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Abstract: Sorangipyranone was isolated as a novel natural product featuring a unique 2,3-dihydro-γ -4H-pyrone scaffold from
cultures of the myxobacterial strain MSr12020. We report here the full structure elucidation of sorangipyranone by spectroscopic
techniques including 2D NMR and high-resolution mass spectrometry together with the analysis of the biosynthetic pathway. De-
termination of the absolute configuration was performed by time-dependent density functional theory–electronic circular dichro-
ism calculations and determination of the applicability of the Snatzke’s helicity rule, to correlate the high-wavelength n→π* elec-
tronic circular dichroism (ECD) transition and the absolute configuration of the 2,3-dihydro-4H-γ -pyrone, was done by the analysis of
low-energy conformers and the Kohn-Sham orbitals. Sorangipyranone outlines a new class of a γ -dihydropyrone-containing natural
product comprised of malonyl-CoA-derived building blocks and features a unique polyketide scaffold. In silico analysis of the genome
sequence of the myxobacterial strain MSr12020 complemented with feeding experiments employing stable isotope-labeled precur-
sors allowed the identification and annotation of a candidate biosynthetic gene cluster that encodes a modular polyketide synthase
assembly line. A model for the biosynthetic pathway leading to the formation of the γ -dihydropyrone scaffold is presented in this
study.

Keywords: Myxobacteria, Natural products, γ -Dihydropyrone

Introduction
Natural products are a prolific reservoir of chemical scaffolds fea-
turing unique mode of actions to support the development of
new therapeutic options for the treatment of numerous diseases
(Huang& Lin, 2017; Newman&Cragg, 2020). Certain groups of un-
derexploredmicroorganisms located in extremehigh salt environ-
ments and unconventional habitats such as entomopathogenic
bacteria, human commensals, plant and animal endosymbionts
are now increasingly investigated as potential source of novel nat-
ural products (Garcia et al., 2018; Tobias et al., 2018; Wang et al.,
2019; Zhang et al., 2015). Nevertheless, independently growingmi-
croorganisms remain among the domain of bacteria themost pro-
lific producers of natural products such as Streptomyces sp. and
Bacillus sp., but also less exploited species like rare actinomycetes,
cyanobacteria, and in particularmyxobacteria (Demay et al., 2019;
Grubbs et al., 2017; Herrmann et al., 2017; Landwehr et al., 2016).

Myxobacteria are not only remarkable Gram-negative soil bac-
teria featuring unique biological characteristics such as com-
plex chemical communication systems, multicellular develop-
ment stages and the capability to move in coordinated manner
to prey on other microorganisms (Munoz-Dorado et al., 2016), al-
though some recent discoveries did not follow the conventional
fruiting body development (Garcia & Müller, 2018). They are con-
sidered as one of the most abundant sources for structurally

unique natural products with intriguing bioactivities (Herrmann
et al., 2017). Hundreds of bioactive secondary metabolites were
already isolated and characterized from the order of Myxococ-
cales, albeit the number of investigated myxobacterial strains is
rather low in comparison to Streptomyces sp. and Bacillus sp. (Mohr,
2018). Many myxobacterial natural products feature diverse bio-
logical functions through unprecedented mode of actions such as
the antiviral aetheramides (Plaza et al., 2012), the immunomod-
ulatory argyrins (Sasse et al., 2002), the cytotoxic pretubulysin
(Braig et al., 2014), the antiplasmodial chlorotonil (Gerth et al.,
2008), the antifungal nannocystin A (Hoffmann et al., 2015), the
antibacterial myxopyronins (Irschik et al., 1983), and the antiwol-
bachial corallopyronins (Schäberle et al., 2014). Besides the wide
range of biological activities, many myxobacterial natural prod-
ucts display elaborate structural features, which often account
for their biological function. Multimodular enzyme complexes
such as the modular nonribosomal peptide synthetases (NRPSs),
polyketide synthases (PKSs) and in particular, PKS–NRPS hybrid
systems generate many intriguing secondary metabolites from
myxobacteria. These multimodular assembly lines synthesize
many different cyclic chemical entities such as thiazole, oxazole,
and pyrone heterocycles. A number of α-pyrone containing natu-
ral products such as corallopyronins (Jansen et al., 1985),myxopy-
ronins (Irschik et al., 1983; Kohl et al., 1984), phenylnannolones
(Ohlendorf et al., 2008), and hyapyrones (Okanya et al., 2014)
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Fig. 1. Chemical structure and carbon numbering of sorangipyranone
(1).

have been isolated from myxobacteria. Interestingly, the alkenyl
α-pyrones like myxopyronins and corallopyronins are cyclized by
a ketosynthase (KS) through a head-to-head condensation of two
acyl moieties (Pogorevc et al., 2019; Sahner et al., 2015; Sucipto
et al., 2013, 2015, 2017). In addition, α-dihydropyrone containing
secondary metabolites like the pyrronazols (Jansen et al., 2014;
Witte et al., 2017) and ratjadon (Gerth et al., 1995) have been de-
scribed from myxobacteria.

In contrast to α-pyrones, γ -pyrones are less frequently isolated
from myxobacteria with phenoxan (Kunze et al., 1992) being the
only known member. Most of these γ -pyrones have been isolated
frommarine organisms where they act as allomones and defense
measures against other microorganisms (Wilk et al., 2009). Ex-
amples of natural products that feature a γ -pyrone scaffold in-
clude colletotrichins (Gohbara et al., 1978), candelalides (Singh
et al., 2001), kalkipyrones (Graber & Gerwick, 1998), verticipyrones
(Ui et al., 2006), smenopyrone (Esposito et al., 2018), among oth-
ers (Wilk et al., 2009). Even less abundant is the γ -dihydropyrone
scaffold in natural products where only smenopyrone (which fea-
ture a γ -dihydropyrone and a γ -pyrone scaffold) (Esposito et al.,
2018), tridachiahydropyrone (Gavagnin et al., 1996),membrenones
(Ciavatta et al., 1993), andmaurenones (Crossman&Perkins, 2006)
have been reported. The discovery of new bioactive natural prod-
ucts featuring a γ -dihydropyrone structure and the elucidation
of their biosynthesis are thus valuable findings for medicinal
chemistry.

In this study, we describe the discovery and full structure elu-
cidation of sorangipyranone (1), from the myxobacterial strain
MSr12020 (Fig. 1). An exemplary retrobiosynthetic strategy involv-
ing in silico genomic investigation and metabolomic feeding anal-
ysis of the producer strain MSr12020, revealed the biosynthesis of
the γ -dihydropyrone scaffold presented in 1.

Materials and Methods

Applied Software, DNA Sequence Analysis, and
Bioinformatic Methods
The genome of the terrestrial myxobacterial strain MSr12020
(producer strain of 1), Polyangium fumosum DSM 14668 (GenBank:
SSMQ01000001.1) and Polyangium sp. SDU3 1 (GenBank:
SSMR01000017.1) were screened for the presence of BGCs
using the antibiotics and secondary metabolite analysis shell
(antiSMASH) 5.0 online tool (Blin et al., 2019) and the software
Geneious Prime® (Biomatters Ltd., Auckland, New Zealand,

2020.0.5) (Kearse et al., 2012) was used for further biosynthetic
investigation such as the biosynthetic gene cluster (BGC) compar-
ison in Supplementary Information Section 2.4. The nucleotide
or amino acid sequence of interest was aligned with the basic
local alignment search tool (BLAST) against our in-house genome
database or the publicly available nucleotide database, in order to
find homologous genes or proteins. The functional prediction of
open reading frames was performed by using protein blast and/or
blastx programs and Pfam (Finn et al., 2016). The nucleotide
sequence of the sorangipyranone BGC originating from the
myxobacterial strain MSr12020 has been deposited in GenBank
under the accession number MW115850.

Maintenance of Bacterial Cultures and Feeding
Experiments with Stable Isotope-Labeled
Building Blocks
Themyxobacterial strain MSr12020 was recognized for its swarm-
ing and fruiting body formation in the standard Escherichia coli bac-
terial baiting method (Garcia & Müller, 2014). Repeated transfer
of the swarm edge onto fresh-buffered VY/2 agar led to the iso-
lation of this myxobacterium. Based on 16S rRNA gene sequence,
the strain MSr12020 belongs to a novel branch in a Polyangiaceae
family and shows closest neighbor with Polyangium.

The myxobacterial strain MSr12020 was routinely cultivated at
30°C in buffered VY/2 (bufVY/2) liquid medium or agar plates [(%
= w/v), 0.5% Baker’s yeast, 0.05% CaCl2 − 2H2O, for agar plate
cultures 15 g/l agar (BD) was added, pH adjusted to 7.0 with
10 N KOH before autoclaving]. Liquid cultures were grown in Er-
lenmeyer flasks on an orbital shaker at 180 rpm for 3–6 days.
Genomic DNA of the myxobacterial strain MSr12020 was iso-
lated according a previously established protocol for myxobacte-
ria (Panter et al., 2019) and subjected to whole genome sequenc-
ing with Illumina paired-end technology on a MiSeq instrument
at the Helmholtz Centre of Infection Research (Braunschweig,
Germany). Raw data consisting of 0.96 Gbp reads were assem-
bled using the de novo, parallel, paired-end sequence assembler
software ABySS-pe 1.3.4 yielding 62 contigs (Simpson et al., 2009).
Since none of these contigs contained a candidate BGC that could
be associated with the production of 1, another sequencing round
was performed at Era7 Bioinformatics (Granada, Spain) using
long-read technology provided by Pacific Biosciences (PacBio) se-
quencing (Pacific Biosciences,Menlo Park, CA, USA). Resulting raw
reads of 0.79 Gbp andmean read length of 3.7 kbpwere assembled
with the Canu 1.9 software (Koren et al., 2017) to yield 71 contigs,
one of which contained the complete candidate sorangipyranone
BGC.

Feeding experiments were performed by cultivating the strain
in 20 ml bufVY/2 broth using 300 μl inoculum. The cultures
were supplemented with 1 ml (v/v) sterile amberlite resin XAD-
16 (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and fed
for five consecutive days with 20 μl of a 4 M solution of either
malonic acid 2–13C), sodium acetate (13C2) or methionine d3 at
30°C, at 180 rpm. The combined cells and resin were harvested
by centrifugation after 7 days of incubation before extraction.
The supernatant was discarded, whereas the combined cells and
resin were extracted with a mixture of 25 ml methanol (MeOH)
and 25 ml acetone, stirred for 2 hr and filtered through filter pa-
per, and the solvent of the extracts was removed under vacuum.
The re-dissolved extracts (2 ml MeOH) were diluted with MeOH
(1:3 (extract/MeOH, v/v) and centrifuged, and the supernatant
was subjected to high-performance liquid chromatography–mass
spectrometry (HPLC–MS) analysis as described further below.
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Analysis of Secondary Metabolism of Broth
Extracts
The secondary metabolism of broth extracts were analyzed
by high-performance liquid chromatography–high-resolution
electrospray ionization–diode array-detector–mass spectrome-
try (HPLC–HRESI–DAD–MS) on a maXis 4G mass spectrometer
(Bruker Daltonics, Billerica, MA, USA) coupled with a Dionex
UltiMate 3000 Rapid Separation (RS)LC system (Thermo Fisher
Scientific, Waltham, MA, USA) using a BEH C18 column (100 × 2.1
mm, 1.7 μm) (Waters, Eschborn, Germany) with a gradient of
5–95% acetonitrile (ACN) + 0.1% formic acid (FA) in H2O + 0.1%
FA at 0.6 ml/min and 45°C over 18 min with ultraviolet (UV)
detection by a DAD at 200–600 nm. Mass spectra were acquired
from 150 to 2000 m/z at 2 Hz. Detection was performed in the
positive MS mode. The plugin for Chromeleon Xpress (Thermo
Fisher Scientific, Waltham, MA, USA, version 6.8) was used for
operation of the Dionex UltiMate 3000 RSLC system. HyStar
(Bruker Daltonics, Billerica, MA, USA, version 3.2) was used to
operate on the maXis 4G mass spectrometer system. HPLC–MS
mass spectra were analyzed with DataAnalysis (Bruker Daltonics,
Billerica, MA, USA, version 4.2).

Isolation of Sorangipyranone
Themyxobacterial strain MSr12020 was cultivated in 26 l bufVY/2
medium containing 5% (v/v) cell inoculum and 2% (v/v) amberlite
resin XAD-16 for 14 d at 160 rpm, 30°C. At the end of fermenta-
tion, wet cell mass and adsorbent resin XAD-16 were harvested
together by centrifugation at 8000 rpm, 30 min, 4°C. The crude ex-
tract was obtained from the fermentation broth by acetone elu-
tion, and the extract evaporated under vacuum (10.4 g). The ex-
tract was then partitioned between MeOH and n-hexane solvents.
The MeOH layer was dried under vacuum to yield 6.6 g of ex-
tract. This extract was again partitioned in water and chloroform
(CHCl3). The CHCl3 layer yielded 2.86 g of extract after the organic
solvent was evaporated. The CHCl3 extract was subjected to flash
chromatography on an IsoleraTMOne (Biotage, Uppsala, Sweden)
with a SNAP 100 g column packed with silica gel (60 Å, 70–230
mesh, 63–200 μm), using n-hexane (0.1% FA) as solvent A, ethyl
acetate (EA) (0.1% FA) as solvent B, and MeOH (0.1% FA) as sol-
vent C. The flow rate was 50 ml/min, UV/VIS absorption was set
at 280 and 350 nm. Collected fractions (45 ml) were monitored on
a Dionex UltiMate 3000 RSLC system (Thermo Fisher Scientific,
Waltham, MA, USA) coupled to an amaZon ion trap MS (Bruker
Daltonics, Billerica, MA, USA). The elution gradient consisted of
an initial isocratic mixture of 95:5 (n-hexane:EA) for 5 column vol-
umes (CVs), then ramped to 5:95 (n-hexane:EA) for 20 CV. This was
followed by another isocratic solvent system 100% (EA) for 5 CVs.
A final gradient of 5:95 (EA:MeOH) was reached after 5 CVs. Frac-
tions 123–145 was confirmed to contain the compound of inter-
est using high-resolution mass spectrometry. The compound was
purified on UltiMate 3000 semi-preparative system coupled to a
Thermo Scientific Dionex UltiMate 3000 Series automated frac-
tion collector (Bruker Daltonics, Billerica,MA,USA) using a XSelect
CSH C18 Prep column, 5 μm, 10 × 250 mm (Waters TM) and eluted
with water (0.1% FA) and ACN (0.1% FA). The fractions were moni-
tored by mass spectrometry and by using the UV/VIS detector set
at 220, 280, 320, and 400 nm. The gradient program was adjusted
to an initial isocratic gradient H2O:ACN (30:70) for 5 min followed
by gradient ramp to 20:80 (H2O:ACN) in 5 min. The gradient was
then maintained to 20:80 (H2O:ACN) for 18 min and then raised
again to 5:95% (H2O:ACN) in 5min and held for 2min before lower-
ing the gradient back to 95:5 (H2O:ACN) in 1 min. The column was

re-equilibrated for 5min using 95:5 (H2O:ACN). 1was detected us-
ing mass spectrometry on the Agilent 1100 series (Agilent Tech-
nologies, Santa Clara, CA, USA) coupled to the HCT 3D ion trap
(Bruker Daltonics, Billerica,MA, USA) or with a UV detector on the
Dionex UltiMate 3000 RSLC system by UV absorption at 220, 260,
320, and 400 nm. The HPLC fractions were dried under N2 result-
ing in 5.12 mg of compound 1 from fraction four at the retention
time of 22.3 min.

NMR-Based Structure Elucidation
The chemical structure of 1was determined viamultidimensional
nuclear magnetic resonance (NMR) analysis. 1H-NMR, 13C-NMR,
and 2D spectra were recorded at 500 MHz (1H)/175 MHz (13C), con-
ducting an Ascend 500 spectrometer using a cryogenically cooled
triple resonance probe (Bruker Biospin, Rheinstetten, Germany).
Samples were dissolved in CDCl3. Chemical shifts are reported in
ppm relative to tetramethylsilane; the solvent was used as the in-
ternal standard (Supplementary Information Section 3.2).

Chiroptical Measurements and Computational
Methods
Specific optical rotation measurements of 1 in CHCl3 ([α]25D) were
obtained on a Model 341 polarimeter (PerkinElmer Inc., Waltham,
MA, USA) in a 100 × 2 mm cell at 25°C. Circular dichroism mea-
surements were performed for 1 at 1 mM in MeOH (190–600 nm)
with the J-1500 CD spectrophotometer (JASCO, Easton, MD, USA).

Mixed torsional/low-mode conformational searches were car-
ried out by means of the Macromodel 10.8.011 software using
the Merck Molecular Force Field (MMFF) with an implicit solvent
model for H2O applying a 21 kJ/mol energy window (MacroModel,
2015). Geometry re-optimizations of the resultant conformers
[AM1 and ωB97X/TZVP with PCM solvent model for MeOH] and
time-dependent density functional theory (TDDFT) calculations
were performed with Gaussian 09 (Frisch et al., 2013) using var-
ious functionals (B3LYP, BH&HLYP, CAM-B3LYP, and PBE0), the
TZVP basis set, and the same solvent model as applied in the
preceding DFT re-optimization step. Electronic circular dichro-
ism (ECD) spectra were generated as the sum of Gaussians with
3000 cm−1 halfheight width, using dipole-velocity-computed ro-
tational strengths (Stephens & Harada, 2010). Boltzmann distri-
butions were estimated from the ωB97X energies. The MOLEKEL
and the GaussView software packages were used for visualization
of the results (Dennington et al., 2009; Varetto, 2012).

Bioactivity Profiling
For evaluation of antibacterial and antifungal activities of com-
pound 1 E. coli DSM 1116T, E. coli JW0451–2 (acrB-efflux pump
deletion mutant of E. coli BW25113), Pseudomonas aeruginosa PA14,
Bacillus subtilis DSM10T, Mycobacterium smegmatis DSM 43756,
Staphylococcus aureus Newman, Candida albicans DSM 1665, Cit-
robacter freundiiDSM 30039T,Wickerhamomyces anomalusDSM 6766,
and Acinetobacter baumannii DSM 30007T strains were assayed us-
ing the microbroth dilution assay as described previously (Okoth
D. et al., 2020).

Cytotoxic activity of compound 1 was determined using HCT-
116 (human colon carcinoma cell line,DSMZNo.ACC 581) and KB-
3-1 (cervix carcinoma cell line, DSMZ No. ACC 158) cells seeded at
6 × 103 cells per well of 96-well plates in 180 μl complete medium
and treated with compound 1 in serial dilution after 2 hr equili-
bration.After 5 days of incubation, 20μl of 5mg/mlMTT (thiazolyl
blue tetrazolium bromide) in phosphate-buffered saline (PBS) was
added per well and it was further incubated for 2 hr at 37°C. The
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Table 1. Predicted Functions of the Encoded Proteins by the Sorangipyranone Biosynthetic Gene Cluster

Gene Size (aa) Proposed function (domains) Closest homologue Coverage/identity (%)

orf1 251 Hypothetical protein WP_136925206.1 63/64.88
orf2 317 HEAT repeat domain-containing protein WP_136925207.1 70/63.99
orf3 586 PQQ-like beta-propeller repeat protein WP_136925208.1 92/84.40
orf4 127 Hypothetical protein WP_136925209.1 99/77.95
orf5 720 Diguanylate cyclase WP_136925210.1 99/96.39
orf6 387 HAMP domain-containing protein WP_136925211.1 99/87.60
orf7 241 Transglutaminase family protein WP_136925212.1 99/92.53
orf8 273 Polysaccharide deacetylase family protein WP_136925213.1 91/87.70
orf9 193 Hypothetical protein WP_136925214.1 85/73.65
orf10 488 MBOAT family protein WP_136925215.1 100/89.37
orf11 99 Hypothetical protein WP_136925216.1 91/70.65
orf12 126 Hypothetical protein WP_136925217.1 99/81.89
orf13 209 Hypothetical protein WP_136925218.1 100/72.25
orf14 365 Tryptophan 2,3-dioxygenase WP_136925219.1 100/95.07
orf15 545 DUF393 domain-containing protein WP_136925220.1 98/81.85
orf16 126 DUF393 domain-containing protein WP_136925220.1 100/86.05
orf17 666 HTTM domain-containing protein WP_136925238.1 94/89.05
orf18 410 Cytochrome P450 enzyme WP_136925229.1 95/42.56
orf19 119 Hypothetical protein WP_136925228.1 81/36.08
orf20 336 Hypothetical protein WP_146209706.1 95/43.87
spa1 2717 (ACP-KS-AT-AT-DH-ER-KR-ACP) WP_136925221.1 100/82.18
spa2 1875 (KS-AT-DH-KR-ACP) WP_136925222.1 99/57.07
spa3 3363 (KS-AT-KR-ACP-KS-AT-DH-KR-ACP) WP_136925223.1 99/62.92
spa4 3722 (KS-AT-KR-ACP-KS-AT-DH-ER-KR-ACP) WP_153821597.1 98/60.03
spa5 1962 (KS-ATa-DHa-KRa-ACP-TE) WP_136925226.1 99/56.95
orf21 140 Hypothetical protein WP_136925227.1 96/58.09
orf22 379 S8 family serine peptidase WP_136925537.1 99/97.89
orf23 537 Hypothetical protein WP_136925539.1 92/69.26
orf24 404 aminotransferase WP_136925540.1 99/88.59
orf25 628 S8 family serine peptidase WP_136925541.1 100/86.98
orf26 437 PDZ-containing protein WP_136925543.1 100/74.94
orf27 898 DNA polymerase I WP_136925544.1 100/93.88
orf28 91 30S ribosomal protein S20 WP_136925545.1 72/91.04
orf29 490 Hypothetical protein WP_136925547.1 99/78.67
orf30 195 σ 70-family RNA polymerase sigma factor WP_136925548.1 99/98.97
orf31 431 S41 family peptidase WP_136925549.1 99/90.02
orf32 411 FAD-binding protein WP_136925550.1 93/82.64
orf33 532 Glycerol-3-phosphate dehydrogenase/oxidase WP_136925551.1 99/91.73
orf34 142 MAPEG family protein WP_136925556.1 99/90.85
orf35 247 Glycosyltransferase family 2 protein WP_136925557.1 94/96.58

aInactive domains.

medium was discarded, and cells were washed with 100 μl PBS
before adding 100 μl isopropanol/10 N HCl (250:1) in order to dis-
solve formazan granules. The absorbance at 570 nm was mea-
sured using themicroplate reader Infinite® M200Pro (Tecan Group
Ltd., Männedorf, Switzerland), and cell viability was expressed as
a percentage relative to the respective MeOH control. IC50 values
were determined by sigmoidal curve fitting.

Results and Discussion

Isolation and Structural Elucidation of
Sorangipyranone
The high-resolution mass spectrum of the compound indicated a
molecular formula [M + H]+ of C17H27O4 consistent with a molec-
ular mass of 295.1904 Da identified with the retention time of
10.33min from the crude extract of the producer strainMSr12020.
In addition two ions m/z 589.3735 of molecular formula C34H53O8

and 277.1799 ofmolecular formula C17H25O3 corresponding to the
[2M + H]+ and [M-H2O + H]+ ions were observed. The UV/VIS
absorption at 338 nm due to the n→π * transition (R-band) and

282 nm due to π→π * transition (K-band) indicated the presence
of an α,β-unsaturated ketone moiety (Brewster, 2002) (Fig. S18).
The 1H NMR was characterized by two olefinic protons in an
E configuration (δH 5.52 (dd, J = 6.5, 15.5 Hz) and δH 5.62 (dd,
J = 7.5, 15.5 Hz), an oxygenated methine δH 4.67 (m, H-7), three
methylenes δH 2.50 (2H, m, H-8), δH 2.38 (2H, m, H-13), (δH 1.30
(2H, m, H-2), and inequivalent methylene protons δH 1.93 (1H,
m, H-14) and 1.68 (1H, m, H-14), two methine protons δH 2.04
(1H, q, H-3) and δH 2.48 (1H, m, H-15), and four methyl groups
δH 1.70 (3H, s, H-11), 1.22 (3H, d, J = 7.1 Hz, H-16), 0.98 (3H, d,
J = 6.8 Hz, H-4), and 0.83 (3H, t, J = 7.5 Hz, H-1). The 13C NMR
showed 17 carbons consisting of three oxygenated quaternary car-
bons δC 192.7 (C-9), 180.5 (C-17), 171.7 (C-12), an sp-hybridized
carbon δC 110.3 (C-10), olefinic carbons δC 141.0 (C-5) and 125.4
(C-6), oxygenated methine carbon δC 78.7 (C-7), two methine car-
bons δC 38.7 (C-15) and 38.1 (C-3), four methylenes δC 41.5(C-
8), 30.0 (C-14), 30.01 (C-15), 29.3 (C-2), and four methyl carbons
δC 19.7 (C-4), 17.2 (C-16), 11.7 (C-1), 9.2 (C-11). The combination
of correlation spectroscopy (COSY), heteronuclear single quan-
tum coherence/correlation (HSQC), and heteronuclear multiple
bond correlation (spectroscopy) (HMBC) (Table S5) revealed the
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Fig. 2. Key COSY, HMBC, and ROESY correlations for 1.

connectivity of the various segments within the chemical struc-
ture of 1 (Fig. 2). 1H–1H–COSY correlations observed between H-
1/H-2, H-2/H-3, H-3/H-4, H-3/H-5, H-5/H-6, H-6/H-7, and H-7/H-
8 enabled the identification of the partial structure –(CH3-CH2-
CH(CH3)-CH═CH-CH(O)-CH2)–. Further 1H-1H-COSY between H-
13/H-14,H-14/H-15 andH-15/H-16 confirmed the partial structure
–(CH2-CH2-CH (CH3))–. The resonance signals δC 192.7 (C-9), 110.3
(C-10), 171.7 (C-12) are consistent with an α,β-unsaturated ketone
in γ -dihydropyrones (Ciavatta et al., 1993; Crossman & Perkins,
2006) while the δC 180.5 (C-17) was assigned as a carbonyl car-
bon of carboxylic acid. The HMBC correlations observed between
the H-7 and C-8, C-9 and C-12 and H-8 and C-9 and C-10 thereby
lead to the assignment of the dihydropyrone ring skeleton. Ad-
ditional HMBC cross peaks between H-14 methylene, H-15 me-
thine, and H-16 methyl protons with C-17 carboxylic acid permit-
ted the assignment of the position of the carboxylic group. The
attachment of the side-chain at C-12 was based on HMBC inter-
actions of H-13 methylene protons with the dihydropyrone car-
bons C-10 and C-12. The dihydropyrone moiety consisting of the
oxygenated methine δC 78.7 (C-7), methylene δC 41.5 (C-8), and
the α,β-unsaturated ketone δC 192.7 (C-9), 110.3 (C-10), 171.7 (C-
11). The HMBC correlation of the methyl group with the dihy-
dropyrone α,β-unsaturated ketonemoiety allowed the positioning
of the methyl group. Although Rotating-frame Overhauser effect
spectroscopy (ROESY) correlations were observed between the H-
7 methine (δH 4.67 (m)), and H-5 olefinic proton (δH 5.62) and H-5
and H-3 methine proton (δH 2.04) (Fig. 2), the observed correla-
tions could not conclusively reveal the relative configuration at
the C-3 and C-7. In fact, computational chemistry calculations,
ECD, and the study of the biosynthetic pathway of 1 provided fur-
ther insights concerning the stereochemistry of the chiral cen-
ters as outlined below. The configuration of the C-5, C-6 double
bond was assigned as E based on the large coupling constant
(3JH-5,H-6 = 15.5 Hz). Compound 1 had negative specific rotation
with an [α]25D value of –34 (CHCl3, c = 1.0).

The ECD spectrum of 1 was recorded in MeOH and it showed
a positive Cotton effect (CE) at 318 and 233 nm, and a nega-
tive one at 280 nm {ECD λ[nm] (
ε): 318 (+0.23), 280 (–0.06),
233 (+0.07)} (Fig. 3, and Figs. S20 and S23). Compound 1 con-
tains an α,β-unsaturated ketone chromophore as a subunit of
the 2,3-dihydro-4H-γ -pyrone moiety, which is expected to exert
a major effect on the ECD spectrum. Snatzke established a re-
lationship between the chirality of cyclic aryl ketones and their
high-wavelength n→π * CEs (Snatzke, 1965), which was extended

Fig. 3. Experimental ECD spectrum of 1 in MeOH [Exp. *20 (multiplied by
20)] compared with the B3LYP/TZVP PCM/MeOH ECD spectra of several
low-energy ωB97X/TZVP PCM/MeOH conformers of (3S,7S,15S)-1.

to correlate the helicity of the heterocyclic ring and the sign of
the n→π * CE in flavanones (Gaffield, 1970), 3-hydroxyflavanones
(Gaffield, 1970), 2-alkylchromanones (McGahren et al., 1972), and
isoflavanones (Galeffi et al., 1997; Kurtán et al., 2012; Slade et al.,
2005). According to this rule, P-helicity of the heterocyclic ring
adopting envelope conformation is manifested in a positive n→π *
CE above 300 nm. Although the 2,3-dihydro-4H-γ -pyrone chro-
mophore lacks the condensed benzene ring, it might be consid-
ered the simplified analogue of the above benzene-condensed het-
erocycles. Based on the positive CE at 318 nm, the extension of the
helicity rule to the 2,3-dihydro-4H-γ -pyrone chromophore would
suggest P-helicity of 1 with (7S) absolute configuration equatorial
orientation of the C-7 side-chain.

In order to predict the absolute configuration of C-7 and check
the possible extension of the chromanone helicity rule to the
2,3-dihydro-4H-γ -pyrone chromophore, the solution TDDFT–ECD
method (Mándi & Kurtán, 2019; Superchi et al., 2018) was applied
on compound 1. The presence of the carbon-carbon double bond
attached to C-7 chirality center and the remote carboxyl group
may also interfere with the application of the extended helicity
rule (Mándi et al., 2016). The initial MMFF conformational search
of (3S,7S,15S)-1 resulted in 2160 conformer clusters in a 21 kJ/mol
energy window. To reduce the number of conformers, a semi-
empirical AM1 re-optimization (Kicsák et al., 2018) was applied
and the structures were re-clustered by neglecting the orienta-
tion of the C-1 carbon (Zhou et al., 2014). Lowest energy represen-
tatives of the resultant 642 conformer clusters were re-optimized
at the ωB97X/TZVP (Jeng-Da Chai & Martin Head-Gordon, 2008)
PCM/MeOH level yielding 18 conformers over 1% Boltzmann pop-
ulation (Fig. S21). ECD spectra were computed at four levels of the-
ory for each structure to check the consistency of the different lev-
els. Based on the similarity of the computed ECD spectra and the
geometry of the conformers, three conformer groups (A–C) were
identified and there were additional individual conformers (conf.
D, E, M, Q), which showed markedly different ECDs from those of
the conformer groups (Fig. S22).

The heterocyclic ring adopted P-helicity (ωC-12,O,C-7,C-8 > 0,
+50.1° in conformer A) with equatorial orientation of the C-7
side-chain in 16 conformers (52.2% sum population) out of the
18 computed ones and the two M-helicity conformers had very
small populations (1.3% and 1.0%). In spite of the P-helicity of
the heterocyclic ring, the four lowest energy conformers A–D had
a negative CE for the characteristic highest wavelength n→π *

D
ow

nloaded from
 https://academ

ic.oup.com
/jim

b/article/48/3-4/kuab029/6277809 by G
es f Biotechnologische user on 24 June 2021



6 | Journal of Industrial Microbiology and Biotechnology, 2021, Vol. 48, kuab029

transition. In these conformers, the hydroxyl hydrogen of the car-
boxyl group was coordinating to the pyrone oxygen forming an
eight-membered chelate and probably thiswas responsible for the
negative n→π * transition. Conformer D differed from conformers
A–C in the orientation of the vinyl group in the C-7 side-chain,
which is reflected in different shape and relative intensities of the
ECD transitions. Conformer E and group B conformers had a pos-
itive n→π * CE and their carboxyl group did not form hydrogen
bond with the pyrone oxygen, while group C conformers had neg-
ative n→π * CE, although they did not have intramolecular hydro-
gen bond. The computed ECD spectra of the individual conform-
ers suggested that the sign of the n→π * CE was not determined
exclusively by the helicity of the heterocyclic ring but the con-
formation of the C-7 and C-12 side-chains containing a vinyl and
a chelating carboxyl group had to be also considered. Although
most of the low-energy conformers gave only partial agreement
(Fig. 3), the Boltzmann-weighted ECD spectrum reproduced well
the experimental spectrum allowing to predict the absolute con-
figuration of 1 as (3S,7S,15S) (Fig. S23).

For the assignment of the three low-energy ECD transitions, the
computed Kohn–Sham orbitals of the lowest energy conformer
(conf. A) were investigated (Fig. S24). The 318 nm ECD transition
was found to be of n→π * origin (HOMO-1→ LUMO) but besides the
nonbonding orbital of the carbonyl oxygen, the ground-state or-
bital also had a contribution from the vinyl π orbital. The 280 nm
transition is a pure π→π * transition of the α,β-unsaturated ke-
tone chromophore (HOMO → LUMO), and almost all the P-helicity
conformers reproduced well its negative CE. The 233 nm band de-
rives from a π→π * transition, in which the ground-state orbital is
mostly the vinyl π orbital with small contribution from the oxygen
nonboning orbital. In summary, our ECD analysis revealed that
the 280 nm ECD transition is not of pure n→π * origin and the
Snatzke’s helicity rule cannot be applied, since besides the helic-
ity of the heterocyclic ring, the conformation of the C-7 and C-12
side-chains have also significant effect on the characteristic ECD
transition.

In order to corroborate the theoretical assignment of the abso-
lute configuration of 1 (in particular the stereocenters at C-3 and
C-15), we further focused on a retrobiosynthetic strategy; first we
conducted metabolomic feeding analysis of the producer strain
MSr12020 to obtain hints concerning the incorporated building
blocks and to hypothesize the underlying biosynthetic origin of 1.
These findings in turn provided the foundation for the subsequent
in silico genomic investigation and elucidation of the biosynthesis
of the γ -dihydropyrone scaffold presented in 1.

Feeding Experiments and In Silico Biosynthetic
Investigation of Sorangipyranone
MSr12020 fermentation cultures were supplemented with mal-
onic acid 2–13C and subsequent MS analysis indicated incorpo-
ration of the malonate building blocks resulting in +1, +2 and
+3 Da mass shifts in the isotopic pattern of 1 (Fig. S1). Stable
isotope-labeled sodium acetate (13C2) was incorporated into the
γ -dihydropyrone natural product, resulting in significant mass
shift in the isotopic pattern of 1, ranging from +1 up to +10 Da
(Fig. S2). Furthermore, MSr12020 fermentation cultures supple-
mented with methylmalonate d3 display mass shifts of +3, +6,
and +9 Da in the isotopic pattern of 1 (Fig. S3).

All three feeding experiments confirm that 1 most likely orig-
inates from a PKS biosynthetic pathway. The methyl groups
of 1 arise from methylmalonate building blocks and presum-
ably not from S-adensoyl-l-methionine (SAM)-dependentmethyl-

transferases, which are the most common type of methyltrans-
ferases involved in the biosynthesis of natural products (Liscombe
et al., 2012). This assumption is supported by the fact, that supple-
mentationwith l-methionine (methyl-13C) featured no observable
incorporation into the γ -dihydropyrone scaffold (Fig. S4).

The structure of 1 alongsidewith the conducted feeding experi-
ments indicated that a PKS pathwaymight account for the biosyn-
thesis of 1. Isolation and sequencing the genome of the myxobac-
terial strain MSr12020 revealed according to the antibiotics and
secondary metabolite analysis shell (antiSMASH) a candidate PKS
gene cluster responsible for the biosynthesis of 1. This candidate
BGC contains according the automated antiSMASH annotation 23
open reading frames (orf1–18 and spa1–5) and comprises 63 693 bp
(Table 1 and Fig. 4A).

The investigation of publicly available genome sequences re-
vealed that the myxobacterial strains P. fumosum DSM 14668 and
Polyangium sp. SDU3-1 harbors each a BGC related to the proposed
gene cluster of 1. However, the modular architecture of the can-
didate BGC in P. fumosum DSM 14668 seems to be significantly
truncated and might be involved in the biosynthesis of a natu-
ral product with a structure distinct from 1. In contrast, the can-
didate BGC from Polyangium sp. SDU3-1 shares higher similarity
with the proposed gene cluster of 1, since the number of func-
tional modules is identical, but differences in substrate specificity,
and the presence or absence of functional accessory domains im-
plies that the generated natural productmight be different from 1
(Fig. S9).

The genes spa1–5 encode one PKS loading module and seven
PKS extension modules (Fig. 4B). According to the identified can-
didate BGC, the biosynthesis of 1 is initiated by loading acetyl-
coenzyme A (CoA) onto the acyl carrier protein (ACP) of the
loading module, and proceeds with the incorporation of three
malonyl-CoA and three methylmalonyl-CoA extender units. The
predicted substrate specificities of acyl transferase (AT) domains
(Supplementary Information Section 2.1) and the presence of op-
tional ketoreductase (KR), dehydratase (DH), and enoyl reductase
(ER) domains support the proposed formation of 1 (Fig. 4B).

During the first elongation step a methylmalonyl-CoA building
block is incorporated into the polyketide backbone to yield the
biosynthesis intermediate i. The AT domain specificity of mod-
ule 1 encoded by spa1, underlines the incorporation of a methyl-
malonate as extender unit (Supplementary Information Section
2.1). Sincemodule 1 performs a full reductive conversion of the in-
corporated methylmalonyl-CoA building block catalyzed through
the KR, DH, and ER domains, the stereospecificity of the methyl
group in intermediate i (and 1) is dictated by the ER domain
present in module 1. According to a previous mutagenesis study
in a modular PKS system, an unique tyrosine residue in the ER ac-
tive site determines the chirality of the introduced methyl branch
(Kwan et al., 2008). Since this position in the active site of the ER
domain in module 1 is occupied by a tyrosine residue, the car-
bon featuring the methyl branch is most probably S-configured
(Supplementary Information Section 2.2); in contrast in those
ER domains producing a (2R)-methyl branch, a valine residue or
rarely alanine or phenylalanine is present at this position (Kwan
et al., 2008).

The second extension step is catalyzed by the PKS module 2
(encoded by spa2), which incorporates a malonyl-CoA extender
unit to yield intermediate ii. The configurational assignment of
the double bond between C-5 and C-6 in compound 1 conducted
via NMRmeasurement is in good agreement with the in silico iden-
tified biosynthesis.

D
ow

nloaded from
 https://academ

ic.oup.com
/jim

b/article/48/3-4/kuab029/6277809 by G
es f Biotechnologische user on 24 June 2021



Okoth et al. | 7

Fig. 4. (A) In silico identified biosynthetic gene cluster and (B) the proposed biosynthetic pathway in MSr12020 leading to the formation of 1.

During the biosynthesis of 1, the double bond between C-5
and C-6 is determined by the respective KR domain in module
2, which generates a hydroxyl-acyl intermediate to subsequently
undergo syn coplanar elimination of the β-hydroxy group and
the l-α-proton (Valenzano et al., 2010). Since this DH domain-
catalyzed elimination can only bind to its substrate and proceed
its catalytic conversion when the substituents of its α- and β-
carbons are eclipsed, the absolute configuration of the catalytic
product can be predicted a priori. The elimination reaction will
yield an E-configured double bond from a substrate possessing a
d-β-hydroxy group and a Z-configured double bond from a sub-
strate possessing an l-β-hydroxy group. Since the KR domain in
module 2 was identified as B-type KR, the hydroxyl-acyl interme-
diate features a d-β-hydroxy group (S-configured),which accounts
for the E-configuration in intermediate ii (and 1) (Supplementary
Information Section 2.3).

Since PKS module 3 harbors only an optional KR domain, the
biosynthetic intermediate iiiwould feature a chiral carbon on C-7.
The suggested stereochemistry of the secondary hydroxyl group
on intermediate iii, was assigned as d-configured (S configuration
on intermediate iii), since the KR domain on module 3 is a B-
type KR, which yields the α-substituent in d-orientation (A-type

KR yields the α-substituent in l-orientation) (Supplementary In-
formation Section 2.3).

The next extension steps catalyzed by the PKS module 4 and
5 incorporates methylmalonyl-CoA and malonyl-CoA to yield in-
termediate iv and v, respectively. It is worth mentioning that the
inactive KR domains inmodule 4 and 5 provide the unreduced C-9
and C-12 ketones, which are necessary for the dihydropyrone ring
formation through cyclization and subsequent dehydration (see
below). It can be assumed that these two KR domains are inac-
tive because both lack the NADPH-bindingmotif, and the catalytic
tyrosine and serine residue (Supplementary Information Section
2.3). The last elongation step of the polyketide backbone is cat-
alyzed through module 6 encoded by spa4, which incorporates
another methylmalonyl-CoA building block to yield the linear
precursor vi. As mentioned above, the ER domain of module 6 de-
termines the absolute configuration of the carbon featuring the
methyl branch of intermediate vi and 1 (Supplementary Informa-
tion Section 2.2).

In contrast to the modules 1–6, module 7 is presumably not
catalyzing the incorporation of another extension unit and is as-
sumed to be skipped such as described for the biosynthesis of
the nonribosomal peptide myxochromide S (Wenzel et al., 2006)
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and the polyketide pikromycin (Beck et al., 2002). According to
the primary amino acid sequence, the KS domain of module 7
does not feature the catalytic machinery comprised of a cysteine
(fromaTACSSSmotif) aswell as two histidines (fromEAHGTGand
KSNIGHTmotifs) (Keating-Clay, 2012). Therefore, the KS domain is
probably not catalytically active. Furthermore, the DH, KR, and AT
domains in module 7 are severely truncated and most likely not
catalytically functional.

Only the thioesterase (TE) domain in module 7 features se-
quence motifs required for catalytic action; the GxSxG motif
closely located to the N-terminus and the GxH motif located
nearby the C-terminus both harboring the catalytic serine and
the histidine, respectively (Keating-Clay, 2012). Therefore, it seems
likely, that the TE domain in module 7 catalyzes the cyclization
and release of the intermediate vi to finally yield 1.

1was evaluated for its biological function via numerous bioac-
tivity assays including antifungal assays, cytotoxicity testing
against HCT-116 and KB3.1 cell line and antibacterial tests against
various Gram-negative and Gram-positive bacterial strains. The
natural product 1 inhibited proliferation of HCT-116 and KB3.1 at
IC50 of 30.0 and 102.5 μg/ml, respectively. The compound was ac-
tive against A. baumannii at a minimal inhibitory concentration
(MIC) of 256 μg/ml.

Nevertheless, 1 was not active against E. coli DSM 1116T, E. coli
JW0451–2, P. aeruginosa PA14, B. subtilisDSM10T,M. smegmatisDSM
43756T, S. aureus Newman, C. albicans DSM 1665, C. freundii DSM
30039T,W. anomalus DSM 6766 and A. baumannii DSM 30007T (MIC
> 256 μg/ml).

Natural products with α-pyrone scaffolds originating from
myxobacteria or γ -dihydropyrone-containing natural products
originating from different microorganisms exhibited antifungal
and antibacterial activities as outlined above (Jansen et al., 1985,
2014; Kunze et al., 1992). However, given the rather low activity
in the assays performed, the biological function of this new com-
pound family with its first member 1 is likely to have a distinctive
biological function that is currently unknown.

Conclusions
In summary, this study describes the isolation, full structure elu-
cidation and revealed the biosynthesis of the new natural prod-
uct 1 from the myxobacterial strain MSr12020. We reported here
to the best of our knowledge for the first time the isolation of a
myxobacterial natural product featuring a γ -dihydropyrone scaf-
fold, which is an uncommon finding for natural products. In
addition, feeding experiments alongside with in silico genome
analysis provided not only a plausible biosynthetic route to the γ -
dihydropyrone scaffold in 1, but also allowed to predict the stere-
ochemical configuration of 1.

These findings provide an excellent basis for further biosyn-
thetic investigations of 1, and pave the way for future genetic and
biotechnological approaches. The identified BGC could be heterol-
ogously expressed in the myxobacterial model host Myxococcus
xanthus DK1622 (Hug & Müller, 2020) to produce γ -dihydropyrone
containing compounds for medicinal chemistry. Biotechnological
and genetic modification of the BGC and the associated microor-
ganism could be applied to provide different compounds featur-
ing γ -dihydropyrone scaffolds for semisynthetic strategies—this
would be an alternative for total synthesis and biology-oriented
synthesis approaches (van Hattum&Waldmann, 2014;Wilk et al.,
2009). In closing, this study emphasizes the importance of the new
myxobacterial strain MSr12020 to gain access to notable natural
products featuring interesting chemical scaffolds.
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