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Abstract: In recent years, extensive sequencing and annotation
of bacterial genomes has revealed an unexpectedly large
number of secondary metabolite biosynthetic gene clusters
whose products are yet to be discovered. For example,
cyanobacterial genomes contain a variety of gene clusters that
likely incorporate fatty acid derived moieties, but for most
cases we lack the knowledge and tools to effectively predict or
detect the encoded natural products. Here, we exploit the
apparent absence of a functional b-oxidation pathway in
cyanobacteria to achieve efficient stable-isotope-labeling of
their fatty acid derived lipidome. We show that supplementa-
tion of cyanobacterial cultures with deuterated fatty acids can
be used to easily detect natural product signatures in individual
strains. The utility of this strategy is demonstrated in two
cultured cyanobacteria by uncovering analogues of the multi-
drug-resistance reverting hapalosin, and novel, cytotoxic,
lactylate-nocuolin A hybrids—the nocuolactylates.

Introduction

It is now evident that we currently grasp but a small
fraction of the small-molecule diversity produced by bacte-
ria.[1, 2] Revealing the compounds encoded in orphan biosyn-
thetic gene clusters (BGCs) is a central theme in current
natural products (NPs) research.[1–3] Genome-guided NP
discovery relies on the ability to recognize BGCs in genome
data and predict, at least partially, the function of their genes.
This implies that NPs encoded by yet-unrecognized biosyn-
thetic pathways are likely to remain hidden to genome-guided
discovery.[1] In addition, BGCs with unusual organization or
with unknown functionalities can be difficult to deorphanize
through structural predictions.[4] In contrast, genome-data
independent NP discovery strategies, in particular those

making use of metabolomics, have the potential to reveal
any kind of metabolite (including those with entirely unpre-
cedented structure or biosynthetic logic), present in a given
biological sample.[5] As an example, molecular networking
strategies such as Global Natural Product Social Molecular
Networking (GNPS)[6] have enabled the dereplication of
known compounds and the identification and prioritization of
potentially new NPs for isolation and structure elucidation.[7]

However, annotation of the large amount of data generated in
a single metabolomics experiment, in particular from less-
studied organisms, is still challenging.[4]

Cyanobacteria are among the chemically rich bacterial
phyla.[8] They occupy a differentiated ecological niche, which
is reflected on their unique secondary metabolism.[9, 10] Many
cyanobacterial NPs have potent bioactivities and some are in
clinical use, clinical trials or preclinical development.[9–11]

Most known cyanobacterial NPs were discovered using
traditional bioassay-guided isolation.[12] Still, from genomic
data, it is clear that the vast majority of cyanobacterial NPs
are yet to be found.[13] Unlike other NP-rich bacterial groups,
genetic manipulation of cyanobacteria is challenging and
lacks tools, despite promising recent efforts.[14] Hence, there is
a need for strategies that can facilitate the discovery of the
hidden majority of cyanobacterial NPs. Several stable-iso-
tope-labeled precursor incorporation methods have been
applied successfully to this end.[15–17]

A striking feature of cyanobacterial NPs is the common
presence of fatty acid (FA) derived moieties.[12, 18] These
building blocks can be incorporated into secondary metabo-
lites through the action of pathway-specific fatty acyl-AMP
ligases (FAALs) that load the fatty acyl units into their
cognate acyl carrier proteins (ACPs).[19, 20] FAs can also be
recruited from primary metabolism and incorporated into
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cyanobacterial NPs by dialkylresorcinol-condensing enzymes
or type III PKSs in the absence of a pathway-specific ACP/
ACP-domain,[18] or by lipoyltransferases.[21] Free FAs can also
be enzymatically esterified with alkyl halide bearing NPs.[22]

Such FA-incorporating enzymes are abundant in cyanobac-
terial genomes (Figure S1), often within orphan BGCs[18] and
represent opportunities for NP discovery. Nevertheless, it is
difficult to predict the structure of NPs produced by most
cyanobacterial FA-incorporating BGCs. For one, the exact
type and size of fatty acyl moiety loaded by these enzymes
cannot be accurately predicted.[23] Adding to this, different
biosynthetic logics, tailoring enzymes and hypothetical pro-
teins are found associated with these FA-incorporating
enzymes.[18, 22]

Cyanobacterial FA metabolism has another particular
aspect: apparently, a functional b-oxidation pathway is not
found in these organisms, as briefly noted by von Berlepsch
and co-workers.[24] In our studies on bartoloside biosynthesis,
we could not detect most of the b-oxidation enzyme-encoding
genes in the draft genome data of Synechocystis sp. LEGE
06155.[25] Mills et al.[26] did not find a b-oxidation gene
repertoire in Synechocytsis sp. PCC 6803. The same observa-
tion was made by Burkart et al.,[27] while suggesting that an
alternative FA catabolism pathway might be present in this
model cyanobacterium.

Considering both the apparent inability of cyanobacteria
to carry out canonical b-oxidation of FAs and their capacity to
elongate exogenously supplied FAs,[27, 28] we envisioned that
extensive labeling of their FA-derived lipidome (Figure S2)
could be achieved using stable-isotope-labeled precursors (as
previously observed for Synechocystis sp. PCC 6803[27]). In
contrast, b-oxidation has been described for other bacteria[29]

and several bacterial groups are unable to elongate exoge-
nous FAs.[30] We recognized that lipidome labeling could be
leveraged to uncover new cyanobacterial NPs in a lipid-
version of the genomisotopic approach,[31] by targeting FA-
incorporating BGCs (Figure S2). Metabolites incorporating
FAs would be detected by LC-MS on the basis of their larger
m/z isotope clusters. This strategy could, in principle, also be
applied to the untargeted discovery of new metabolites
without prior biosynthetic knowledge (Figure S2).

Here, we confirm that most cyanobacterial genomes
indeed lack the genes encoding one or more of the key b-
oxidation enzymes. We performed lipid analysis on several
cyanobacterial strains and show that abundant labeling of
lipids can be obtained through supplementation of their
cultures with deuterated FAs. We used this approach to reveal
new NPs, namely analogues of the multiple drug reversal
resistance agent—hapalosin—from Fischerella sp. PCC 9431
and several 1,2,3-oxadiazine-lactylate hybrids—nocuolacty-
lates—from Nodularia sp. LEGE 06071, with mild cytotoxic
activity.

Results and Discussion

A canonical b-oxidation pathway is absent in most
cyanobacteria. We initially aimed to clarify whether previous
isolated observations or suggestions in the literature, namely

that certain cyanobacteria are unable to degrade FAs through
a canonical b-oxidation pathway,[24,26, 27] were generalizable to
the whole Cyanobacteria phylum. Previous work (Taylor,[32]

doctoral thesis), provided substantial genomic and metabo-
lomic evidence that this was the case. To confirm these
findings, we searched, among the KEGG orthology-annotat-
ed genomes of cyanobacteria (n = 129), for the key genes in
the b-oxidation pathway. Across the cyanobacterial repre-
sentatives in the KEGG database, all strains appear to contain
the fadD gene, which putatively encodes an acyl-CoA
synthetase catalyzing the first step in b-oxidation.[29] How-
ever, all analyzed strains also lacked fadB (fadJ) and most did
not encode fadE, fadN and fadI (fadA) or atoB homologs
(Figure 1a). Among the expanded set of complete genomes
deposited in the NCBI database, a similar picture emerges
(Supporting Data 1). Overall, our findings from bioinformat-
ics searches are consistent with an absent b-oxidation path-
way in cyanobacteria.

To obtain experimental support for the lack of this
catabolic pathway, we supplemented the cyanobacteria Syn-
echocystis sp. PCC 6803, Anabaena cylindrica PCC 7122 and
Kamptonema formosum PCC 6407 (representing different
lineages of the phylum), with deuterated FAs of varying
lengths (d11-hexanoic, d23-dodecanoic and d31-hexadecanoic
acids, hereafter d11-C6, d23-C12 and d31-C16, respectively). For
comparison, we performed supplementation with the same
FAs in E. coli pET24d-Synechococcus elongatus PCC 7942
Aas (pET24d-aas7942), carrying a cyanobacterial acyl ACP
synthetase (which expands the ability of E. coli to incorporate
free FAs from C12 to C18)

[28, 33] and E. coli pET24d (empty
vector) cultures. We then analyzed the labeling patterns of
phosphatidylglycerols (PGs)—lipids shared by cyanobacteria
and E. coli. As expected, supplementation with d11-C6, d23-C12

or d31-C16 led to incorporation of deuterium in cyanobacterial
PG species, which exhibited isotope patterns with clear single
or double incorporation of FA-derived moieties. In E. coli
extracts, the incorporation was in lower abundance or in some
cases not observed (Figure 1b, Figure S3). Surprisingly, an
isotope pattern in PGs consistent with individual abstraction
of deuterium atoms was observed for cyanobacterial strains in
d23-C12 and d31-C16 supplementation experiments (Figure S3).
This may suggest an alternative catabolic pathway for FAs or
non-degradative exchange of deuterons and protons by a yet-
unknown mechanism. We also observed persistent labeling of
lipids when we cultured Anabaena cylindrica PCC 7122 under
d11-C6 supplementation, after a 60-day culture period (Ta-
ble S1). Taken together, the data from supplementation
experiments show a much higher deuterium-label incorpo-
ration in the PGs of tested cyanobacteria than in the b-
oxidation-capable E. coli. Exogenous FA-derived moieties
were abundantly incorporated into membrane lipids, where
they persist for a relatively long period, which is consistent
with an absence of b-oxidation scenario.

Supplementation of cyanobacterial cultures with deuter-
ated FAs leads to an abundantly labeled lipidome. We sought
to explore the feasibility of the stable-isotope-labeled FA
supplementation approach for NP discovery in cyanobacteria
(Figure S2). We started by interrogating whether supplemen-
tation would result in labeling of the wider FA-derived
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lipidome. Because cyanobacteria will elongate exogenously
supplied FAs, the smaller the supplemented deuterated FA,
the higher the number of potential labeled metabolites. We
opted for using d11-C6 supplementation in our experiments.
While d7-butyric acid could lead to detection of additional
NPs, we anticipated that deuterons could be abstracted from
the FA-derived portion of the metabolites during biosynthesis
(e.g. unsaturation, tailoring), leading to substantial overlap-
ping of isotope clusters from non-labeled and labeled
metabolite species and complicating analysis. This would also
be the case for d3-acetate, together with extensive scrambling
from its conversion to d3-acetyl-CoA. Burkart et al.[27] also
note that Synechocystis sp. PCC 6803 was not able to elongate
short chain FA precursors (C3-C5). We thus added d11-C6 to
cultures of six additional cyanobacteria strains from different
orders. Because we had already observed extensive labeling
for PG species, we looked instead for abundant cyanobacte-
rial lipids such as glycolipids and sulfolipids. We detected the
expected deuterium incorporation in these lipid families
(Figure S4), indicating that supplementation of exogenous
d11-C6 can be used to efficiently label FA-derived lipids in
cyanobacteria.

Secondary metabolite labeling. Our next step was to
understand whether this strategy could be generalized to the
secondary metabolome, which is typically less abundant than
membrane lipids. Nakamura et al.[34] showed that exogenous-

ly supplied deuterated FAs were incorporated into the
cyanobacterial NP cylindrocyclophane F. We selected a set
of cyanobacterial strains known to synthesize NPs with FA-
derived moieties, namely the nocuolin A(1)-producing Nodu-
laria sp. LEGE 06071,[35] the bartoloside A palmitates (2a/
2b)-producing Synechocystis salina LEGE 06099,[22] and the
hapalosin (or hapalosin A, 3)-producing Fischerella sp. PCC
9431.[36] Upon supplementing Nodularia sp. LEGE 06071
cultures with d11-C6 (single supplementation of 0.1 mM),
extraction and LC-HRESIMS analysis, we could detect d11-1,
but only at ca. 0.1% abundance relative to 1. We screened
different supplementation regimes, initial cell densities and
culturing times, and were able to increase the levels of d11-1 to
& 9% of 1 (Figure 2a), when using a culture with a chlorophyll
a content of 2.5 mgmL@1, supplemented with d11-C6 by three
pulses to a final concentration of 0.5 mM during 7 days. Under
similar conditions, d11-labeled versions of 2a/2b and 3 were
observed at comparable levels (& 12% and & 9%, respec-
tively) (Figure 2b,c). Overall, these results show that our
strategy leads to labeling of different secondary metabolites
in easily detectable amounts. As can be expected for
metabolites under the control of distinct regulatory networks
and with different turnovers, no single supplementation/
cultivation strategy performed best for all strains/lipids. In our
qualitative assessment of the different supplementation con-
ditions, pulsed supplementation and culturing times of 7–15

Figure 1. Cyanobacteria appear to lack a canonical b-oxidation pathway. a) Cladogram depicting the approximate maximum likelihood tree
(computed with FastTree) of 16S rRNA genes from KEGG-annotated genomes of cyanobacteria, highlighting the presence or absence of each of
the b-oxidation genes. b) LC-HRESIMS analysis of [M@H]@ ions of phospholipids (phosphatidylglycerol groups PG 32:0 and PG 34:0) in extracts
from cultures of E. coli BL21 pET24d and E. coli pET24d-aas7942, and in Synechocystis sp. PCC 6803, each cultured with or without d11-C6

supplementation, showing that no appreciable deuterium label is detected in E. coli strains.
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days with shaking seemed to be important factors influencing
labeling extent among the secondary metabolites analyzed
(Table S2). The optimized conditions detailed above for
Nodularia sp. LEGE 06071 were used for all subsequent
supplementations.

Discovery of hapalosins C–G. Next, we used a comparative
metabolomics approach to detect new NPs among the pool of
labeled metabolites for a particular strain. The previously
acquired LC-HRESIMS data for Fischerella sp. PCC 9431
cultures supplemented with d11-C6, was analyzed using
MZmine2[37] and compared to non-supplemented controls.
To expedite analysis, positive- and negative-mode exclusion
lists of labeled metabolite features found in at least one strain
among Synechocystis sp. PCC 6803, Anabaena cylindrica PCC
7122 or Kamptonema formosum PCC 6407 (Supporting Data
2 and 3) were used. These features were assumed to
correspond mainly to primary lipids. From over 124 labeled
MS features in positive mode (Supporting Data 4), we
focused on a group of four unlabeled m/z values, with
[M++H]+ ions ranging from m/z 462 to 504, corresponding to
unknown metabolite species incorporating the d11 label. Their
retention times and mass defects suggested relatedness to 3.
The corresponding Extracted Ion Chromatograms (EICs)
(Figure 3a), indicated the presence of more than four
compounds; optimized LC gradient conditions revealed eight
hapalosin congeners (Figure 3 b, Figure S5). One of the
compounds likely corresponds to the previously reported
hapalosin B[38] (4); two were minor components and over-
lapped with major isobaric congeners, precluding their
structure elucidation by MS/MS. The remaining five mole-

cules are disclosed herein for the first time as hapalosins C-G
(5–9). Their structures were deduced from comparative LC-
HRESIMS/MS analysis (Text S1, Figure 3c) and precursor
supplementation experiments (Text S1, Figure 3d, Figure S6).

By expanding the hapalosin class of cyanobacterial
metabolites we show that this supplementation method can
be used to swiftly detect new FA-incorporating NPs. Curi-
ously, although compounds 6 and 9 had not been reported as
NPs, they were synthesized as part of a medicinal chemistry
study[39] and, like 3, were found to have multidrug-resistant
reversal activity and general cytotoxicity.

Discovery of the nocuolactylates. To further demonstrate
the usefulness of the FA-supplementation method for NP
discovery, we looked into the d11-C6 supplementation data for
Nodularia sp. LEGE 06071. Through comparative metabolo-
mics of supplemented and non-supplemented extracts (Fig-
ure S7), we detected a series of m/z values that were present
only in supplemented cultures (Supporting Data 5). Their
EICs showed close retention times and corresponded to
labeled (+ 9, + 10 or + 11 Da) versions of compounds with m/
z values ranging from 551 to 619 ([M++H]+). From the
respective isotopic patterns, one of the compounds was
dichlorinated, one was monochlorinated and the other was
not chlorinated/brominated. These metabolites incorporated
up to three of the supplemented d11-C6 moieties (Figure 4a).
Dereplication using several databases (SI Materials and
Methods) did not retrieve NP matches. We pursued the
isolation of the potentially new compounds to enable their
Nuclear Magnetic Resonance (NMR)-based structure eluci-
dation. Following large-scale (140 L) culturing of Nodularia

Figure 2. Supplementation of cyanobacteria with d11-C6 leads to labeling of different secondary metabolites. LC-HRESIMS-based detection of
labeled 1 (a), 2a/2b (b) and 3 (c) in d11-C6 supplemented cultures of Nodularia sp. LEGE 06071, Synechocystis salina LEGE 06099 and Fischerella
sp. PCC 9431, respectively. Values next to chromatographic peaks of compounds 1, 2a/2b and 3 in EICs from d11-C6 supplemented cultures
correspond to peak heights (ion counts).
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Figure 3. Discovery of hapalosin analogues following supplementation of Fischerella sp. PCC 9431 with d11-C6. a) LC-HRESIMS features
corresponding to incorporation of a d11 label were detected in extracts of Fischerella sp. PCC 9431 supplemented with d11-C6. b) Optimized
separation conditions in LC-HRESIMS analysis reveals eight metabolites associated with the detected features, including compounds 4–9 ; EIC
peaks marked with an asterisk (*) correspond to minor compounds with substantial overlap with isobaric metabolites and for which structure
elucidation was not pursued. c) Structure elucidation of hapalosins 5–9 (see Text S1): LC-HRESIMS/MS spectra ([M++H]+ ions) are shown for the
new hapalosins and 3, as a reference. Peak letters correspond to the double fragmentations indicated as “key fragments”; m/z values in red
indicate diagnostic fragmentations supporting the structural proposals. d) Proposed labeling pattern for compounds 3, 6, 7, 8 and 9, deduced
from supplementation studies with the indicated stable-isotope-labeled substrates.
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sp. LEGE 06071, cell extraction using CH2Cl2/MeOH (2:1,
v/v) and successive rounds of MS-guided fractionation,
purified nocuolactylates A and B (10–11, 0.4 and 0.3 mg,
respectively, Figure 4b) were obtained.

Compound 10 was isolated with highest purity (1H NMR)
and was selected for further characterization. A combination
of 1D and 2D NMR experiments with HRESIMS/MS data
was used to elucidate its planar structure (Figure 4c,d).
Compound 10 showed an HRESIMS m/z of 585.3663 for its
[M++H]+ ion and an isotope pattern consistent with mono-
chlorination, corresponding to a molecular formula
C31H53N2O6Cl (calcd 585.3665, [M++H]+) and six degrees of
unsaturation. Analysis of the 1H, 13C NMR and HSQC data in
[D6]DMSO for 10 (Table S3, Figures S8–S16) indicated the
presence of an E-configured olefin (dH = 5.43/dC = 134.2 and
dH = 5.57/dC = 121.5, 3JHH =& 14 Hz), one halogenated meth-
ylene (dH = 3.62, dC = 45.4), one oxygenated methylene (dHa/

b = 4.36/4.28, dC = 60.6), two oxygenated methines (dH = 4.95,
dC = 68.4 and dH = 4.02, dC = 75.0), three ester or amide
functionalities (dC = 170.8, 170.2 and 163.5), one imine (dC =

150.8), along with three methyl groups and, as expected,
a large number of methylenes, most within a prominent
aliphatic envelope around dH = 1.35–1.20 and dC = 30.0–20.0.
HMBC, COSY and HSQC-TOCSY correlations allowed the
establishment of four substructures (Figure 4c), namely an
aliphatic moiety with a terminal chlorination, a heteroatom-
bound b,g-unsaturated acyl, a lactyl group connected to a 3-

hydroxy-propanoyl moiety and 6,8-disubstituted tridecane,
one of the substituents being an imine. Connectivity between
these substructures was obtained through HRESIMS/MS
data (Figure 4d) and determined that the terminal alkyl
chloride aliphatic moiety was connected to the 3,4-unsatu-
rated acyl (in agreement with NMR data, which showed that
both substructures were connected to the methylene enve-
lope, Table S3). This, in turn, was found to be esterified to the
3-hydroxypropanoyl lactyl moiety, which itself connected to
the disubstituted tridecane. To satisfy the molecular formula,
it was necessary to assign the positioning of one nitrogen and
one oxygen. We considered that the disubstituted tridecane
moiety could be related to nocuolin A (1), which is produced
by this cyanobacterium, because a 1,2,3-oxadiazine was
consistent with the NMR and HRESIMS/MS data for 10.
Furthermore, in the proposed structure for 1, the oxadiazine is
connected to a 3-hydroxypropanoyl moiety. Gratifyingly, we
detected an in-source fragment of 10 that matched the
molecular formula of 1; MS/MS data for this species was
identical to the MS/MS data for purified 1 (Figure S17, see
Text S2, Table S4 and Figures S18–S26 for details on the
structure elucidation of 1 isolated from Nodularia sp. LEGE
06071 supporting the previously reported 1,2,3-oxadiazine
moiety[40]). These findings clarified the nature of the sub-
stituted moiety and the proposed MS/MS-based connectivity
for NMR-derived fragments, thereby establishing the planar
structure of 10.

Figure 4. Discovery of nocuolactylates A–C (10–12). a) Detection of 10–12 following supplementation of Nodularia sp. LEGE 06071 with d11-C6,
extraction and metabolome analysis, as described. Shown are EICs and the respective MS spectra, illustrating the difference between non-
supplemented and supplemented extracts that enabled detection. b) Structure of 10–12. c) NMR-derived substructures of 10 with key correlations
and 13C chemical shifts. d) HRESIMS/MS analysis of 10, establishing the connectivity between the NMR-derived substructures (asterisks denote
major fragments present in all nocuolactylates which result from fragmentation of the 1-derived portion of the nocuolactylates and likely involve
subsequent oxadiazine ring opening, rearrangement and concomitant N2 loss, as previously proposed for 1.[40]
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Compound 11 presented an [M++H]+ peak at m/z 619.3278
(HRESIMS), corresponding to a molecular formula of
C31H52N2O6Cl2 (calcd 619.3275, [M++H]+), with an additional
chlorine atom when compared to 10. The 1D and 2D NMR
data for 11 were similar to those for 10 (Table S5, Figur-
es S27–S31), but indicated that, in place of a chloromethyl
group, a dichloromethyl moiety was present in 11. This
assignment was supported by HRESIMS/MS analysis (Fig-
ure S32). In addition, we obtained 0.3 mg of partially purified
nocuolactylate C (12) which, from HRESIMS data, had the
molecular formula C31H54N2O6, (m/z 551.4053, [M++H]+; calcd
551.4055). HRESIMS/MS data were entirely consistent with
a non-chlorinated version of 10 and 11 (Figure S33). Finally,
upon reinspection of the LC-HRESIMS and MS/MS data for
a crude extract of Nodularia sp. LEGE 06071, we detected the
two minor nocuolactylates D (13) and E (14) (Figure S34).
These were also among the labeled features list (Supporting
Data 5) and likely correspond to saturated versions of 10 and
12, respectively (Figure S34).

The structures of nocuolactylates are reminiscent of two
recently reported cyanobacterial metabolites: nocuolin A (1),
produced by several Nostocales strains[40] and chlorosphaer-
olactylates, described from Sphaerospermopsis sp. LEGE
00249[41] (Figure 5a). A portion of the & 40 kb BGC
putatively assigned to 1 (noc), on the basis of comparative
genomics,[40] was recently proposed to produce the chloros-
phaerolactylates and renamed as cly.[42] We sequenced and
searched the genome of Nodularia sp. LEGE 06071 for a noc/
cly locus, which we found within a 226 kb contig. The
Sphaerospermopsis sp. LEGE 00249 cly BGC encodes two
halogenases, which is consistent with the two halogenated

positions in the alkyl chain of the chlorosphaerolactylates
(Figure 5b).[42] Likewise, the Nodularia sp. LEGE 06071 cly
cluster encodes one halogenase, and a single halogenated
carbon is present in 10 and 11 (Figure 5 b). The noc/cly locus
exhibits an overall similar architecture in these and other
strains that produce 1[40] (Figure 5b). Hence, the nocuolacty-
lates could be products of the noc/cly BGCs, which co-localize
in cyanobacterial genomes. However, further evidence is
required to unequivocally connect noc genes to these
metabolites.

To assign the configuration of the two stereogenic centers
in 10–14, we first focused on the nocuolin A (1)-related
moiety. The configuration of the single chiral center in 1 had
hitherto not been reported. Using pure 1, we determined that
the single stereogenic center in 1 exhibits an (R) configuration
from comparison of theoretical and experimental ECD
spectra (Figure S35). Given that 1 is identical to the non-
lactylate portion of 10–14 and because these compounds are
produced by the same organism, we propose a 4R config-
uration for 10–14. Regarding the lactylate moiety of 10–14, we
used bioinformatics analysis to approach the configuration of
position 18. In the structurally related chlorosphaerolacty-
lates from Sphaerospermopsis sp. LEGE 00249, the lactyl
stereogenic center was determined experimentally to be of S
configuration.[41] This matched the bioinformatics prediction
for the KR domain in the ClyF depsipeptide synthetase,[42]

responsible for the generation of the stereogenic center. In
Nodularia sp. LEGE 06071, ClyF-KR (83% identity, 94%
similarity to ClyF-KR from Sphaerospermopsis sp. LEGE
00249) is also predicted to generate an S-configured product
(Figure S36). With this, the absolute configuration of com-
pounds 10–14 is proposed as 4R, 18S.

Compounds 10 and 11 were tested, in parallel with 1, for
cytotoxicity towards four cell lines, one non-tumor (hCMEC/
D3) and three cancer cell lines (HCT-116, MG-63 and
MCF7); 10 and 11 showed cytotoxicity with GR50 between
0.97–6.39 mM and IC50 between 0.77–22.20 mM but were less
potent than 1 (Table S6). Furthermore, 10 produced a small
inhibition halo in an agar disc diffusion assay against Bacillus
subtilis (Figure S37), but the MIC could not be determined
due to the limited amount of isolated metabolite. The
function of these hybrids and of their individual units is
unknown at this stage. One possibility is that 10–14 represent
prodrugs of the more toxic 1, as observed for example for
zwittermicin A[43] and colibactin.[44] The discovery of addi-
tional molecules with the proposed 1,2,3-oxadiazine moiety,
the potent activity, low yields and likely novel mode of action
for 1,[35] taken together with the elusiveness of this hetero-
cyclic system[40,45] will hopefully motivate synthetic chemistry
efforts towards this scaffold. Accessing 1,2,3-oxadiazines
synthetically would also enable confirmation of the NMR-
and MS/MS-based structure proposals for 1 and 10–14.
Alternatively, these compounds could be suitable for struc-
ture confirmation by the crystalline sponge method[46] or by
Microcrystal Electron Diffraction.[47]

Figure 5. Putative biosynthesis of the nocuolactylates. a) Structure of
the chlorosphaerolactylates, cyanobacterial secondary metabolites that
are structurally related to the nocuolactylates. b) Architecture of the
noc loci in the genomes of the cyanobacterial Nodularia sp. LEGE
06071, Nostoc sp. CCAP 1453/38 and Sphaerospermopsis sp. LEGE
00249, from where nocuolactylates, nocuolin A and chlorosphaerolacy-
lates, respectively, were first reported.
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Conclusion

We report a new strategy for NP discovery in cyanobac-
teria. By applying this method to two cultured strains, we
detected and elucidated the structure of five new hapalosin
analogues and of a family of new cytotoxic lipids, the
nocuolactylates. A considerable number of additional un-
known metabolites were labeled and detected by our
approach—we have yet to attempt their isolation. Analysis
of further cyanobacteria strains will likely reveal multiple new
targets for isolation. Albeit limited to a subset of NPs and to
a particular group of organisms, this strategy enables efficient
and fast discovery of metabolites featuring FA-derived
moieties, which are abundant in cyanobacteria. It enables
the targeted deorphanization of FA-incorporating BGCs of
interest but also untargeted discovery efforts, can be used to
swiftly screen multiple strains for isolation targets and can
also be integrated with traditional bioassay-guided isolation
to potentiate bioactive compound discovery. Powerful me-
tabolomics methods such as GNPS-based molecular network-
ing[6] detected (as could be expected) some of the metabolite
features reported here (Figures S38 and S39). However, when
applicable, our method circumvents challenges associated
with annotation of MS/MS-derived molecular network data,[4]

and, consequently, prioritization of isolation targets. Combin-
ing our strategy with molecular networking and other
metabolomics tools is possible and could help streamline
the analysis of labeled feature lists.e·g·[48] Based on the
relatively high incorporation efficiencies reported here,
precursor directed biosynthesis strategies are likely to allow
the straightforward generation of NP analogues by supple-
mentation of cyanobacteria with pre-functionalized FAs that
are either directly incorporated or that can still undergo
elongation.

The apparent absence of b-oxidation in cyanobacteria
deserves further investigation. The incomplete set of b-
oxidation enzymes observed throughout the cyanobacterial
tree of life suggests that the full pathway was absent early in
the radiation of cyanobacteria. Still, our data do not entirely
rule out the presence of an alternative route for FA-
degradation in these organisms.[27] For example, another
central metabolic pathway—the tricarboxylic acid cycle—
was thought to be incomplete in cyanobacteria until recent-
ly.[49] In any case, the absent or unique FA catabolism of
cyanobacteria most likely underpins the prevalence of FA-
derived moieties in their secondary metabolism.
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