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a b s t r a c t 

Although ansamycins are clinically important macrolactams, their pentaketide subset exhibits limited biolog- 

ical activities. Genome mining of rhizosphere-derived Streptomyces sp. LR53 uncovered a cryptic pentaketide 

ansamycin gene cluster ( tpm ). Activation via 3-amino-5-hydroxybenzoic acid (AHBA) feeding, promoter re- 

placement, and deletion of the cytochrome P450 (CYP450) gene tpm16 enabled the discovery of seven novel 

metabolites, tropansamycins A–G ( 1 –7 ), establishing the seventh distinct pentaketide ansamycin scaffold. No- 

tably, congeners 5 and 6 , predominantly accumulated in the Δtpm16 mutant, exhibited potent activity against 

gram-negative pathogenic bacterium Xanthomonas oryzae and gram-positive bacterium Staphylococcus aureus , 

with MICs ranging from 2 to 8 μg/mL and were toxic to the producer strain cultivated on LB agar medium. This 

reveals that the CYP450 enzyme Tpm16 functions as a modification enzyme modulating the bioactivity profile of 

pathway intermediates. These findings not only expand the structural diversity of ansamycins but also highlight 

the potential of these pathogen-active ansamycins as promising leads. 
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. Introduction 

Ansamycins are a prominent family of macrolactam natural prod-

cts from actinomycetes and have yielded several clinically impor-

ant drugs [ 1–3 ]. Representative members include rifamycins, first-

ine anti-tuberculosis agents [ 3 ], maytansinoids, potent anti-tumor

gents [ 4 ], and geldanamycin, a prototypical Hsp90 inhibitor [ 5 , 6 ]. All

nsamycins are assembled by type I polyketide synthases (PKSs) that

mploy the rare starter unit 3-amino-5-hydroxybenzoic acid (AHBA)

nd are released by a dedicated amide synthase. Genome-guided min-

ng has greatly expanded the structural repertoire of the family over

he past decade [ 7–14 ], revealing an emerging subset of pentake-

ide ansamycins. The reported pentaketide ansamycins can be catego-

ized into the six scaffolds based on the differences in extender units:

1047s/cebulactams/goondansamycins/shengliangmycins [ 7 , 14–16 ],

atellatolactams [ 8 ], aminoansamycins [ 9 ], microansamycins [ 10 ],

uanlimycins [ 12 ], and tetrapetalones [ 17 ] (Fig. S1). Despite their struc-

ural novelty, these compounds have shown only moderate antioxidant

ctivity and lack antimicrobial properties [ 7 , 17 ]. 

During a genome survey of rhizosphere-derived actinomycetes, we

etected a “cryptic ” ansamycin gene cluster tpm in Streptomyces sp. LR53

 Fig. 1 a, Table S1), an isolate from the soil collected from Xishuang-

anna Tropical Botanical Garden, Yunnan, China. Here we report acti-
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ation of the tpm pathway via precursor (AHBA) directed feeding, pro-

oter engineering, and subsequent gene-deletion experiments. This led

o the discovery of seven new pentaketide ansamycins, tropansamycins

–G ( 1 –7 ), representing the seventh distinct pentaketide ansamycin

caffold. Notably, deletion of the CYP450 gene tpm16 led to the accu-

ulation of two congeners ( 5 and 6 ), which displayed potent activity

gainst plant pathogens and the producer strain itself. This finding sug-

ests that Tpm16 acts as a modification enzyme modulating the bioac-

ivity profile of pathway intermediates. Based on these results, we also

roposed a plausible biosynthetic pathway for tropansamycins. 

. Materials and Methods 

.1. General 

Culture conditions and instruments are detailed in the Supplemen-

ary Materials. Strain and plasmid details are provided in Table S2, while

rimers are listed in Table S3. 

.2. Generation of the PKS gene tpmA disrupted and overexpressed mutants

To generate the tpmA disruption mutant, homologous arms were

mplified from Streptomyces sp. LR53 genomic DNA using the ΔPKS-
) . 
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Fig. 1. (A) Gene organization of the tpm cluster in Streptomyces sp. LR53. 

(B) HPLC profiles of the metabolites of LR53 WT, LR53 ΔPKS, LR53OEPKS, 

and LR53OEPKS Δtpm16 supplemented with AHBA (200 mg/L). Peaks cor- 

responding to uncharacterized tropansamycin analogues are marked with 

asterisks. 
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/R primer pairs (Table S3), then digested with Bgl II/ Eco RI and ligated

nto pOJ260, creating pOJ260- ΔPKS. This construct was transformed

nto E. coli ET12567/pUZ8002 and conjugated with strain LR53. Single-

rossover exconjugants were selected on apramycin-containing SFM

gar plates and verified using PCR with ver ΔPKS-F/R primers (Table

3, Fig. S2a). A suicide plasmid with a melanin reporter (for black pig-

ent) was constructed to facilitate double-crossover screening. Specifi-

ally, the melanin reporter cassette ermE p∗ - melC1C2 was amplified from

MEL [ 18 ] using PCR and the EmelC-F/R primer pair, and then seam-

essly assembled via Gibson assembly with a PCR product amplified from

OJ260 using primers POJ260m-F/R, resulting in pSPRm. For the tpmA

verexpression mutant, homologous arms were amplified from strain

R53 genomic DNA using OEPKSup-F/R and OEPKSdn-F/R primer pairs

Table S3), and the kasO p∗ fragment was amplified from pUC- kasO p∗ -

 [ 19 ] using PCR with kas-F/R primers and digested with Mfe I/ Nde I.

hese three fragments were assembled into the Hin dIII/ Nco I site of the

SPRm vector using Gibson assembly, generating the pSPRm-OEPKS

onstruct. Following transformation into E. coli ET12567/pUZ8002 and

onjugation with strain LR53, single-crossover exconjugants were se-

ected on apramycin-containing SFM agar plates, with double-crossover

utants identified by screening for melanin-deficient colonies. The mu-

ant strains were ultimately confirmed using PCR with verOEPKS-F/R

rimers (Table S3, Fig. S3). 

.3. Generation of recombinants with overexpressed regulatory genes 

The kasO p∗ fragment was amplified from pUC- kasO p∗ -T [ 19 ] us-

ng PCR with kas-F/R primers, and the ermE p∗ fragment was am-

lified from pJTU824 [ 20 ] using PCR with erm-F/R primers (Table

3). The above fragments were co-ligated into the Eco RI/ Pst I site of
2

SET5035 using Gibson assembly, yielding pSET5035-KE. The tpmLAL

nd tpmSARP genes were amplified from the genomic DNA of strain

R53 using PCR with primers of LAL-F/R and SARP-F/R (Table S3),

espectively. The resulting fragment was individually cloned into the

de I/ Spe I site of pSET5035-KE under the control of the kasO∗ promoter,

ielding pSET5035-LAL and pSET5035-SARP. The Eco RI/ Spe I-digested

asO p∗ -LAL fragment from pSET5035-LAL and the Xba I/ Nsi I-digested

asO p∗ -SARP fragment from pSET5035-SARP were co-inserted into the

co RI/ Nsi I site of pSET5035-KE, yielding pSET5035-LS. These plas-

ids were individually introduced into E. coli ET12567/pUZ8002 and

ubsequently conjugated with strain LR53, yielding three recombinant

trains, LR53LAL, LR53SARP, and LR53LS, respectively. The recombi-

ant strains were confirmed using PCR with primers of ver-F/verLAL-

, ver-F/verSARP-R, and ver-F/verLS-R, respectively (Table S3,

ig. S4a). 

.4. Generation of gene-deleted mutants 

Homologous arms were amplified from the genomic DNA of Strepto-

yces sp. LR53 using PCR with ΔLALup-F/R and ΔLALdn-F/R primers

Table S3) to generate the regulatory gene tpmLAL deletion mutant.

he resulting fragments were individually digested with Hin dIII/ Mfe I

nd Mfe I/ Nco I and ligated into the Hin dIII/ Nco I site of the pSPRm

ector using T4 DNA ligase, creating the pSPRm- ΔLAL construct. This

onstruct was transformed into E. coli ET12567/pUZ8002 and conju-

ated with strain LR53. Similarly, homologous arms were amplified

rom the genomic DNA of strain LR53OEPKS with Δtpm16/17up-F/R

nd Δtpm16/17dn-F/R primers (Table S3) to delete the oxidoreduc-

ase genes tpm16 and tpm17 . These fragments were assembled into

he Hin dIII/ Nco I site of the pSPRm vector using Gibson assembly, gen-

rating the pSPRm- Δtpm16/17 construct. Both constructs were inde-

endently transformed into E. coli ET12567/pUZ8002 and conjugated

ith strain LR53OEPKS. Exconjugants were identified on apramycin-

ontaining SFM agar plates, while double-crossover mutants were ob-

ained by screening for melanin-deficient colonies. The mutants were

erified using PCR with primers targeting the regions flanking and

ithin the knockout genes: verLALout-F/R and verLALin-F/R for tpm-

AL (Table S3, Fig. S5a), and ver Δtpm16-F/R and ver Δtpm17-F/R for

pm16/17 (Table S3, Fig. S6a). 

.5. Fermentation and metabolite analysis of strains 

Strain LR53 and the mutants were cultivated on ISP3 agar medium

t 30 °C for 9 d. The cultured mycelia were subsequently cut into minute

ieces and extracted overnight at ambient temperature using a solvent

ixture of EtOAc/MeOH/AcOH (80/15/5, v/v/v). Pooled extracts were

ried and dissolved in MeOH, with 20 μL aliquots analyzed using HPLC.

obile phases were: A, water with 0.1% formic acid (FA); B, CH3 CN

ith 0.1% FA. The gradient program was: 20% B for the first 3 min,

ncreased to 35% B over the next 12 min, held at 35% B for 2 min,

ncreased to 55% B over the next 10 min, then to 100% B at 26 min,

eld at 100% B for 2 min, decreased to 20% B at 30 min, and held at

0% B for 2 min. 

.6. Isolation of compounds 1− 7 

Strain LR53 was cultured on ISP3 agar medium with 200 mg/L

HBA at 30 °C for 9 d. The culture was extracted three times with

tOAc/MeOH/AcOH (80/15/5, v/v/v). The pooled extracts were con-

entrated and subsequently subjected to four sequential partitions using

tOAc and H2 O (1:1, v/v). The EtOAc fraction was then further parti-

ioned between 95% MeOH and petroleum ether (1:1, v/v) to yield the

eOH extract. The extract (3.63 g) was chromatographed on Sephadex

H-20 (120 g) using MeOH as the mobile phase, yielding two fractions.

r.1 (155.2 mg) was initially separated via medium-pressure liquid chro-

atography (MPLC) on a RP-18 column (20 g) using 15% CH3 CN, pro-
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ucing subfraction Fr.1a. This subfraction (5.6 mg) was further refined

hrough semipreparative HPLC with a 15% CH3 CN eluent, ultimately

ielding 1 ( tR = 6.2 min, 2.3 mg). Fr.2 (90.1 mg) was processed using

PLC on a RP-18 column (20 g) with 20% CH3 CN, generating subfrac-

ion Fr.2a. Subsequent semipreparative HPLC using 21% CH3 CN as the

obile phase enabled the isolation of 2 ( tR = 6.3 min, 1.2 mg) 

The crude extract from the 10 L fermentation of LR53OEPKS was

btained using the same method as described for LR53 WT. The MeOH

xtract (4.8 g) was chromatographed on Sephadex LH-20 (120 g) using

eOH as the eluent, yielding four fractions (Fr.1–4). These fractions

ere individually chromatographed using MPLC (RP-18, 20 g) with

arying concentrations of CH3 CN: Fr.1 (114.0 mg) at 26%, Fr.2 (155.2

g) at 13%, Fr.3 (180.2 mg) at 20%, and Fr.4 (71.7 mg) at 13%. This

rocess yielded the subfractions Fr.1a–4a, respectively. Semipreparative

PLC was then performed using CH3 CN as the eluent, with the follow-

ng concentrations: Fr.1a (5.6 mg) at 30%, Fr.2a (32.6 mg) at 15%, Fr.3a

6.2 mg) at 21%, and Fr.4a (6.0 mg) at 15% to obtain 4 ( tR = 6.3 min, 1.5

g), 1 ( tR = 6.4 min, 5.6 mg), 2 ( tR = 6.7 min, 3.4 mg), and 3 ( tR = 5.1

in, 3.1 mg), respectively. 

The crude extract from the 10 L fermentation of LR53OEPKS Δtpm16

as obtained using the same method as described for LR53 WT. The

eOH extract (4.2 g) was chromatographed on Sephadex LH-20 (120

) using MeOH as the mobile phase, yielding three fractions (Fr.1–3).

r.1 (137.8 mg) was subjected to MPLC on a RP-18 column (20 g) with

2% CH3 CN, producing subfraction Fr.1a. This subfraction (12.6 mg)

nderwent further purification via semipreparative HPLC using 20%

H3 CN, yielding 5 ( tR = 8.4 min, 3.1 mg). Fr.2 (153.0 mg) was pro-

essed by MPLC on a RP-18 column (20 g) using a step gradient of

H3 CN (20%, 22%, 24%, 200 mL each), resulting in subfraction Fr.2a.

ubsequent semipreparative HPLC with 28% CH3 CN enabled the iso-

ation of 7 ( tR = 8.7 min, 7.2 mg). Fr.3 (91.4 mg) underwent MPLC

n a RP-18 column (20 g) with a CH3 CN step gradient (14%, 16%,

8%, 200 mL each), generating subfraction Fr.3a. Final purification by

emipreparative HPLC using 21% CH3 CN obtained 6 ( tR = 6.7 min,

.1 mg). 

.7. Biological activity assay 

The antimicrobial activities of 1 –7 were evaluated using disk dif-

usion and broth dilution methods against a diverse array of microor-

anisms, encompassing gram-negative bacteria ( Xanthomonas oryzae pv.

ryzae, Xanthomonas oryzae pv. oryzicola , and Pseudomonas aeruginosa

AO1), gram-positive bacteria ( Bacillus subtilis, Staphylococcus aureus

TCC 25923, Mycobacterium smegmatis MC2 155, and Streptomyces sp.

R53OEPKS), and fungi ( Candida albicans 5314, Colletotrichum gloeospo-

ioides lq27, Aspergillus niger , and Aspergillus flavus ACCC 32636). Bac-

erial and yeast strains were cultivated on Luria–Bertani (LB) agar

edium, the Streptomyces strain was cultivated on both LB and ISP3

gar media, and filamentous fungal strains were grown on potato dex-

rose agar (PDA) medium. Sterile filter paper disks (5 mm) were loaded

ith 20 μg of each compound, with gentamicin (20 μg), apramycin

5 μg), nystatin (15 μg), and caspofungin (10 μg) as positive controls

nd DMSO as a blank control. A broth dilution method using 96-well

lates and potato dextrose broth (PDB) for filamentous fungi and LB

roth for other strains was used for minimum inhibitory concentration

MIC) determination. Each well contained 100 μL of bacterial or spore

uspension and 100 μL of antimicrobial solution, creating concentra-

ion gradients from 0 to 64 μg/mL. MIC was determined by the ab-

ence of visible microbial growth. Concurrently, the Cell Counting Kit-8

CCK-8) assay [ 21 ] was used to evaluate the cytotoxicity of the com-

ounds against human hepatoma HepG2 cells. The experimental design

ncluded a blank group, a control group treated with 50 μM cisplatin,

nd a test group treated with compounds 1 –7 at 20 μM, with cellular

nhibition rates calculated from optical density (OD) measurements in

riplicate. 
3

. Results and Discussion 

.1. Bioinformatic analysis of the tpm gene cluster 

Bioinformatic analysis of the genome of strain LR53 identified an

nsamycin biosynthetic gene cluster ( tpm , Fig. 1 a, GenBank accession

o. PV541294), which was predicted to possess an unprecedented

entaketide backbone configuration (AHBA-C3 -C2 -C3 -C3 ). The cluster

panned approximately 62 kb and contained 23 open reading frames

ORFs). The predicted functions (Table S1) included multiple genes in-

olved in AHBA biosynthesis ( tpmG –N ), three genes encoding type I

odular polyketide synthases ( tpmA –C ), and an amide synthase ( tpmD )

esponsible for cyclization and the release of full-length polyketide

hain. Additionally, the cluster harbors four predicted regulatory pro-

ein genes ( tpmLAL, tpmSARP, tpm5 , and tpm7 ) as well as five genes

 tpm2, tpm13, tpm15 –17 ) likely involved in redox processes. Disruption

f the PKS gene tpmA did not alter the metabolite profile (Fig. S2b), in-

icating that the cluster is either inactive or expressed at extremely low

evels during standard laboratory growth. 

.2. Targeted discovery of tropansamycins 

Previous research has demonstrated that overexpression of pathway-

pecific positive regulators can often activate “cryptic ” ansamycin gene

lusters [ 7 , 9–11 ]. Therefore, we overexpressed the candidate regulator

enes tpmLAL and tpmSARP individually and in combination (Fig. S4a).

PLC profiles of the resulting strains LR53LAL, LR53SARP, and LR53LS

ere indistinguishable from those of the wild type (Fig. S4b), indicating

hat simple transcriptional activation was ineffective. Given that insuf-

cient precursor supply can limit ansamycin production [ 22 ], we next

xplored precursor-directed activation by supplementing the fermenta-

ion medium with exogenous AHBA (200 mg/L). This approach induced

wo additional peaks ( 1 and 2 ) with similar UV spectra in LR53 WT and

R53SARP that were absent in the tpmA -disrupted mutant LR53 ΔPKS

 Figs. 1 b, S4b, and S7), implicating these peaks as the desired pen-

aketide ansamycins. Their absence in LR53LAL and LR53LS suggested

hat TpmLAL may function as a negative regulator; however, complete

eletion of tpmLAL in LR53 WT did not restore production of 1 and 2

Fig. S5b), pointing to a more complex regulatory network. Systematic

HBA feeding (50–200 mg/L) resulted in a concentration-dependent in-

rease of 1 and 2 that plateaued at 200 mg/L (Fig. S8). Ultimately, a 10

 fermentation of LR53 WT under these optimized conditions yielded

ropansamycins A ( 1 ) and B ( 2 ), enabling complete structural charac-

erization. 

Tropansamycin A ( 1 , 0.2 mg/L) was isolated as a brown oil. The

RESIMS result was m/z 499.1712 [M + H]+ (calcd 499.1711) consis-

ent with that of C25 H26 N2 O9 (Fig. S9). Comprehensive analysis of 1D

nd 2D NMR data (Table S4, Figs. S10 and S21-S26) established the

lanar structure ( Fig. 2 ). The 13 C, HSQC, and HMBC spectra showed 25

arbon resonances corresponding to 2 CH3 , 1 CH2 , 11 CH, and 11 qua-

ernary centers. HMBC correlations from H3 ( 𝛿H 6.30) to C1 ( 𝛿C 140.3),

2 ( 𝛿C 124.5), C4 ( 𝛿C 151.4), and C5 ( 𝛿C 112.8), and from H5 ( 𝛿H 6.77)

o C1, C3 ( 𝛿C 113.1), C4, and C7 ( 𝛿C 67.5) defined a tetrasubstituted

 -hydroquinone. A C9 aliphatic chain (C7–C15) bearing three methyl

ranches was deduced from COSY correlations (H7–H11) and HMBC

orrelations of Me16 to C7, C8, and C9; H17 to C11, C12, and C13;

nd Me18 to C13, C14, and C15. The hydroquinone and aliphatic frag-

ents were linked via HMBC correlations from H7 to C1 and C6 and

rom 2-NH ( 𝛿H 9.12) to C1, C14 ( 𝛿C 51.2), and C15 ( 𝛿C 171.9), while

MBC correlation from H9 ( 𝛿H 3.78) to C1 confirmed an ether bridge

etween C1 and C9. A second AHBA unit was identified by HMBC cor-

elations of H2’ ( 𝛿H 6.65) to C6’ ( 𝛿C 104.7) and C7’ ( 𝛿C 168.3); H4’ ( 𝛿H 

.04) to C2’ ( 𝛿C 106.2), C5’ ( 𝛿C 158.4), and C6’; and H6’ ( 𝛿H 6.54) to

7’ and was attached to C11 via its amino group, as demonstrated by

he COSY correlation between H11 ( 𝛿H 4.42–4.40) and 3’-NH ( 𝛿H 6.01).

OESY correlations established the relative configuration of 1 . Corre-
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Fig. 2. Structures of tropansamycins A–G ( 1 –7 ). 
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ations between H-7/H-9/H-11/H-14 indicated these protons are cofa-

ial, whereas those between Me-16/H-10/H-4 ′ suggested they reside on

he opposite face (Fig. S10). Given that the 2-methyl group flanked by

arbonyls (C14 in 1 ) can undergo keto–enol tautomerism to produce

iastereomers [ 14 , 23–25 ], we recorded the 1 H NMR spectrum of 1 in

D3 OD to investigate deuterium exchange at the H14 position. The ob-

ervation of two diastereomers and the absence of the H14 signal, ac-

ompanied by the loss of the doublet coupling to Me18 (Figs. S27 and

28), confirmed epimerization mediated by keto-enol tautomerism. 

Tropansamycin B ( 2 , 0.1 mg/L), a brown oil, showed m/z 497.1557

M + H]+ (calcd 497.1555) corresponding to C25 H24 N2 O9 (Fig. S9). Its

MR data (Table S5, Figs. S11 and S29–S34) revealed the same core

caffold as 1 , but with an epoxide spanning C9/C10 and an ether link-

ge between C1 and C14, consistent with the characteristic 13 C shifts

or C9 ( 𝛿C 57.4), C10 ( 𝛿C 55.4), and C14 ( 𝛿C 82.6). ROESY correlations

etween Me16 and H10 indicated a cis -disubstituted epoxide, whereas

hose between Me18 and H9 indicated they are cofacial. The discov-

ry of tropansamycins A and B ( 1 and 2 ) suggests that the tpm cluster

ncodes a novel subfamily of pentaketide ansamycins. 

.3. Enhanced tropansamycin production via PKS gene overexpression 

We constructed the mutant strain LR53OEPKS by inserting the strong

asO∗ promoter upstream of the PKS gene tpmA (Fig. S3) to enhance

ropansamycins production for activity studies. HPLC analysis of this

train revealed several new peaks ( Fig. 1 b) and a modest increase in 1

0.6 mg/L) and 2 (0.3 mg/L). A 10 L fermentation of LR53OEPKS af-

orded two additional metabolites, i.e., tropansamycins C ( 3 , 0.3 mg/L)

nd D ( 4 , 0.2 mg/L); however, the low titers and chromatographic over-
4

ap precluded further purification of minor congeners. Tropansamycin

 ( 3 ), a brown oil, showed m/z 499.1711 [M + H]+ (calcd 499.1711),

atching the formula C25 H26 N2 O9 (Fig. S9). The NMR data (Table S6,

igs. S12 and S35–S40) of 3 were similar to those of 2 , except the cleav-

ge of the C1–C14 ether bridge, as evidenced by the upfield shift of

14 ( 𝛿C 43.7). Notably, 3 undergoes transformation to 1 in heated wa-

er via a non-enzymatic process (Fig. S13), suggesting that the relative

onfigurations at C7, C8, C10, C11, and C14 are the same as those in

 . Tropansamycin D ( 4 ) was obtained as a colorless powder. HRES-

MS established C19 H25 NO5 (Fig. S9, m/z 348.1808 [M + H]+ ; calcd

48.1805). NMR analysis (Table S7, Figs. S14 and S41–S45) revealed a

runcated ansamycin skeleton matching the C1–C13 segment of 1 , but

acking the C10 hydroxyl and bearing a C11/C12 double bond, as indi-

ated by C10 ( 𝛿C 32.3), C11 ( 𝛿C 138.8), and C12 ( 𝛿C 137.7) and HMBC

orrelations of H11 to C9 and C10 and Me17 to C11, C12, and C13. A

erminal propionyl unit (C13–C15) was identified through HMBC cor-

elations from Me15 to C13( 𝛿C 202.1) and C14 ( 𝛿C 30.3) and COSY

orrelations between H14 and Me15. Finally, 2-NH showed HMBC cor-

elations to C1, C2, C3, and an acyl carbonyl at C1’ ( 𝛿C 168.4), together

ith HMBC correlations from Me2’ to C1’, confirming N -acetylation.

he relative upfield chemical shift of the allylic methyl carbon (Me17,

C 11.9) indicated an E configuration of the C11/C12 double bond [ 26 ].

.4. CYP450 enzyme Tpm16 mediates tropansamycin oxidative tailoring 

We individually deleted two candidate genes, the CYP450 gene

pm16 and the FAD-dependent oxidoreductase gene tpm17 , in strain

R53OEPKS (Fig. S6a) to investigate the post-PKS oxidative tailoring

teps. HPLC analysis revealed that deletion of tpm16 completely abol-

shed the formation of 1 –4 and accumulated several new metabolites

 Fig. 1 b), while deletion of tpm17 had no discernible effect (Fig. S6b).

he results revealed that the CYP450 Tpm16 is required for the oxidative

aturation of tropansamycins. A 10 L culture of LR53OEPKS Δtpm16

rovided three new products ( 5 –7 ). 

Tropansamycin E ( 5 ) crystallized from MeOH as colorless needles.

RESIMS provided m/z 332.1494 [M + H]+ (calcd 332.1492) consis-

ent with C18 H21 NO5 (Fig. S9). Its NMR data (Table S8, Figs. S15 and

46− S51) closely paralleled those of 1 , but with two key differences:

he C10 hydroxyl and attached AHBA unit were replaced by a C10 ( 𝛿C 

27.9)/C11 ( 𝛿C 131.1) double bond and the C12/C17 double bond in 1

as completely reduced. The E configuration of the Δ10, 11 double bond

as assigned by a large coupling constant ( J = 15.6). ROESY correla-

ions H7/H9, Me16/H10/Me17, and H11/H14/H12 placed H7, H8, H9,

12 and H14 on one side of the macrolactam and Me16, Me17, and

e18 on the opposite side. Finally, single-crystal X-ray diffraction (Cu

 𝛼, CCDC 2414079, Fig. 3 and Table S9) established the absolute con-



H. Wang, R. Jiao, L. Ma et al. Engineering Microbiology 6 (2026) 100263

fi  

fi  

M  

(  

2  

S

 

m  

C  

a  

t  

A  

fi  

o  

o  

5  

1  

d  

a  

l  

c  

t

1  

a  

a  

d  

fi  

G

3

 

t  

n  

g  

c  

d  

p  

Table 1 

Antimicrobial activities of 5 and 6 . 

MIC (μg/mL) 

Strains tested 5 6 Positive control 

X. oryzae pv. oryzae 4–8 2–4 2–4 

X. oryzae pv. oryzicola 4–8 4–8 1–2 

P. aeruginosa PAO1 > 64 > 64 2–4 

S. aureus ATCC 25923 4–8 2–4 1–2 

B. subtilis 32–64 16–32 1–2 

M. smegmatis MC2 155 > 64 > 64 1–2 

S. sp. LR53OEPKS 16–32 16–32 < 1 

C. albicans 5314 > 64 > 64 4–8 

C. gloeosporioides lq27 32–64 32–64 4–8 

A. niger > 64 > 64 6–18 

A. flavus ATCC 32636 > 64 > 64 6–18 

S  

m  

i  

t  

t  

n  

c  

s  

m

3

 

T  

m  

s  

t  

t  

(  

t  

d  
guration of 5 as 7S, 8R, 9R, 12R, 14R . Accordingly, the absolute con-

gurations of 1− 4 were determined ( Fig. 2 ). For 1 , ROESY correlations

e16/H10/H4’ and H7/H9/H11/H14 support a 10R, 11S configuration

Fig. S10). Analogous ROESY correlations H10/Me16 assign 9R, 10R in

 and 3 , while correlations H9/Me18 suggest a 14R configuration (Figs.

11 and S12). 

Tropansamycin F ( 6 ) was obtained as a brown oil. HRESIMS showed

/z 485.1917 [M + H]+ (calcd 485.1918), establishing the formula

25 H28 N2 O8 (Fig. S9). Detailed NMR analysis (Table S10, Figs. S16

nd S52− S57) revealed that 6 differs from 5 by acquisition of an ex-

ra AHBA unit at C9 and cleavage of the C1–C9 ether bridge ( Fig. 2 ).

 large coupling constant between H10 and H11 ( J = 16.1 Hz) con-

rmed an E geometry for the Δ10,11 olefin, while ROESY correlations

f H2’/H17/H4’ suggest a 9S configuration. Tropansamycin G ( 7 ) was

btained as a brown oil. HRESIMS revealed an [M + H]+ ion at m/z

27.2026 (calcd 527.2024) for C27 H30 N2 O9 (Fig. S9). Analysis of the

D NMR (DMSO ‑d6 ) data for 7 (Table S11, Figs. S17 and S58− S63)

isclosed two sets of closely overlapping resonances, indicative of an

pproximately 1:1 mixture of epimers at the chiral center C14, simi-

ar to that of compound 1 . The NMR data resembled a complete ansa

hain (C1–C15), as demonstrated by HMBC correlations from Me18

o C13, C14, and C15, and introduced an additional Δ9,10 olefin ( 𝛿C 

47.4/126.2). An extra AHBA unit is attached to C15 via an amide link-

ge, supported by the HMBC correlations from 3’-NH to C15, C2’, C3’,

nd C4’. The E configurations of the Δ9, 10 and Δ11, 12 double bonds were

educed from a large 3 JH9/H10 value (15.2 Hz) and the characteristic up-

eld shift of Me17 ( 𝛿C 11.8), respectively ( Fig. 2 ). Thus, tropansamycin

 ( 7 ) was characterized as an equilibrium mixture of C14 epimers. 

.5. Biological activity of 1 –7 

Antimicrobial activity screening of compounds 1 –7 revealed po-

ent antibacterial properties for compounds 5 and 6 against gram-

egative plant-pathogenic bacteria Xanthomonas oryzae pathovars and

ram-positive Staphylococcus aureus . Using disk diffusion and broth mi-

rodilution assays, we observed clear inhibition zones (Fig. S18) and

etermined MICs ranging from 2–8 μg/mL ( Table 1 ). Intriguingly, com-

ounds 5 and 6 also exhibited inhibitory activity against the producing
Fig. 4. Proposed biosynthetic pa

5

treptomyces strain cultivated on LB agar medium, but not on ISP3 agar

edium (Fig. S18). These findings suggest that Tpm16 catalyzes a mod-

fication step that attenuates the bioactivity of these compounds and

hat the producer may employ multiple self-resistance mechanisms. Cy-

otoxicity assessments demonstrated that all tested compounds showed

o significant toxicity towards human hepatocellular carcinoma HepG2

ells at concentrations up to 20 μM (Table S12), indicating promising

afety potential for potential agricultural or pharmaceutical develop-

ent. 

.6. Biosynthetic pathway of tropansamycins 

The biosynthetic pathway for tropansamycins was proposed ( Fig. 4 ).

he PKSs TpmA–C utilize AHBA as the starter unit, along with one

alonyl-CoA and three methylmalonyl-CoA as extender units, to con-

truct the pentaketide backbone. Sequence alignment of the ketoreduc-

ase (KR) domains indicates that KR0 is inactive due to the absence of

he NADPH-binding motif (GXGXXG) and crucial catalytic triad residues

Fig. S19a), while KR1 –KR3 are confirmed as active and classified as B1-

ype KRs (Fig. S19b) [ 27 ], consistent with the presence of two trans

ouble bonds located at C9/C10 and C11/C12 in 7 . Further analy-
thway of tropansamycins. 
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is of dehydratase (DH) domains shows that DH1 is inactive, lacking

hree conserved motifs (Fig. S20), which is consistent with the pres-

nce of a hydroxyl group at C7 [ 28 ]. The hydroxylase TpmE shares

9.7% amino acid sequence identity with the hydroxylase Nam7 from

he neoansamycin biosynthetic pathway [ 29 ] and is predicted to cat-

lyze the same reaction. The amide synthase TpmD cyclizes the full-

ength polyketide chain, after which TpmE installs the C1-OH to fur-

ish precursor a . In the absence of CYP450 enzyme Tpm16, interme-

iate a may undergo either a Michael addition to form the C1–O–C9

ther bridge, yielding 5 and c , or functionalization at C9 with an addi-

ional AHBA unit to afford 6 . Compound c then undergoes C-C cleavage

nd subsequent N -acetylation to produce 4 . Conversely, in the presence

f Tpm16, compound a is epoxidized at the C9/C10 double bond to

orm intermediate b , as demonstrated for CYP450 PimD in pimaricin

iosynthesis [ 30 ]. This intermediate can further undergo both Michael

ddition and Tpm16-mediated dehydrogenation, ultimately yielding 3 .

dditionally, compound 3 may undergo oxidative cyclization catalyzed

y Tpm16 to yield 2 as reported for CYP450 GsfF in griseophenone B

iosynthesis [ 31 ]. The phenolic coupling proceeds through initial phe-

olic O-H abstraction, followed by direct attack at the C14 position by

he enol form of the C13 carbonyl group to form the morpholinone ring.

otably, the mature linear polyketide chain may be acetylated at the 2-

H position and potentially released by TpmD, utilizing another AHBA

nit to generate 7 . 

. Conclusions 

In this study, genome sequencing and bioinformatic analysis en-

bled the identification of the tpm pentaketide ansamycin gene cluster

n Streptomyces sp. LR53. Through a combination of AHBA precursor

upplementation, promoter insertion, and targeted gene deletion, we

iscovered and characterized seven novel ansamycins, tropansamycins

–G ( 1 –7 ). A distinguishing feature of tropansamycins from other re-

orted pentaketide ansamycins is the unique arrangement of extender

nits (C3 -C2 -C3 -C3 ) during polyketide chain elongation, along with dis-

inct post-PKS modifications. Among structurally related compounds,

ebulactam A1 most closely resembles tropansamycin E ( 5 ), differing

nly in the absence of a C10 methyl group and the stereochemistry of

he ansa bridge [ 16 ]; however, its bioactivity has not been reported.

hile ansamycins are well-known for their anti-tuberculosis and anti-

umor activities, their efficacy against gram-negative bacteria remains

nderexplored. Notably, compounds 5 and 6 , isolated from a Δtpm16

CYP450) mutant, exhibited potent antibacterial activity against gram-

egative plant-pathogenic Xanthomonas oryzae pathovars with MIC val-

es of 2–8 μg/mL, indicating their potential as novel pesticide candi-

ates. The CYP450 enzyme Tpm16 was observed to play a crucial role in

odulating the bioactivity of pathway intermediates. Collectively, this

tudy expands the structural and bioactivity repertoire of pentaketide

nsamycins. 
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