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Abstract: There is a continuous need for novel microbial natural 

products to fill the drying-up drug development pipeline. Herein, we 

report myxadazoles from Myxococcus sp. SDU36, a family of novel 

chimeric small molecules that consist of N-ribityl 5,6-
dimethylbenzimidazole and a linear fatty acid chain endowed with an 

isoxazole ring. The experiments of genome sequencing, gene 

insertion mutation, isotope labelling, and precursor feeding 

demonstrated that the fatty acid chain was encoded by a non-
canonical PKS/NRPS gene cluster, whereas the origin of N-ribityl 

5,6-dimethylbenzimidazole was related to the vitamin B12 metabolism. 

The convergence of these two distinct biosynthetic pathways through 

a C-N coupling led to the unique chemical framework of myxadazoles, 
which is an unprecedented hybridization mode in the paradigm of 

natural products. Myxadazoles exhibited potent vasculogenesis 

promotion effect and moderate antithrombotic activity, underscoring 

their potential usage for the treatment of cardiovascular diseases.  

Although microbial natural products (NPs) research was once 
glutted with gloom due to the high rates of rediscovery, genome 
mining has revealed that microbes harbor a huge reservoir of 
untapped biosynthetic gene clusters (BGCs), and thus largely 
revitalized the interest in this field.[1] With the cumulative 
knowledge on microbial biosynthetic logic, we become more and 
more familiar with several major classes of microbial BGCs,[2] like  
polyketide synthase (PKS),[3] non-ribosomal peptide synthetase 
(NRPS),[4] terpene synthase.[5] Intriguingly, microbes also evolve 
versatile interfaces among differential biosynthetic machineries 
to genetically encode small molecules. The common hybrid 
biosynthetic systems include but not limited to NRPS-PKS,[6] 
PKS-terpene,[7] terpene-alkaloid,[8] and terpene-NRPS.[9] The 
improved chemical diversities originated from combinational 
biosynthesis would be beneficial for microorganisms, in terms of 
enriching ‘chemical language’ requisite for molecular interactions 
or coping with distinct challenges in their native survival 
environments.[10] As we mankind are constantly desperate for 
novel microbial NPs to deliver new therapeutics for combatting 

various diseases,[11] it is tempting to explore anomalous 
combinatorial biosynthetic system(s) to unearth those so-called 
cryptic “unknown unknowns”.[12]  

The gram-negative myxobacteria have complex social lives 
and multicellular developmental cycles, involving surface motility, 
fruiting body formation, sporulation and predatory behavior.[13] 
This branch of life domain is particularly appealing because they 
have been recognized as one of the foremost producers of 
specialized metabolites with high chemical complexity and 
pronounced bioactivities. Myxobacteria are also a prolific source 
of hybrid biosynthetic logic, such as NRPS-PKS system.[14] One 
of the most prominent examples is epothilone from the 
myxobacterium Sorangium cellulosum, whose semi-synthetic 
derivatives ixabepilone and utidelone have been approved by 
FDA (2007) and more recently by SFDA (2021) to treat the breast 
cancer.[15] 

As a part of our ongoing efforts to find drug leads from our 
library of myxobacteria,[16] Myxococcus sp. SDU36 isolated from 
the sediment sample of the Dongcuo Lake in Ngari of Tibet (P.R. 
China) was prioritized for chemical investigation, because it gave 
a decent number of peaks during the HPLC-based screening. 
SDU36 was fermented in VY/2 medium (80 L) for seven days, 
and the metabolites were adsorbed from culture broth using HP-
20 resin. The afforded crude extract (8.0 g) was separated by 
repeated chromatography, and final purification was achieved on 
a reversed-phase C18 semi-preparative HPLC, yielding 
compounds 1 (6.5 mg), 2 (1.8 mg), and 3 (1.2 mg). Their planar 
structures were established based on intensive analysis of NMR 
and HRMS data, and the stereochemistry was determined by J-
based configurational analysis,[17] GIAO NMR shift calculations 
coupled with advanced statistics CP3 analyses,[18] quantum 
topological atoms in molecules (QTAIM) analysis for 
intramolecular hydrogen bonding interaction,[19] as depicted 
exhaustively in supporting information. Structurally, compounds 
1–3 are hybrid NPs consisting of N-ribityl 5,6-
dimethylbenzimidazole (DMB) and a fatty acid (FA) chain 
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endowed with an isoxazole ring (Figure 1), and we thereby 
dubbed them as myxadazoles A1, A2, and B, respectively. 
Myxadazoles A1 (1) and A2 (2) are 7'-epimers (7'S for 1 and 7'R 
for 2) containing an iso-branched FA. Myxadazole B (3) has the 
same configurations with 2, but is in possession of an 
unbranched FA. Only a limited number of NPs containing 
isoxazole (cycloserins,[20] acivicin,[21] muscimol,[22] and ibotenic 
acid [23]) were reported from actinomycetes and fungi, whereas it 
was the first time to characterize from the phylum of 
myxobacteria. What’s more striking was that DMB has been only 
found in vitamin B12 (VB12) besides myxadazoles, highlighting the 
novelty of the newly identified structures. In addition, although a 
few isoxazole-benzimidazole hybrids have been artificially 
synthesized,[24]  the co-occurrence of isoxazole and DMB was 
unprecedented in the scope of NPs. 
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Figure 1. Myxadazoles A1/A2 and B (1–3) isolated from Myxococcus sp. 

SDU36. 

Besides 1–3, we envisioned that other potential congeners 
might be produced but escaped from the chromatographic 
isolation due to the low yield. To verify this assumption, SDU36 
crude extract was subjected to MS/MS-based molecular 
networking analysis,[25] wherein structural analogues clustered 
together (Figure S11). This revealed that the characterized 
compounds 1–3 were closely related to four additional features 
at m/z 544, 530, 518, and 504 (Figure 2). The comparison of MS2 
fragmentation of these four uncharacterized molecular features 
(myxadazoles C–F) to those of 1–3, enabled us to conclude that 
the structural differentiation was located in the FA chain featuring 
with an isoxazole ring, because the characteristic fragments at 
m/z 281 (N-ribityl-DMB) and 147 (DMB) were consistently seen 
for all six molecular features (Figure S12). Further scrutiny of the 
fragmentation pattern of all the myxadazoles C–F clarified the 
major structural variation in the region between isoxazole ring 
and the terminal carboxyl. There were two less methylenes in 
myxadazole C (m/z 518) than A (m/z 546), and a similar 
structural relationship can be seen between myxadazoles B (m/z 
532) and D (m/z 504). Interestingly, a dehydrogenation occurred 
in myxadazoles E (m/z 544) and F (m/z 530) based on the 
MS/MS comparison with myxadazoles A and B, albeit we did not 
determine the position and geometry of the double bond.  

 
Figure 2. Molecular networking of myxadazoles. The key MS2 fragments 
used for the determination of myxadazoles C–F was coloured and 
numbered in accordance with structural variation nearby the terminal 
carboxyl of lipids. The detailed annotation of the fragmentation referred 
to Figure S12. *The position and geometry of the double bond outside the 
heterocycles in myxadazoles E and F remained undetermined, whereby 
either Δ11', 12' or Δ12', 13' unsaturation was possible. 

To decipher the biosynthetic mechanism of myxadazoles, 
SDU36 was subjected to genome sequencing by the 
combination of Nanopore and Illumina technologies. The 
following antiSMASH analysis of the assembled genome 
sequence (GenBank accession number: CP077414) gave 28 
BGCs.[26] Irrespective of the moiety of N-ribityl-DMB in 
myxadazoles, we speculated that the FA part was likely to be 
assembled by a modular PKS pathway, which was subsequently 
supported by isotope labeling experiments by feeding SDU36 
with [1-13C]-acetate (Figure S13). We further reasoned that at 
least one aminotransferase gene was requisite for the formation 
of isoxazole ring. After manual analysis of all the 28 BGCs, a 
non-canonical PKS/NRPS hybrid BGC mdz met these constrains. 
The central biosynthetic elements included two modular PKS 
genes mdzE and mdzI, a stand-alone adenylation gene mdzH, a 
seemingly modular NRPS gene mdzF integrated with an 
aminotransferase domain (Figure S14). A BLAST search using 
the uncommon gene mdzF as a probe showed that mdz was also 
contained in 13 other bacterial strains including nine 
myxobacterial strains. The comparison of the architectural 
organization of all the gleaned BGCs assisted us to tentatively 
assign the boundary of mdz (Figure S15). This BGC contained 
nine open reading frames (ORFs) mdzA–mdzI arranged in the 
same orientation spanning 21.6 kb on the genome of SDU36 
(Figure 3A and Table S7). Co-transcription of mdzA–mdzI as 
revealed by RT-PCR experiment suggested they formed a 
polycistron. To experimentally verify the involvement of mdz for 
myxadazoles production, we selected to genetically disrupt 
mdzE using single crossover recombination (Figure S17). Indeed, 
myxadazoles A–F were strictly abrogated in the mutant (Figure 
4A), corroborating mdz was the sought-after BGC. 
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Figure 3. Biosynthetic pathway of myxadazoles. (A) The non-canonical PKS/NRPS hybrid BGC (mdz) directing the biosynthesis of fatty acid. Domain 
abbreviations: FAL, fatty acid ligase; DH, dehydratase; ACP, acyl carrier protein; KS, ketosynthase; AT, acyltransferase; AmT, aminotransferase; C, 
condensation; KR, ketoreductase; ER, enoyl reductase; Ox, oxidase; TE, thioesterase. The last putative TE domain in MdzI protein is probably inactive. 
(B) The model for the generation of ribityl DMB from vitamin B12. The orphan rib BGC contains the ribG gene encoding the enzyme that catalyzes the 
reductive conversion of the ribosyl into ribityl group. (C) Representative hybrid products result from the fuse of the alleged two pathways.

Based on the bioinformatic analysis of the central 
PKS/NRPS genes of mdz, we proposed the biosynthetic 
pathway for myxadazoles as depicted in Figure 3. The assembly 
line is initiated with the activation of 7-methyl-octanoic acid by 
the fatty acyl-AMP ligase (FAL) domain in MdzB (In case of 
myxadazoles B/D/F, octanoic acid should be loaded), followed by 
two rounds of iterative condensation by the didomain PKS 
enzyme MdzE, while the growing polyketide chain is tethered on 
the stand-alone acyl carrier protein (ACP) MdzG. As the iso-odd 
fatty acids in myxobacteria are originated from leucine,[27] SDU36 
fed with L-leucine d3 led to the accumulation of isotopic 1 and/or 
2 (Figure S18). The priming model was further confirmed by the 
precursor feeding of isovaleric acid (IVA), which significantly 
enhanced the production of myxadazole A (Figure S19). After 
extension by MdzE/MdzG complex, a transamination occurred at 
the second carbonyl of the nascent polyketidic chain, followed by 
N-hydroxylation catalyzed by the oxidase MdzD. The 
condensation (C) domain in MdzF probably catalyzes the 
cyclization of the generated oximes species to yield the 
isoxazolidine scaffold, since it resides in the heterocyclization 
sub-branch of phylogenetic tree for C domains of NRPS (Figure 
S20).[28] The isoxazolidine ring is further oxidized into isoxazoline 
as executed by the FA desaturase MdzC. The cascade reactions 
including amination, N-hydroxylation, heterocyclization, and 

desaturation that result in isoxazoline were reminiscent of the 
recently uncovered biosynthetic logic for ibotenic acid wherein 
an isoxazole ring is contained.[29] Next, the polyketidic chain is 
further extended with a reduced C2 unit by the action of MdzI. 
Because the putative thioesterase (TE) domain at the C terminal 
of MdzI is hampered due to the deficiency of the critical catalytic 
triad (Figure S21),[30] the mature chain is supposed to be 
released by MdzA, a discrete type II TE enzyme. It was 
noteworthy that the single methylene between the terminal 
carboxyl and isoxazole found in myxadazoles C/D implied that 
MdzA could act prior to MdzI. The premature release of 
polyketide chain by MdzA was further supported by the genetic 
inactivation of mdzI, whereby myxadazoles A/B were fully 
abolished, in stark contrast to the elevated yield of myxadazoles 
C and D (Figure 4A). Finally, these two released chains might go 
through a spontaneous dehydration at the hemiacetal, to afford 
a double bond between C-7' and C-8' in the polyketidic 
intermediates a and b.  

The unique existence of α-D-ribosyl-DMB (α-Ribazole) in 
VB12 implied that VB12 is the source of N-ribityl-DMB in 
myxadazoles. This was reflected by the exogenous addition of 
0.1 mM of VB12 to the producing VY/2 medium, resulting in more 
than two-fold enhancement of myxadazoles. Similar increasing 
pattern was also observed for CTT medium poor in VB12 (Figure 
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4B). Taken together of 4-fold lower myxadazoles production in 
basal CTT than in VY/2, N-ribityl-DMB moiety in myxadazoles 
should be derived from α-D-ribosyl-DMB of VB12. Since α-D-
ribosyl-DMB could be released from VB12 by non-enzymatic acid 
hydrolysis in vitro,[31] it was likely that either enigmatic enzymatic 
reaction(s) or a decreased pH played a crucial role in 
the degradation of VB12. Next, the cyclic ribosyl-DMB is opened 
to ribityl-DMB, in the same fashion for the generation of linear 
ribityl during riboflavin biosynthesis.[32] As mdz obviously lacks 
the genes metabolizing VB12, we postulated they are located 
elsewhere on the genome of SDU36. Indeed, bioinformatics 
analysis identified an operon pertinent to riboflavin, wherein the 
product of bifunctional gene ribG (Table S8) can catalyze the 
reduction of the ribosyl side chain.[32] Furthermore, spectroscopic 
methods determined the same absolute configuration of the 
ribityl chain between myxadazole and riboflavin (Table S2 and 
S3), also suggesting the transformation route depicted in Figure 
3B. 

 
Figure 4. (A) Gene disruption of the two central PKS genes mdzE and 
mdzI confirmed the correlation of mdz with myxadazoles production. (B) 
Supplementing SDU36 with 0.1 mM of VB12 grown in media CTT and 
VY/2 led to three- and two-fold improvements in myxadazoles production, 
respectively.  

We proposed the final convergence of the putative VB12 

metabolic pathway and the non-canonical PKS/NRPS pathway 
through a C-N coupling leads to the chimeric structure of 
myxadazoles (Figure 3). A non-stereoselective epoxidation 
probably occurs at the double Δ7',8' of intermediates a/b. The 
electron-deficient epoxide species is susceptible to nucleophilic 
attack by the N-1 atom of benzimidazole, leading to two possible 
epimers at C-7', followed by a subsequent elimination of one 
molecule of water to make the isoxazole ring (Figure S22). 
Versatile C-N coupling reaction[33] is probably a more 
commonplace strategy taken by nature than previously 
recognized, which merges distinct biosynthetic machineries and 
thus results in the mixed biosynthesis of a variety of chimeric NPs. 
Besides myxadazoles, C-N coupling also serves as a port to 
mediate the heterodimerization of structurally complex terpene-
alkaloid conidiogenone B[34] and the enediyne-
anthraquinone dynemicin A.[35]  

The isolated myxadazoles A1/A2 and B (1–3) were assayed 
for the activities of antibacterial (against Staphylococcus aureus, 
Bacillus subtilis, Escherichia coli, and Acinetobacter baumannii), 
antifungal (against Candida albicans), anti-cancer (against liver 
carcinoma cell line HepG2, breast cancer cell line MCF-7, and 
hepatocyte cell line HL-7702), antioxidant (DPPH radical-
scavenging), and anti-inflammatory (inhibited LPS-induced NO 
production in adherent cells), whereas no obvious effects were 
observed. We further evaluated the potential efficacy of 
myxadazoles on cardiovascular system in zebrafish.[36] The 
model of PTK787-induced intersomitic vessel (ISVs) 
insufficiency was employed for the promotion of vasculogenesis. 
The tested compounds at two moderate concentrations (10 µM 

and 25 µM) could markedly rescue the blood vessel loss caused 
by PTK787 (Figure 5, A & C), whereby the vascular lengths were 
comparable to those recovered by positive control Danhong 
injection (DHI, 9 µL/mL). In addition, the pathological model of 
arachidonic acid (AA)-induced thrombosis was used for the 
evaluation of antithrombotic effects.[37] Myxadazoles significantly 
increased the erythrocytes in the heart of AA-treated zebrafish 
and decreased the thrombus in caudal vein (Figure 5, B & D). 
Among them, 1 gave the best therapeutic efficacies of 31.7% and 
59.0% at the given two doses, compared with 71.1% obtained by 
the positive control group of aspirin (ASP, 166 µM) (Table S9). 
Taken together, the non-cytotoxicities, pronounced 
vasculogenesis, and moderate antithrombotic effects of 
myxadazoles underscored their potential usage in the treatment 
of cardiovascular diseases. 

 
Figure 5. Cardiovascular activities test of myxadazoles using zebrafish 
model. (A) Images of intersomitic vessels (ISVs) in transgenic fluorescent 
zebrafish [Tg: fli1-EGFP] treated with 0.1% v/v of DMSO (Control), 
PTK787 along with 0.1% v/v of DMSO (Model), PTK787 along with 
Danhong injection (DHI, 9 µL/mL, positive control), and PTK787 along 
with two different doses (10 μM and 25 μM) of compounds 1‒3. (B) 
Images of erythrocytes in the heart of zebrafish treated with 0.1% v/v of 
DMSO (Control), arachidonic acid (AA) along with 0.1% v/v of DMSO 
(Model), AA along with aspirin (ASP, 160 μM, positive control), and AA 
along with two different doses (10 μM and 25 μM) of compounds 1‒3. 
Black spot in the magnified area indicated the staining of erythrocytes in 
the heart. (C) Quantitative analysis of the length of ISV in zebrafish 
treated with compounds 1‒3. Data represented as mean ± SEM, ***P < 
0.001 compared to the model group; (D) Quantitative analysis of the 
staining intensity of erythrocytes in the heart of zebrafish treated with 
compounds 1‒3 compared to the model group. Data represented as 
mean ± SEM, ***P < 0.001, **P < 0.01 and *P < 0.05 compared to the 
model group. 

Cumulatively, with the aid of MS/MS-based molecular 
networking, we have characterized a family of naturally occurring 
isoxazole-benzimidazole hybrids that exhibited appreciable 
cardiovascular activities. The biosynthetic pathway of 
myxadazoles was probed by bioinformatic analysis, gene 
insertion mutation, isotope labelling, and precursor feeding. 
Surprisingly, myxadazoles are originated from the convergence 
of vitamin B12 metabolism and a non-canonical PKS/NRPS 
pathway, which has no precedent examples hitherto. It would be 
interesting to explore whether the alleged two distinct pathways 
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are joined at the metabolomic or genetic level, because this will 
be of marked value for future multidisciplinary approaches to 
make a panel of polyketide-alkaloid hybrid (un)natural products. 
While a growing body of interest has been laid on the excavation 
of novel microbial NPs, the exploration of the condensation of 
disparate biosynthetic machineries would be a fruitful approach 
to find the hidden “unknown unknowns”. Development of 
versatile discovery pipelines performed in high-throughput 
manner are desperately needed, because the currently 
prevailing (meta)genomics-based approaches will miss a 
considerable amount of undescribed chemistry originated from 
crosstalk of different BGCs.  
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Herein, we report myxadazoles from Myxococcus sp. SDU36, a family of novel chimeric small molecules with sound 
cardiovascular activities. Myxadazoles consist of a N-ribityl 5,6-dimethylbenzimidazole and a fatty acid chain endowed with an isoxazole 
ring. The fatty acid chain was encoded by a non-canonical PKS/NRPS gene cluster, whereas the N-ribityl 5,6-dimethylbenzimidazole 
ring was originated from the endogenous vitamin B12 metabolism pathway. A plausible C-N cross coupling is likely to coordinate the 
convergence of these two distinct biosynthetic pathways that led to the final construction of unique chemical scaffold of myxadazoles. 
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