing 15-deoxynaphthomycin congeners. Eventually, six new
15-deoxynaphthomycins were isolated and elucidated from the engineered strain N50. This family of compounds
is known to exhibit various biological activities. Also, the presence of quinone moieties in these compounds, which
are known to activate NRF2, they were tested for their ability to activate NRF2. Among the new compounds, three
(1,5, and 6) activated the antioxidant NRF2-ARE signaling pathway. Treatment with these compounds significantly
elevated NRF2 levels in HepG2 cells and further induced the expression of NRF2 target genes associated with

the antioxidant response. This study suggests that the combination of genome mining, gene engineering
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and molecular networking is helpful for generating new small molecules as pharmaceutical candidates from

microorganisms.

Keywords 15-deoxynaphthomycins, NRF2 activator, Genome mining, Molecular networking, Global regulator

Introduction

For decades, natural products have served as an essen-
tial starting point in drug discovery and development.
Many antimicrobials and chemotherapeutics that have
advanced to clinical trials are based on natural products,
including primary or secondary metabolites derived from
diverse living organisms [24, 44]. Among these sources,
Streptomyces, the largest genus of Actinobacteria, has
been recognized as a prominent producer of valuable
small molecules widely used in medicine [40, 60].

Despite the significant contributions of natural prod-
ucts, the development of new drugs from natural prod-
ucts has undergone a noticeable decline in recent years.
This reduction can be attributed, in part, to the chal-
lenges associated with reisolating known compounds
and, more prominently, the enormous costs involved in
drug development [1]. To address these pressing issues
and reignite drug discovery from natural products, the
genome mining approach has emerged as a promising
and valuable technique [4, 7, 10]. This approach pro-
vides relatively effective tools for identifying unknown
biosynthesis-related gene clusters and their products. By
harnessing the potential of genome mining, researchers
aim to overcome the barriers of compound rediscovery
and streamline the process of discovering novel bioactive
compounds from microorganisms.

Although genome mining has enabled the prediction
of a variety of novel metabolites in microbes, it has not
led to their actual production in many cases. This is due
to the cryptic or silent states of many biosynthetic gene
clusters (BGCs) in laboratory cultures, thus requiring
artificial activation of BGCs, such as cocultivation for
interspecies crosstalk, chemical elicitor treatment, ribo-
somal engineering, and the introduction of regulatory
genes [65, 45, 52], .

In addition to advances in genome mining and the acti-
vation of BGCs, several other cutting-edge techniques
are being introduced to explore new secondary metabo-
lites, thus expanding the chemical diversity in drug dis-
covery. One particularly intriguing avenue of exploration
involves the study of endophytic bacteria, which are
anticipated to biosynthesize new metabolites while main-
taining symbiotic relationships with plants [16, 21, 23].
Additionally, researchers are increasingly incorporating
molecular network approaches that facilitate the rapid
discovery of specific chemical skeletons through MS/
MS-based mass spectrometry [33, 49].

In this study, we focused on Streptomyces sp. N50,
an endophytic bacterium isolated from Selaginella

tamariscina, a plant known for its use in herbal medi-
cine on the basis of pharmacological research [3, 31]. By
combining genome mining with the introduction of the
global positive regulatory gene afsR2 [57], we successfully
predicted and activated the biosynthesis of previously
unknown 15-deoxynaphthomycins. Moreover, molecular
network analysis selectively identified sulfur-harboring
derivatives, highlighting the potential of this approach to
uncover six structurally diverse 15-deoxynaphthomycins
(1-6). Naphthomycins are potent antimicrobial second-
ary metabolites derived from Streptomyces, belonging to
the ansamycin antibiotic family, which is characterized
by a rigid aromatic chromophore, making them valu-
able candidates for advancing antibiotic-related research.
The naphthoquinone plumbagin, and naphthomycinol
shows significant neuroprotection in Alzheimer’s and
glutamate neurotoxicity by activating anti-oxidant NRF2
pathway [34, 41]. These molecules contain a quinone
moiety, which is known to activate the antioxidant NRF2-
ARE signaling pathway. Therefore, we further assessed
the ability of these molecules to activate pathways in the
HepG2 cell line originated from human liver cancer. The
NRF2-ARE pathway is a well-conserved mechanism that
helps cells combat oxidative stress [8, 38]. NRF2 is a tran-
scription factor that binds to AREs in promoters, thereby
activating the expression of cytoprotective genes. When
cells undergo oxidative stress, whether through intra- or
extracellular mediators, NRF2-ARE signaling is activated
to detoxify and protect them. As a result, compounds 1,
5, and 6 significantly increased the NRF2 levels and the
expression of NRF2 target genes associated with antioxi-
dant mechanisms.

Materials and methods

Collection and isolation of strains

Endophytic bacteria were isolated from the entire plant of
S. tamariscina collected on Mt. Nochu in Gangwon-do,
Korea (37°32'41.9"N, 128°47'20.4"E). The plant samples
were carefully excised and subjected to surface steriliza-
tion via sequential treatments of 2% sodium hypochlorite
for 30 s and 70% ethanol for 1 h. The plants were sub-
sequently ground and spread onto agar plates containing
20 pg/mL nalidixic acid, 50 pg/mL nystatin, or 50 ug/mL
polymyxin B. Following incubation at 27 °C for 2 weeks,
diverse colonies emerged on the media. Colonies exhibit-
ing representative actinomycete morphologies were iso-
lated selectively. These isolated strains, including strain
N50, were subjected to repeated streaking to achieve
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pure cultures, which were then stored at -80 °C for fur-
ther research purposes.

Genome sequencing, assembly, annotation and
bioinformatics analysis

The strain N50 was cultivated in tryptic soy broth
medium (BD, Sparks, MD, USA) for three days at 27 °C.
The genomic DNA was isolated via a genomic DNA puri-
fication kit (Qiagen, Hilden, Germany), and 16 S rRNA
PCR was performed via the 16 S rRNA primer pair 27f
and 1492r with HiPi Plus (Elpis-Biotech, Daejeon, Repub-
lic of Korea). Whole-genome sequencing was performed
via a third-generation Pacific Biosciences (PacBio) RSII
sequencing system by Macrogen Corporation (Seoul,
Republic of Korea).

The reads obtained from the sequencing were assem-
bled via the Hierarchical Genome Assembly Process
(HGAP v3.0) [11]. To assess the completeness of the
genome assembly, we analyzed the Actinobacteria
(odb9) dataset of Benchmarking Universal Single-Copy
Orthologs (BUSCO v3.0.2) [55]. For genome annotation,
Prokka (v1.13) [53] was utilized, and RNA genes were
predicted via RNAmmer (v1.2) [36]. To visualize genomic
features, predicted genes, and the distribution of bio-
synthesis-related gene clusters (BGCs), we generated a
circular plot via Circa (https://omgenomics.com/circa/
). The functional annotation of the predicted genes was
conducted via eggNOG-mapper [26]. To identify biosyn-
thesis-related gene clusters, we employed antiSMASH
(v5.1.2) [5].

The complete genome sequence of Streptomyces sp.
N50 was deposited in NCBI GenBank under acces-
sion numbers CP137549-CP137550 (BioProject:
PRJNA1029240).

Preparation of the N50 mutant for afsR2 overexpression

To overexpress afsR2 in strain N50, the DNA sequence
corresponding to afsR2 was amplified from S. coeli-
color using previously reported primers with restriction
enzyme sites of BamHI and Xbal [50]. The amplified
PCR product was ligated into the BamHI and Xbal dou-
ble-digested pSET152 integrative plasmid with the con-
stitutive promoter ermE* after cloning with pUC19 and
sequence confirmation of the afsR2 gene.

The recombinant pSET152 plasmid containing
afsR2 was transformed into methylase-negative E. coli
ET12567/pUZ8002 as a conjugal donor. After conju-
gation between E. coli with the expression plasmid and
N50, the N50 mutant (N50-afsR2) with the afsR2 gene
in its chromosome was prepared as previously described
[48]. The strains, plasmids, and primers used in this study
are listed in Table S1.
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Identification of secondary metabolites and molecular
network analysis
N50 and N50-afsR2 were inoculated in 20 mL-4 L
of yeast malt extract (YME; yeast extract, 4 g/L; malt
extract, 10 g/L; dextrose, 4 g/L) liquid media and incu-
bated with constant shaking for 7 days at 28 °C. The cul-
tures were then centrifuged at 3800 rpm for 10 min to
separate the supernatant and mycelia. The supernatant
was extracted via ethyl acetate (EtOAc), and the resulting
fractions were collected via evaporation of the solvent.
The metabolites in each solvent extract were analyzed via
LC-MS on an Agilent Technologies 1200 system coupled
with a Quadrupole 6120 (Agilent, Santa Clara, CA, US)
using a Phenomenex Luna C18(2) 5 pm (4.6 x 150 mm)
column (Phenomenex, Torrance, CA, US). A gradient
method with acetonitrile and water (Thermo Fisher Sci-
entific, Waltham, MA, US) was applied (10% acetonitrile
and 90% water to 100% acetonitrile and 0% water over a
period of 30 min), with a flow rate of 0.7 mL/min.
High-resolution MS/MS (HR-MS/MS) spectra were
produced by using a Q Exactive Quadrupole-Orbitrap
mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, US) with an ACQUITY UPLC BEH 1.7 um C18 130
A (2.1 x 100 mm) column (Waters, Milford, MA, US). The
LC-MS/MS data obtained from the crude extracts were
subsequently converted. mzXML is compatible with the
Global Natural Products Social Molecular Networking
(GNPS) platform via MSConvert (v3.0.11244). After the
data were uploaded to the GNPS server via the FTP cli-
ent WinSCP, molecular networks were generated on the
GNPS analysis platform, including a filtration step. This
step involved the exclusion of all MS/MS fragment ions
within a+17 Da range of the precursor m/z value. The
precursor ion mass tolerance was set to 2.0 Da, and the
MS/MS fragment ion tolerance was set to 0.5 Da [59]. To
visualize these networks, we utilized Cytoscape (v3.8.2)
[54]. This allowed us to explore and analyze the intercon-
nected molecular relationships among the metabolites,
providing a comprehensive overview of the chemical
diversity present in the crude extracts of N50.

Isolation and structural elucidation of compounds 1-6
Compounds 1-6 were isolated via preparative HPLC
(Gilson 321 HPLC system (Gilson, Madison, WI, US)/
column: Phenomenex Luna 10 pum C18(2) (250 x 10 mm)
(Phenomenex, Torrance, CA, US), flow rate 4 ml/min)
under flow conditions. Conditions for compounds 1-2
from the EtOAc fraction — 38%: 62% acetonitrile: water
(30 min isocratic), for compound 3 from the water frac-
tion — 30%: 70% — 50%: 50% (40 min gradient), for com-
pound 4 from the EtOAc fraction —25%: 75% —60%: 40%
(60 min gradient), and for compounds 5-6 from the
EtOAC fraction — 42%: 58 — 61%: 39% (60 min gradient).
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The structure of the purified compounds was eluci-
dated via analysis of 1D-NMR (*H and '*C) and 2D-NMR
(COSY, HSQC, HMBC, and ROESY) spectra via a
500 MHz Bruker Avance NEO spectrometer equipped
with a 5 mm CPP BBO probe (Bruker, Billerica, MA, US).

Bioassay of NRF2-ARE signaling pathway activation by
15-deoxynaphthomycins

Reagents and chemicals

The cell culture media MEM-EBBS (Cytiva, Marlbor-
ough, MA, US), fetal bovine serum (Corning, Corn-
ing, NY, US), penicillin/streptomycin (Gibco, Grand
Island, NY, US), sodium pyruvate (Welgene, Gyeongsan,
Republic of Korea), and nonessential amino acids (Wel-
gene, Gyeongsan, Republic of Korea) were used, and the
antibodies against NRF2 (12721 S), GAPDH (2118 S),
a-tubulin (2125 S), and anti-rabbit IgG HRP-linked anti-
body (7074 S) were purchased from Cell Signaling Tech-
nology (CST, Danvers, MA, USA). TRIzol (Ambion,
Austin, TX, US) reagent was used to isolate total RNA,
and cDNA was synthesized via Accupower Cycle Script
RT Premix (dT20) (Bioneer, Daejon, Republic of Korea)
and SYBR Green Master Mix (Bioneer, Daejon, Republic
of Korea).

ONE-Glo luciferase assay

HepG2 cells were transiently transfected with the ARE-
luciferase vector in 96-well plates (Greiner Bio-One,
Kremsmiinster, Austria) and incubated for 24 h at 37 °C
in a 5% CO, incubator [27]. The compounds were then
treated directly and incubated for 24 h at 37 °C and 5%
CO,. Then, 50 puL of ONE-Glo reagent (Promega, Madi-
son, WI, US), which was diluted fivefold with water, was
added to each well. After 5 min, the luminescence read-
ing was taken with a GloMax navigator (Promega, Madi-
son, W1, US).

Western blot analysis

HepG2 cells (8 x 10°) were seeded in a 6-well plate (Corn-
ing, Corning, NY, USA). After overnight growth, the
cells were directly treated with compounds for 4 h. Next,
the cells were lysed for 30 min with cell extraction buf-
fer (Invitrogen, Waltham, MA, US) supplemented with
a protease inhibitor cocktail (Roche, Basel, Switzer-
land). Then, the tubes were centrifuged at 14,000 rpm
for 20 min, and the supernatant was collected. The total
protein amounts in the lysates were quantified with a
BCA assay kit (Thermo Fisher Scientific, Waltham, MA,
USA). Then, an equal amount of protein was loaded on
an SDS-PAGE gel and resolved at 100 V for 90 min. The
proteins were transferred to a PVDF membrane (Merck
Millipore, Burlington, MA, US) at 100 V for 90 min. The
membranes were blocked with 5% skim milk for 30 min.
Primary antibodies were added and incubated overnight
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at 4 °C with gentle shaking. Then, the secondary antibod-
ies were added and incubated at room temperature for
90 min. Protein bands were developed with West Pico
chemiluminescent reagent (Thermo Fisher Scientific,
Waltham, MA, US) and imaged with a Fujifilm LAS-3000
imager (Fujifilm, Tokyo, Japan).

NRF2 target gene expression analysis by qPCR

HepG2 cells (8 x 10°) were seeded in a 6-well plate (Corn-
ing, Corning, NY, USA). After overnight growth, the
cells were directly treated with the test compounds for
8 h. Total RNA was subsequently isolated with TRIzol
reagent (Ambion, Austin, TX, USA). cDNA was synthe-
sized via an RT premix kit (Bioneer, Daejon, Republic of
Korea). The primers used for qPCR were obtained from
Bollong MJ et al. [6] (Table S2). qPCR was performed via
SYBR Green dye in a Quant Studio 5 Real-Time PCR Sys-
tem (Thermo Fisher Scientific, Waltham, MA, US).

Results

Isolation, genome assembly and annotation of
Streptomyces sp. N50

The bacterial strain N50 was isolated from the whole
body of S. tamariscina plants while searching for a strain
with a phosphoenolpyruvate mutase-encoding gene
(pepM) capable of producing phosphonates (C-P) from
plant-associated bacteria. Using C-P selective spectro-
scopic analyses, including LC-MS/MS and *'P NMR, C-P
produced by N50 was identified as known phosphoacetic
acid [17]. In pursuit of discovering additional compounds
and gaining deeper insights into the genetic potential of
N50, whole-genome sequencing was undertaken.

The genome of N50 was sequenced via RSII-type
sequencing technology (PacBio) and determined to be
11,551,937 bp from two contigs, including 10,410 cod-
ing sequences (CDSs), 32.2% of which were annotated
as hypothetical. The contigs were composed of a linear
chromosome of 10,079,986 bp (70.2% G + C content) and
a linear megaplasmid of 1,471,951 bp (70.0% G+ C con-
tent). The second contig was designated the megaplasmid
for the following reasons: it contains neither tRNA nor
rRNA genes [13]; it has only one gene of 24 Streptomy-
ces-specific protein-encoding genes found in S. griseus, S.
coelicolor, and S. avermitilis [46]. The general features of
the two contigs are shown in Fig. 1 and Table S3.

Sequence comparison by 16 S rRNA and average
nucleotide identity (ANI) analysis

Phylogenetic analysis of Streptomyces sp. N50 was per-
formed by comparing 16 S rRNA gene sequences. As a
result, 30 strains of Streptomyces species were selected
from EzBioCloud (https://www.ezbiocloud.net) based
on similarity with 16 S rRNA sequence of the N50. N50
shared the highest 16 S rRNA gene similarity of 99.93%,


https://www.ezbiocloud.net

Kim et al. Microbial Cell Factories (2025) 24:14

Plasmid
(1,471,951 bp)

\\\

Streptomyces sp. N50
(11,551,937 bp)

Page 5 of 15

| v,

/ / / 7, / ’

// e

chromosome
(10,079,986 bp)

Fig. 1 Schematic representation of the whole genome of strain N50. First/outer ring, size of the genomic sequences in Mbp; second ring. Second and
third rings, forward/reverse CDSs colored according to the COG function categories; fourth ring, functional RNA elements (red, tRNA; orange, rRNA; yellow,
tmRNA). In the fifth ring, the distribution of secondary metabolic gene clusters is colored to show different product groups, and the BCG for 15-deoxyna-

photheomycins is marked with an asterisk

99.79%, and 99.29% with the type strains S. prunicolor
NBRC 13,075, S. hokutonensis R1-NS-10, and S. gramini-
folii JL-22, respectively (Table S4). Recently, average
nucleotide identity (ANI) via the whole genome has
become a reliable approach for assessing belonging to
the same species [29]. ANI analysis was used to evalu-
ate the genetic difference between N50 and its neigh-
bors. Compared with S. prunicolor, S. hokutonensis and S.

graminifolii presented ANI values of 92.26%, 90.12%, and
82.99%, respectively. Considering that the species bound-
ary cutoff value is 95-96%, this result suggests that N50 is
likely a new species of the genus Streptomyces.

Secondary metabolite profiling through genome mining
The genome of N50 was analyzed to estimate its biosyn-
thetic potential to produce secondary metabolites via



Kim et al. Microbial Cell Factories (2025) 24:14

the antiSMASH tool [5]. The analysis revealed the pres-
ence of a total of 33 BGCs of various types, such as type I
polyketides (PKSs), nonribosomal peptides (NRPSs), and
terpenes. The products of these BGCs are promising can-
didates for a variety of bioactive compounds produced
by N50. The details of these BGCs are summarized in
Table S5, and their distribution in the genome is shown
in Fig. 1. The BGC for phosphonoacetic acid that was
confirmed to be produced was also identified as 1-19 in
Table S5.

Previous studies on Actinobacteria have shown that
they harbor diverse giant linear plasmids with critical
roles in various aspects of secondary metabolism, such as
antibiotic synthesis, degradation of aromatic compounds,
and phytopathogenicity. The importance of these plas-
mids in antibiotic production has been well documented
in numerous Streptomyces species [35]. Similarly, N50
also carried seven BGCs on the linear plasmid (Table
S5). Among them, BGC 2-1 stands out because it is
located on the plasmid and shares 71% similarity with the
naphthomycin BGC from Streptomyces sp. CS [61]. This

(@)

(b)

Page 6 of 15

suggested that BGC 2 -1 may be a unique cluster differ-
ent from the typical naphthomycin BGC.

Specifically, BCG 2-1 consists of 14 modules, each
comprising essential components such as ketosynthase
(KS), acyltransferase (AT), dehydratase (DH), ketore-
ductase (KR), and/or enoyl reductase (ER), which are
involved in the synthesis of type I polyketide synthase
(PKS) products (Table S6, Fig. 2). Compared with the
BGC of strain CS, BGC 2 -1 has an additional ER and an
active DH in the 7th module, indicating the production
of new naphthomycins, particularly as a structure with-
out the hydroxyl group of C-15. This is highly distinct
because more than 15 naphthomycins discovered thus far
all contain an OH group at C-15 (Fig. 2) [32, 63, 64].

Activation of the 15-deoxynaphthomycin BGC by the
introduction of the global regulatory afsR2 gene

On the basis of genome mining, N50 was expected to
produce small molecules with a 15-deoxynaphthomy-
cin skeleton. To confirm our prediction, culture extracts
were prepared from diverse fermentation media and
analyzed via LC-MS, but the expected metabolites were

Rs: H, CI, NH,, OH, SCH,COOH, etc
R,: H or CH,4
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Fig. 2 Structures of the previously reported (a) naphthomycin family and (b) the BGC of 15-deoxynaphthomycin from Streptomyces sp. N50. As high-
lighted in (a), the previously discovered compounds in the napthomycin family all have a hydroxy group at carbon position 15. The functional DH and
ER domains of module 7, as seen in the BGC in (b), allow for the production of 15-deoxynaphthomycin, a fully reduced form at position 15. The BGC
comparison between the N50 and Streptomyces sp. CS was prepared using clinker tool [20]
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not detected (Fig. 3). Considering that the BGC for
15-deoxynaphthomycin is cryptic, the positive global
regulatory gene afsR2 was introduced into strain N50 via
conjugative transformation. According to previous stud-
ies, afsR2 overexpression stimulates the production of
bacterial secondary metabolites [37, 50, 57]. The afsR2
gene was thus amplified from S. coelicolor, and the DNA
fragment was ligated into the position under the strong
promoter ermE* of the integrative vector pSET152. After
conjugation between N50 and E. coli harboring the plas-
mid, the afsR2 gene was successfully integrated at a single
chromosomal site (attB) of the chromosome of N50 by
an integrase expressed from pSET152 (Figure S1), yield-
ing the transconjugant carrying the afsR2 gene. After
the mutant was cultured on a small scale (20 mL of YME
medium), the solvent extract was analyzed via LC-MS
and compared with that of wild-type N50. As shown in
Fig. 3, the mutant presented a distinct increase in the
production of diverse secondary metabolites.

Molecular network revealing the chemical diversity of
15-deoxynaphthomycins

To determine whether the N50-afsR2 transconjuant
is capable of producing deoxynaphthomycins, a list of
molecular formulas was prepared by reducing one oxy-
gen in the structure of previously isolated naphtho-
mycins. After HR-MS analysis of the culture extract
of N50-afsR2, the presence of these molecules was
monitored, and molecular ion peaks (C;H,sO¢NCI for

N50_WT /310 nm

i ‘w\\,m'\p \ o b :
‘j’w\wﬁwﬂ_&,,m

~—— A A : A
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[M+H]") corresponding to naphthomycins B and H
(C3oH,500NCl for [M + H]*) were found. The UV absorp-
tion spectrum of the corresponding compound closely
resembled those of previously reported naphthomycins,
reinforcing its structure. Moreover, the mass spectra
revealed that the specific isotope of the compound con-
taining chlorine was identical to that of naphthomycins
B and H, further confirming the successful production of
the expected metabolite.

Then, via MS2 spectra, a molecular network of the
N50 extract was constructed via GNPS, and a partial
map containing daughter ions at m/z 262 was found in
the molecular network. The peak at m/z 262 was calcu-
lated to contain sulfur ions in naphthoquinone, the chro-
mophore of naphthomycin (Fig. 4). Among previously
reported naphthomycins, naphthomycin F and diastovar-
icin II also harbor a sulfur atom in their structure; thus,
the corresponding substances were further separated
through preparative HPLC experiments.

Isolation and structural elucidation of
15-deoxynaphthomycins

Preparative chromatography of the gradient solvent
system using aqueous acetonitrile yielded a total of six
compounds from the ethyl acetate and water fractions.
Compound 1 was obtained as a yellow and amorphous
powder, and its molecular formula, C3,H,,CINOg was
confirmed by HR-MS data after the presence of chlorine
was estimated through the isotope pattern of [M+1]:

mAU
N50_AFSR2/310nm
20 A

|
H

10 |

— N J\\ M~ -J\‘JuWJrL\M,J\!\P LNN\/; 0|

T T T T T T T T T T T

0 5 10 15

min

Fig. 3 HPLC chromatograms of N50 (upper) and N50 mutant (bottom) solvent extracts. Each solvent extract was prepared via ethyl acetate after 7 days
of incubation in 20 mL of YME medium. The chromatograms were recorded at 310 nm. The six peaks at the dotted positions are the newly identified

15-deoxynaphthomycins
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Fig.4 Molecular networking analysis with the culture extract of Streptomyces sp. N50. (a) Molecular networks constructed with LC-MS/MS data from the
culture extract produced by N50. (b) A partial network containing ion 262 indicating a selective naphthoquinone skeleton with a sulfur

[M+2]: [M+3]=5:2:2 in the LC-MS data. In accordance
with the molecular formula, 39 carbon resonances were
found in the '3 C NMR spectrum (Table S7 and Fig-
ure S2) and further identified by combined HSQC and

HMBC experiments as six methyls, three methylenes, 16
methines, and 14 quaternary carbons (Figures S3-4).

The 'H and 3C NMR spectroscopic data (Table S7
and Figures S1, S5) indicated that 1 closely resembles



Kim et al. Microbial Cell Factories (2025) 24:14

previously reported naphthomycins, as expected from
BGC analysis. In particular, the NMR data showed high
similarities to those of naphthomycins B and H, except
for the presence of aliphatic methylene resonances (8
2.10, 2.22) instead of oxygenated methines (8y_;5 4.10
for B and §y_;5 4.04 for H) [39]. 2D NMR experiments,
including COSY, HSQC, and HMBC (Figures S3, 4, 6),
elucidated the planar structure of 1, which consisted of
two partial polyene-containing structures, C-2 to C-10
and C-12a to C-22a, connected by 'H-'H COSY corre-
lations. Two partial moieties were linked by the HMBC
correlations of H-10 (8;; 2.61, 3.09) and H-12a (5 1.67)
with C-11 (8- 204.1). The entire planar structure was
constructed by further HMBC correlations of H-2 (&
5.92) with C-1 (8. 162.0), 29-NH (8, 7.93) with C-29
(8¢ 131.0), and H-22a (8 2.03) with C-23 (8¢ 201.8)
and C-24 (8- 119.7) via 1,4-naphthoquinone, a distinct
chromophore of naphthomycins. The double bond con-
figurations of Ay 3, Ays, A7 Ajy 13 Arg 170 and Ay 5, were
determined as Z, Z, E, E, E, and E, respectively, on the
basis of vicinal coupling constants (/i_sei_3= 11.0 Hz,
Jh-agrs= 110 Hz, [y gepi 7=14.7 Hz, and Jy_j6ep117 =
15.0 Hz) and ROESY correlations between H-12a (8y
1.67 ppm) and H-14 (§;; 2.11-2.26 ppm) and between
H-22a (8;; 2.03 ppm) and H-20 (§; 2.68 ppm) (Fig. 5 and
Figure S7). Finally, the structure of 1 was established as
chlorine-containing 15-deoxynaphthomycin, as shown
in Fig. 5, which was consistent with the interpretation of
BGC2-1.

Compound 2 was prepared as an orange solid. The
molecular formula of 2 was deduced to be C,,H;,N,0,,S
by HR-ESI-MS, suggesting 20 degrees of unsatura-
tion. A comparison of the 1D NMR spectra (Table S7
and Figure S8) of 2 with those of 1 revealed that 2 also
has a 15-deoxynapthomycin skeleton, and the molecu-
lar formula difference between 1 and 2 corresponding
to C;HgNO,S indicated the modification of chlorine on
the naphthoquinone moiety of 1. Further 2D NMR cor-
relations revealed the existence of N-acetylcysteine con-
jugated with C-30. Specifically, the COSY correlations
between H-1" (8 3.36 and 3.23) and H-2" (8 4.51) and
the key HMBC correlations from H-2’" to C-3’ (§ 171.5)
and C-4’ (8. 171.6), from H-5 (8 1.85) to C-4; and
from H-1" to C30 (8. 133.7) confirmed the presence of
an N-acetylcysteine moiety and its conjugation with the
naphthoquinone core structure (Figures S9-11). Accord-
ingly, the structure of 2 was established as shown in
Fig. 5.

Among the obtained metabolites, compound 3
was isolated from the water fraction as a yellow solid
with a molecular formula of CgzH,3N;0,,S by HR-
ESI-MS. Based on '"H NMR, we recognized 3 as the
15-deoxynaphthomycin scaffold (Table S7 and Figure
S12). Like 2, 3 also has a sulfur atom in its molecular
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formula, so the presence of an N-acetylcysteine moiety
was deduced and identified from 2D NMR correlations
(Figures S13-15). Apart from the 1D NMR resonances for
the 15-deoxynaphthomycin and N-acetylcysteine moi-
eties, the signals of six methines were observed [(d; 4.11,
8¢ 72.0, C-12'), (8y; 3.35, 8 71.8, C-13’), (84 3.59, 8 72.5,
C-14’), (8y 3.16, 8¢ 75.0, C-15), (8 3.70, 8 72.7, C-16),
(Oy 3.46, 8 78.7, C-17’)], which is typical of an inositol
moiety (Fig. 5). In addition, a glucosamine moiety was
identified from six methine signals [(§;; 3.56 and 3.65,
S 61.3, C-6'), (8 3.80, 8¢ 72.8, C-7), (8 3.28, 8. 70.8,
C-8), (84 3.72, 8¢ 71.4, C-9'), (8 3.84, 8. 54.1, C-10')].
These inositol and glucosamine moieties were further
constructed by COSY and HMBC correlations (Figures
S13-15). This structural analysis confirmed that 3 was
formed by substitution of the chlorine in 1 with a myco-
thiol composed of a cysteine, glucosamine, and inositol,
which is the predominant thiol in most species of Actino-
mycetales [42].

Compound 4 was isolated as an orange solid with
the molecular formula C,HgN,0,;S, as supported
by HR-MS (obsd m/z 867.3500, cald m/z 867.3497 for
[M +Na]). On the basis of the UV absorption spectrum of
4, which has A, values of 234, 286, and 310 nm, similar
to those of 1-3, 4 was expected to have a 15-deoxynaph-
thomycin scaffold, which was verified by the 1D and 2D
NMR spectra of 4 (Table S7 and Figures S16—19). The
presence of a sulfur atom in the molecular formula of 4
suggested that the modification at C-30 was analogous to
that of 2. Apart from 15-deoxynaphthomycin from C-1
to C-30, the remainder of the molecule was C,H;,0O;NS,
and the COSY and HMBC correlations confirmed that it
was an amide complex between cysteamine and dimeth-
ylmalonic acid. Thus, the entire structure of 4 was estab-
lished as shown in Fig. 5.

Compound 5 was obtained as an orange solid with the
molecular formula C,zH:N,O,S on the basis of HR-MS
analysis (obsd m/z 823.3597, cald m/z 823.3599 for
[M +Na]*). The '"H NMR spectrum (Table S7 and Figure
S20) of 5 was almost identical to that of 4, except that 5
was as small as 44 Daltons, indicating CO,. These data
revealed that 5 was the decarboxylated derivative of 4,
and the 2D NMR (Figures S21-23) data also confirmed
the decarboxylation of dimethylmalonate to yield the
whole structure, as shown in Fig. 5.

Compound 6 was acquired as an orange solid, and
its molecular formula was identified as CgyHg3N5O,S
according to HR-MS analysis (obsd #1/z 1406.6198, cald
m/z 1406.6169 for [M + Na]). Although the resolution of
the NMR data (Figures S24-27) of 6 was not sufficient to
determine the chemical structure because of the small
amount compared with the large molecular weight,
the spectrum revealed a dimer-like structure of two
15-deoxynaphthomycin scaffolds, which was consistent
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Fig. 5 Chemical structures of 15-deoxynaphthomycins constructed by 1D and 2D NMR experiments, including COSY, key HMBC and ROESY correlations

with the molecular weight being twice that of the other
isolated compounds. The structure of 6 was proposed
as shown in Fig. 5, and a similar dimer-like molecule of
naphthomycin was previously isolated from Streptomyces
sp. CS [63].

Activation of the NRF2-ARE signaling pathway by
15-deoxynaphthomycins

The NRF2-ARE signaling pathway is associated with pro-
tection of cells from excessive oxidative stress-induced
damage. It is an intracellular antioxidant defense pathway
against oxidative stress [8, 38]. NRF2 is a transcription
factor that regulates various cytoprotective genes that



Kim et al. Microbial Cell Factories (2025) 24:14

fight against oxidative stress. The genes that are regulated
by NRF2 have cis-acting response elements in the pro-
moter called antioxidant response elements (AREs). The
NRF2-ARE pathway is also activated by small-molecule
drugs and natural compounds [6, 14, 51, 62].

ARE-HepG2 cells were treated with the test com-
pounds for 24 h, and luminescence was measured. The
results showed that 1, 5, and 6 significantly induced
NRF2-ARE-mediated luciferase expression, indicating
the activation of the NRF2 signaling pathway (Fig. 6A).
Among the three compounds, 1 strongly activated NRF2-
ARE mediated luciferase expression 12-fold at 50 pM, 5
activated 6-fold luciferase expression at 16.67 uM, and 6
activated 4-fold luciferase expression at both 5.5 uM and
16.6 uM (Fig. 6A). Further, we performed immunoblot-
ting to confirm the activation of NRF2 by these com-
pounds, and the data revealed that 1, 5, and 6 induced
the expression of the NRF2 protein in HepG2 cells within
4 h. The data also revealed that 1 strongly increased
NREF2 levels, similar to the positive control tBHQ in the
immunoblot data (Fig. 6B).

Furthermore, qPCR was performed to assess the abil-
ity of activated NRF2 to induce NRF2-ARE target genes
associated with the antioxidant pathway. NRF2 regulates
the expression of the following cytoprotective genes:
heme oxygenase-1 (HO-1), NAD(P)H quinone oxidore-
ductase 1 (NQOL1), thioredoxin reductase 1 (TXNRD1),
and glutamate-cysteine ligase (GCLC, GCLM). Once
NRE?2 is activated, it translocates to the nucleus, binds to
AREs, and activates the expression of these genes [62].
The qPCR data revealed increased NRF2 target gene
expression after compound treatment for 8 h (Figure
$28). The compounds significantly induced NRF2 and
its target genes, and among them, 1 activated the NRF2-
ARE pathway more significantly than the other com-
pounds did. These 15-deoxynaphthomycins need to be
explored further to assess their therapeutic applications.

Discussion

Actinobacteria are known to produce compounds of the
ansamycin family, characterized by a macrocycle with a
benzenic or naphthalenic chromophore bridged by an
aliphatic ansa chain that terminates at the chromophore
in an amide linkage [2]. This family includes well-known
compounds such as naphthomycin, streptovarcin, rifa-
mycin, geldanamycin, herbimycin, and macbecin, which
exhibit various biological activities, including antibacte-
rial, antifungal, antineoplastic, and anticancer effects [39,
47).

In our study, the successful identification of
15-deoxynaphthomycins was achieved by combining the
investigation and activation of the BGC in the genome
with HR-MS-based metabolite profiling. However, even
when genome mining identifies BGCs associated with
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the production of new compounds, there is no guaran-
tee that these molecules will actually be biosynthesized.
As demonstrated in this study, it is necessary to activate
biosynthetic pathways through genetic engineering to
achieve metabolite production. Moreover, microbes can
produce diverse derivatives along with major metabo-
lites. From a medical chemistry perspective, evaluating
the bioactivity of all these derivatives is essential. How-
ever, minor derivatives are often missed by analytic limi-
tations. Molecular networking has become an effective
tool for harvesting these trace molecules. This integrative
approach can significantly increase the potential for drug
development from natural products.

The literature includes extensive reports of numer-
ous bacterial-derived secondary metabolites containing
chlorine or sulfur [22, 30, 58]. It has been hypothesized
that sulfur-containing substances among these com-
pounds might originate from mycothiol recycling [28].
Our investigation validated this hypothesis by identify-
ing mycothiol-bound substances, indicating that sulfur
compounds are likely generated through this pathway.
Mycothiol, a thiol compound abundant in actinobacteria,
serves as an analog of glutathione in other bacteria and
eukaryotes and is well known for its role in detoxifying
external arsenals [43].

NRF2-ARE is a highly conserved endogenous system
that protects cells from toxic oxidative stress insults. Pre-
vious reports have also demonstrated that several natu-
ral products show strong neuroprotective potential by
activating the NRF2 signaling pathway both in vitro and
in vivo [18, 25, 56]. The isolated compounds were tested
for their ability to activate the NRF2-ARE pathway due
to the presence of a quinone in their structure. Quinones
isolated from plants and bacteria have been widely stud-
ied for their neuroprotective effects and NRF2 activity
[15]. The quinone family mostly consists of structures
such as benzoquinone, naphthoquinone, and anthra-
quinone. They are present mostly in plants as secondary
metabolites [9]. The naphthoquinone plumbagin, which
is isolated from Plumbaginaceae, provides neuroprotec-
tion in Alzheimer’s disease mouse models by improving
learning and memory via NRF2 activation [41]. Previ-
ous reports have revealed that naphthomycinol, which
is isolated from Streptomyces sp. PF7, is neuroprotective
against glutamate-mediated toxicity in neuronal cells
[34]. Therefore, we conducted tests using the isolated
naphthomycins in HepG2 cells to assess NRF2-ARE acti-
vation. Compounds 1, 3, and 5 significantly activated
NRF2, along with the activation of its target genes HO-1,
NQO1, TXNRDI1, GCLC, and GCLM. These genes are
considered cytoprotective because they facilitate the
detoxification of various oxidative stress mediators, such
as heme, carbon monoxide, and toxic free radicals, within
the cells. In the previous study, napyradiomycins isolated
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from Streptomyces sp. YP127 also activated NRF2 and
suppressed inflammation in microglia. Napyradiomy-
cins are naphthoquinones with various bioactivities, such
as antiapoptotic, antioxidant, and antibacterial poten-
tial. 16Z-19-Hydroxynapyradiomycin Al suppressed
the generation of intracellular ROS and the production
of inflammatory mediators in activated microglia [12].
Anhydroexfoliamycin reduced neuroinflammation in
BV2 cells by inhibiting nuclear factor kB translocation
and activating c-jun N-terminal kinase and nitric acid
synthase. Additionally, it protects neuronal cells from
SHSY-5Y by inducing NRF2 nuclear translocation and
reducing intracellular ROS [19]. In this study, we hypoth-
esize that the isolated 15-deoxynaphthomycins might
possess significant therapeutic potential against diseases
mediated by oxidative stress, and this potential needs to
be further explored.
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