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ABSTRACT: An unprecedented 19-membered allenic macrolide
archangiumide (1) was discovered from the myxobacterium
Archangium violaceum SDU8 by integrating NMR-based metabolic
profiling and genome mining. Its biosynthesis pathway was
proposed based on the architectural analysis of the encoding
trans-AT PKS genes and validated by isotope labeling. The
methodology of combing 2D NMR-based metabolic profiling and
bioinformatics-aided structure prediction, as exemplified by this
study, is anticipated to improve discovery efficiency of a broader range of microbial “dark matter”.

The disparity between the number of biosynthetic gene
clusters (BGCs) harbored by microbes and the high rates

of rediscovery necessitates new discovery pipelines. In recent
years, the methodology of combining metabolomics and
genomics has particularly gained favor in terms of mapping
the chemical diversity of microbial natural products (NPs).
Comparatively, MS-based metabolomics has much more
popularity over NMR-based metabolomics in the field of
microbial NPs research. Different platforms based on MS
technology have been well established to correlate BGC to the
encoded chemotype for the bioprospecting of microbes, such
as metabologenomics,1 peptidogenomics,2 and glycogenom-
ics.3 We previously explored combining 1D 1H NMR
metabolic profiling and bioinformatics-aided structure elucida-
tion to streamline the characterization of a family of novel C-
glycosylpyranonaphthoquinones from Streptomyces sp.
MBT76.4 Morgan et al. recently combined genome mining
and 15N NMR based metabolomics for the targeted isolation of
the piperazic acid containing peptides incarnatapeptins from
Streptomyces incarnatus NRRL 8089.5 These two examples
indicated that NMR-based metabolomics could presumably be
a complement to MS-based metabolomics with respect to
linking the genotype and chemotype and, thus, elevate the
probability of finding new entities. In principle, bioinformatics
analysis of BGCs can predict the complete and/or partial
structures of microbial NPs,6 and the resultant chemical
information can be fingerprinted by the 2D NMR-based
profiling of microbial crude extracts to guide the targeted
isolation and identification.7 We reasoned that the NMR-
mediated hyphenation of genomics and metabolomics is
particularly applicable for the modular type I polyketide

synthetase (PKS) biosynthetic system as the colinearity rule
permits reliable structural predictions.8,9

During our continuing efforts to isolate novel myxobacterial
species from diverse ecological niches, a library of ∼1000
myxobacterial strains has been set up, forming the basis for our
search of the novel microbial chemistry. A myxobacterium
Archangium violaceum SDU8 produced comparatively more
compounds than its counterparts during our preliminary
screening of 40 randomly selected myxobacterial strains by
HPLC−UV profiling, indicating SDU8 was a prolific producer
of secondary metabolites under our laboratory cultivation
environment. To maximally avoid the chemical redundancy,
SDU8 was first genome sequenced using the combination of
Nanopore and Illumina technologies, and the assembled
genome sequence was submitted to antiSMASH10 analysis.
Most of the detected 42 BGCs across disparate categories
showed low or even no similarity to known BGCs, further
indicating SDU8 was a promising strain for the discovery of
new chemistry. Among these, a distinct trans-AT PKS gene
cluster arc that likely governed the production of a macrolide
was particularly interesting to us, as many trans-AT PKS-
derived macrolides encompass distinctive architectures and/or
pronounced bioactivities.11 The continuous 53.3 kb DNA
sequence of arc harbored 15 open reading frames that
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putatively encoded three PKSs lacking integral AT domains,
two trans-ATs, a β-branching cassette, three oxidase genes, and
others (Figure 1A and Table S1). AntiSMASH analysis
revealed low sequence homology of arc to known BGCs and
thus indicated the products orchestrated by arc could be novel.
Piel et al. developed TransATor, a web-based online tool that
allows de novo structural predictions for trans-AT PKS-derived
polyketides.12 We subjected the concatenated amino acid
sequences of the three core polyketide synthases ArcA, ArcB,
and ArcC to TransATor analysis, and the predicted structure
contained not only the common polyketidic functionalities
such as double bonds, secondary hydroxyl, vinylous methyl but
also a rare allene, which was actually unprecedented in the
family of polyketidic macrolides. These bioinformatic
predictions compelled us to identify the products encoded
by the arc gene cluster.
Given the BGC of interest, one of the key issues was how to

efficiently characterize its chemical output(s), which is actually
quite common in the field of genome mining. We explored the
NMR-based metabolic profiling for the inspection of BGCs
expression because NMR affords an advantage over MS in
terms of unbiased detection and objective reflection of quantity
ratio of all the metabolites contained in a mixture.13 For this,
SDU8 was grown in VY/2 liquid medium for 7 days, and the
secreted metabolites in the culture broth were extracted by
HP-20 resin and ethyl acetate (EtOAc), respectively. The
following 1H NMR based metabolic profiling confirmed the
evidently higher complexity of HP-20 extraction compared to
that of EtOAc (Figure S1). In consideration that the
macrolides are normally well dissolved in EtOAc, we inferred
that the EtOAc extraction method was favorable for the

concentration of the potential macrolides orchestrated by arc
gene cluster and avoided the interferents like culture medium
ingredients that would be easily bonded by HP-20 resin.
Therefore, EtOAc metabolome was further subjected to 2D
NMR profiling, including COSY, HSQC, and HMBC (Figure
S2−S4), to gain deeper insight into the expression of arc.
Gerwick et al. recently developed a novel computational tool,
the HSQC-based SMART 2.0, for the rapid characterization of
macrolides in microbial crude extract.14 We applied the
SMART 2.0 tool to the HSQC spectrum of SDU8 EtOAc
metabolome, and the retrieved top 12 hits suggested that
macrolides were contained within (Figure S5). With the aid of
HMBC and COSY spectra, we were able to identify the partial
structures typical of macrolide-class natural products, corre-
sponding to the structural prediction by TransATor (Figure
1B). Similarly, Buedenbender et al. used HSQC-TOCOSY
fingerprinting to identify the characteristic structural fragments
typical of macrolides at the complex metabolome level, which
facilitated the dereplication of known macrolide elaiophylin15

and also the discovery of new molecule herbimycin G.16

Because arc happened to be the solely BGC that tends to
specify macrolide(s) on SDU8 genome, we tentatively
correlated arc BGC (genotype) with the 2D NMR-resolved
structural features (chemotype) in the complex mixture.
NMR-guided repeated chromatographic fractionation of the

up-scaled fermentation (20 L) of SDU8 led to the isolation of
compound 1 (20.5 mg, Figure 1C), as a white needle crystal.
HRESIMS established its molecular formula C19H26O6 from
[M + H]+ peak at m/z 351.1797 (calculated for C19H27O6), in
accordance with the 19 carbon atoms counted from the 13C
NMR spectrum measured in DMSO-d6. Sixteen out of the 19

Figure 1. Joint strength of genome mining and 2D NMR-based metabolic profiling for the targeted discovery of archangiumide. (A) Genome
mining of A. violaceum SDU8 identified a trans-AT PKS gene cluster. TransATor analysis of the central PKS genes allowed the prediction of the
approximate structure of the encoded product. (B) 2D NMR-based metabolic profiling of SDU8 metabolome enabled the identification of
fragments indicative of polyketidic macrolide. (C) Structure of archangiumide (1).

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.1c00265
Org. Lett. 2021, 23, 2114−2119

2115

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00265/suppl_file/ol1c00265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00265/suppl_file/ol1c00265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00265/suppl_file/ol1c00265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00265/suppl_file/ol1c00265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00265/suppl_file/ol1c00265_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00265?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00265?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00265?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00265?fig=fig1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.1c00265?ref=pdf


carbons in the 13C NMR spectrum were unambiguously
assigned by HSQC as one quaternary carbonyl at δC 170.0,
four olefinic carbons at δC 124.0−136.0 making up two double
bonds, six oxygenated methines at δC 69.8−83.0, five aliphatic
carbons consisting of three methylenes, and two methyls
(Table 1). The connectivity of these 16 carbons were joined by

the extensive interpretation of HMBC and COSY spectra
(Figure S6). The tetrahydrofuran-3,4-diol ring was joined by
the key HMBC correlations from H-2 (δH 4.25) to the three
oxygenated methines C-3, C-4, and C-5, and the macrolide
ester bonding was identified on the basis of the key HMBC
correlation from H-17 to C-1 (δC 170.0). The linkage of the
remaining three carbons at δC 208.3 (C-12), 90.1 (C-11), and
89.9 (C-13) was initially obscure, as the chemical shift at δC
208.3 was misleading and typical of ketocarbonyl. After a
purely NMR approach was unsuccessful, the bioinformatics
prediction of allene group by TransATor analysis compelled us
to speculate C-11−C-13 making up an allene, which was
indeed corroborated by a set of key HMBC correlations such
as H-10, H-11, H-13, and H-14 to C-12. The 1H and/or 13C
chemical shifts at C-11, C-12, and C-13 of 1 were consistent
with the allene group found in crassostreaxanthins17 and
pseudoxylallemycins.18 The addition of allene into the planar
structure of 1 matched the constraints of six oxygen atoms and
seven unsaturation suggested by the chemical formula. The
geometry of the double bond Δ6,7 was identified as E based on
the large coupling constant of 15.5 Hz. The key NOESY
correlation observed between H3-19 and H-13 also determined
the E configuration of Δ14,15 (Figure S7). The absolute
configuration of 1, via 2R, 3S, 4S, 5R, 16S, 17R, was
determined by single-crystal X-ray diffraction analysis (Figure
2) of pure crystals obtained by slow evaporation in methanol
[Flack parameter of 0.01(8)]. The conformation observed in
the crystal structure of 1 was compatible with all of the
measurable coupling constants and the observed key NOESY
correlations, indicating that the crystal structure was
representative of the preferred conformation in solution.
Taken together, compound 1 was deciphered as a novel 19-

membered macrocyclic lactone featured with a rare allenic
group, and we dubbed it archangiumide.
Although allene is found in a number (∼160) of natural

products,19 like cepacin,20 puna’auic acid,21 panacene,22 etc.,
the existence of an allene group in the superfamily of macrolide
was unprecedented. In terms of bioactivities, archangiumide
did not show effects during the assays of anticancer (liver
carcinoma cell line HepG2, breast cancer cell line MCF-7, and
hepatocyte cell line HL-7702), antibacterial (Staphylococcus
aureus, Bacillus subtilis, Escherichia coli), antifungal (Candida
albicans), antioxidant (DPPH radical-scavenging), and anti-
inflammatory effects (LPS-induced NO production in adherent
cells). More extensive experiments are still needed to assess the
biological function(s) of archangiumide.
On the basis of the detailed sequence analysis of the central

PKS and other genes in the arc cluster, we proposed the
biosynthetic pathway for archangiumide (Figure 3). Phyloge-
netic analysis of two AT-like enzymes identified ArcE as an AT
with specificity for malonyl-CoA, whereas ArcD is an acyl
hydrolase (Figure S8). The assembly of archangiumide starts
with the loading of acetal-CoA by the free-standing ACP ArcF,
followed by the consecutive extension of eight C2 units by the
modules 1−8 in ArcA and ArcB. The KS domain alignment
found the two KS0 domains in ArcC are nonelongating
modules (modules 9 and 10), since they lack the requisite His
residue in the catalytic pocket (Figure S9). The ubiquitous
presence of nonelongating modules is one of the idiosyncrasies
of trans-AT PKS.23 Except for a few deviations, the module
architecture in ArcA and ArcB is congruent with the
crystallography-confirmed structure of archangiumide, includ-
ing the stereochemistry at positions C-3, C-6, and C-17 as
predicted by bioinformatic analysis of KR domains24 (Table S3
and Figure S10). However, a KR domain is missing in modules
4 and 5, and the formation of a single bond between C-8 and
C-9 is also unexpected, since module 5 lacks an enoyl-
reductase domain that normally performs the reduction. Such
missing domains are another common peculiarity of trans-AT
PKSs.25−27 The β-branching cassette arcG-K is responsible for
the installation of the β-branched methyl (C-19) and the
formation of the double bond Δ.14,15 The post-PKS route to 1
probably involves the epoxidation of the double bond C-4/C-5
by the oxidase ArcM and hydroxylation at the C-3 executed by

Table 1. NMR Data Assignment of Archangiumide (1)

position δC, type δH, mult (J, Hz)

1 170.0, C
2 79.0, CH 4.25, d (8.5)
3 76.1, CH 4.14, td (8.0, 4.5)
4 78.0, CH 3.81, m
5 82.9, CH 3.83, m
6 131.9, CH 5.54, dd (15.5, 7.5)
7 132.6, CH 5.39, ddd (15.5 10.5, 4.0)
8 29.4, CH2 2.20, m; 2.02, m
9 26.0, CH2 1.50, m; 1.43, m
10 26.3, CH2 2.00, m; 1.94, m
11 90.1, CH 5.17, m
12 208.3, C
13 89.9, CH 6.02, m
14 124.0, CH 5.83, d (11.5)
15 135.9, C
16 79.6, CH 3.85, dd (6.0, 4.5)
17 69.8, CH 4.67, m
18 18.0, CH3 1.23, d (6.0)
19 10.1, CH3 1.53, s

Figure 2. ORTEP diagram of the crystal structure of archangiumide.
One molecule of water was cocrystallized with archangiumide by
forming a hydrogen bond at 4-OH. The absolute configurations of the
six chiral centers of archangiumide are 2R, 3S, 4S, 5R, 16S, and 17R.
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the P450 monooxygenase ArcN, followed by an intramolecular
nucleophilic substitution to generate the dihydroxyfuran. The
proposed online PKS assembly line, including the β-branching
methylation, α, β-dehydration, and ketone reduction, was
validated by the isotope labeling experiments by feeding with
1-13C and 2-13C sodium acetate, respectively (Figure S12).
While the typical α, β-dehydration catalyzed by the single DH
domain in ArcA gives rise to the double bond located between
the incorporated acetate units at C-12/C-13, the isotope
labeling experiments implied that the atypical unsaturation at
C-11/C-12 is derived from β, γ-dehydration catalyzed by the
first DH domain in ArcB instead of the standard α, β-pattern.
Actually, the DH domain-catalyzed β, γ-dehydration or double-
bond shift is not uncommon in the trans-AT PKS systems,
such as in the biosynthesis pathway of rhizoxin28 and
corallopyronin A.29 Future biochemistry and/or molecular
biology work is needed to confirm the online PKS-catalyzed
formation of allene during archangiumide biosynthesis, which
is a new enzymology that could be potentially exploited to
succinctly prepare the allenic reagents that are frequently used
in the field of organic synthesis.30

The unambiguous structural determination and elucidation
of the biosynthetic pathway for archangiumide demonstrated
that 2D NMR-based fingerprinting had the capacity to bridge
the gap between the arc genotype with the corresponding
chemotype in the highly complex metabolome of SDU8. We
were further interested if archangiumide could be discovered
through an MS-based approach, since it represents a mainstay
for microbial NPs research.31 Indeed, the molecular feature m/
z 351 for archangiumide was clearly exhibited in LC−MS
profiling. However, it seemed difficult for MS to correlate the
interested arc BGC with m/z 351 at a crude extract level to

guide the targeted discovery of archangiumide because the
peak for archangiumide was not prominent in total ion
chromatography (TIC) of SDU8 metabolome (Figure S13).
Meanwhile, it was also noteworthy that the relatively high yield
of archangiumide (∼1 mg/L) was favorable for its detection in
crude mixture by NMR, whereas the potential congener
produced in low amount might be missed by NMR-directed
isolation due to the intrinsic low sensitivity of NMR than MS.
In summary, we integrated the genome mining and 2D

NMR based metabolic profiling into the investigation of a
myxobacterium, which led to the rapid characterization of
archangiumide, a novel 19-membered macrolide featuring an
allene functionality and a tetrahydrofuran-3,4-diol ring.
Although the biological relevance of archangiumide is unclear
at this moment, its novel chemical topology underscores the
effectiveness of the combination of NMR-based metabolic
profiling and genome mining for the accelerated discovery of
novel microbial NPs. What is needed is to develop a reliable
computational tool for the simultaneous analysis of microbial
genomes and metabolomes data to speed up the discovery
process of a broader diversity of chemical scaffolds in a high-
throughput manner. A quick way to achieve this is presumably
to merge the existing algorithms32 (e.g., antiSMASH,10

PRISM,8 etc.) for bioinformatics-aided structure prediction
and automated NMR data analysis (e.g., DP4-AI,33 Mix-
ONat34) at the microbial crude extract level.35 Moreover, it is
tempting to join the tripartite strength of NMR-based
metabolomics, MS-based metabolomics, and genomics for
the maximal excavation of microbial “dark matter” in the
future.

Figure 3. Model for the biosynthesis of archangiumide (1). The three consecutive ACP domains in module 2 of ArcA containing the conserved
Trp residue recognized by the β-branching methylating cassette are indicated with “+” (Figure S11).11 Domain abbreviations: ACP, acyl carrier
protein; KS, ketosynthase; KS0, nonelongating KS; KS*, KS-like enzyme; AT, trans-acyltransferase; AH, acyl hydrolase; KR, ketoreductase; DH,
dehydratase; ECH, enoyl-CoA hydratase; HCS, hydroxymethylglutaryl-CoA synthase; P450, cytochrome P450; Ox, oxidase; TE, thioesterase. The
proposed biosynthesis pathway of 1 was probed with [1-13C] and [2-13C] labeled sodium acetate, as boxed.
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