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 Abstract  

  

 

Lactylates are an important group of molecules in the food and cosmetic industries. A series of natural halogenated 1-lactylates – 

chlorosphaerolactyaltes (1-4) – were recently reported from Sphaerospermopsis sp. LEGE 00249. Here, we identify the cly 

biosynthetic gene cluster, containing all the necessary functionalities to generate and release the natural lactylates. Using a 

combination of stable isotope-labeled precursor feeding and bioinformatic analysis, we propose that dodecanoic acid and 

pyruvate are the key building blocks in the biosynthesis of 1-4. We additionally report minor analogues of these molecules with 

varying alkyl chains. The discovery of the cly gene cluster paves the way to accessing industrially-relevant lactylates through 

pathway engineering. 

 

 

Introduction

Humans have been functionalizing different organisms for the 
desirable effects of their secondary metabolites for thousands of 
years1. Of special interest nowadays are natural products (NPs) with 
pharmacological activities or biotechnological applications, for 
example anti-pathogenic2,3, anticancer4 activities or biofuels5. 
Repurposed natural products are derived from all kingdoms of life 
and in the last decades cyanobacteria have gained recognition as a 
plentiful source of NPs6. In these organisms, the genes for secondary 
metabolite production are typically organized in biosynthetic gene 
clusters (BGCs). Two of the major BGC classes are associated with 
polyketide synthase (PKS) and non-ribosomal peptide synthetase 
(NRPS) enzymes. BGCs that combine elements of these two 

pathways are also common7. Beyond the basic assembly logic of 
PKS/NRPS pathways based on a set of few essential protein 
domains8, structural variety is greatly enhanced by additional 
specialized domains and tailoring enzymes such as 
methyltransferases9, glycolsyltransferases10 or halogenases11. 
NRPSs can further directly incorporate non-proteinogenic substrates 
including different amino acids, hydroxy acids and keto acids7, 
overall providing a huge amount of combinatorial possibilities for 
natural product formation. Such non-proteinogenic substrates are for 
example used by depsipeptide synthetases, specialized NRPSs with 
the ability to form ester bonds12. 
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Table 1. Annotation of the cly gene cluster products. 

 

With recent advances in next-generation sequencing technologies, 
genomic data has become widely accessible. This has led to the 
accumulation of many so-called “orphan” BGCs, i.e. those without 
any known secondary metabolites assigned. Still, many known 
compounds do not have a cognate BGC13. Knowledge of the 
underlying biosynthetic machinery of NPs can uncover 
unprecedented enzymes which often find application as new 
biocatalysts in synthetic reactions14. It also enables the transfer of 
entire BGCs into a suitable host for heterologous expression15 and 
pathway engineering, leading to increased yields or to the generation 
of unnatural analogues of economically relevant NPs16.  

A class of industrially important compounds are lactylates. They are 
mainly used as emulsifiers in the food and cosmetic industries17. 
Apart from the most common sodium or calcium stearoyl-2-
lactylates, several analogues are used in different products18. 
Currently, commercial lactylates are produced by esterification of 
lactic acid and fatty acids and neutralization at elevated 
temperature18. Limitations include product impurity18 and 
dependence on substrate supply chains that feed into other 
industries19. Direct microbial production of lactylates could 
therefore improve the current process. 

Recently, lactylates of halogenated fatty acids have been isolated 
from the freshwater cyanobacterium Sphaerospermopsis sp. LEGE 
0024920. These compounds, termed chlorosphaerolactylates A-D (1-
4, Fig. 1a), are esters of (poly)chlorinated dodecanoic acid and L-
lactic acid. They were discovered in an antibiofilm activity screening 
and displayed weak antibacterial, antifungal and antibiofilm 
properties20. Their structures bear some resemblance to 
columbamides (e.g. 5), which, instead of esters, are polychlorinated 
acyl amides with cannabinomimetic properties21. Here, we propose 
the steps involved in chlorosphaerolactylate biosynthesis, notably 
the recruitment of dodecanoic acid and pyruvate to build the lactylate 
carbon skeleton, by uncovering its BGC – cly – using genome 

mining. The cly genes had previously been assigned, on the basis of 
comparative genomics, to the larger nocuolin A (6) gene cluster 
(noc)22. However, sequence alignments, homology modeling and 
stable-isotope precursor feeding experiments supported our proposal 
for a cly-encoded biosynthesis of 1-4. In addition, we detected 
analogues of 1-4 with varying acyl chain length. Overall, these 
biosynthetic insights open up the possibility for pathway engineering 
and direct microbial production of different widely used lactylates. 

 

Results and discussion 

Identification of a putative chlorosphaerolactylate BGC (cly). We 
sought to identify the biosynthetic gene cluster responsible for the 
production of the chlorinated lactylates 1-4. Recognizing the 
similarity of their halogenated fatty acyl moieties to those of the 
columbamides (e.g. 5, Fig. 1a), we envisioned that similar enzymes 
might be involved in the biosynthesis of these natural products. After 
sequencing the genome of Sphaerospermopsis sp. LEGE 00249 
(NCBI: PRJNA655889), we searched the resulting nucleotide data 
for genes encoding halogenases of the CylC-type23. This recently 
described dimetal-carboxylate halogenase class has been implicated 
in the chlorination of fatty acyl derived moieties of different 
cyanobacterial natural products, including the columbamides21,23–25. 
We found two adjacent homologs of cylC (clyC and clyD) in a ~225 
kb contig. No additional cylC homologs (or genes homologous to 
non-heme iron halogenases, which may also act on unactivated 
carbon centers)26,27 were found in the genome data. Annotation of 
the genomic context of the clyC and clyD halogenases (Table 1) 
revealed that these were part of a roughly 50 kb region containing 
multiple biosynthetic genes. This locus has high homology to the 
previously reported noc clusters (Fig. 1b), proposed to be involved 

Protein Length 
[aa] 

Predicted function Closest homolog and closest Noc homolog Identity/ 

Similarity [%] 

Accession No. 

-1 397 transferase DUF3419 family protein [Moorea sp. SIO2B7] 84/82 NES86017.1 

ClyA 626 FAAL fatty acyl-AMP ligase [Anabaena sp. PCC 7108] 

NocL [Nodularia sp. HBU26] 

82/92 
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WP_016949104.1 

AQX77690.1 

ClyB 92 ACP acyl carrier protein [Moorea sp. SIO2B7] 
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71/85 
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ClyC 471 halogenase hypothetical protein [Anabaena sp. PCC 7108] 

NocN [Nostoc sp. CCAP 1453/38] 

87/93 
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AKL71647.1 

ClyD 452 halogenase hypothetical protein [Trichormus variabilis] 

NocO [Nodularia sp. HBU26] 

84/91 

84/91 

WP_127052821.1 

AQX77693.1 

ClyE 1,286 PKS (KS0 [1-496], AT0 
[543-769], DH [839-
1128], T [1170-1254] 

acyltransferase domain-containing protein 
[Moorea sp. SIO2B7] 

NocP [Nodularia sp. HBU26] 

68/81 

 

77/86 

NES81557.1 

 

AQX77694.1 

ClyF 2,325 NRPS (C [58-517], A 
[538-1347], KR [1399-
1849], T [1934-2009], 
TE [2042-2313]   

NocQ [Nodularia sp. HBU26] 79/88 AQX77695.1 

+1 426 lipase NocR [Nostoc sp. CCAP 1453/38] 82/91 AKL71651.1 
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in the biosynthesis of nocuolin A (6, Fig. 1a). CylC homologs are 
known to carry out cryptic halogenations23,28  and therefore their 
involvement in the biosynthesis of the non-halogenated 6 could not 
be ruled out. Hrouzek and co-workers22 assigned this putative 
function for the noc cluster based on comparative genomics (strains 
that contained this locus were found to produce 6).  

Analysis of the cly gene cluster. Despite the fact that the cly genes 
were found embedded in the putative BGC encoding compound 6, 

the two dimetal-carboxylate halogenases were strongly indicative of 
an involvement in the biosynthesis of 1-4, structurally unrelated to 
6. As such, we thoroughly inspected the genes neighboring the 
halogenases (Fig. 1b and Table 1). The upstream region of the two 
halogenases comprises a FAAL (clyA) and an ACP (clyB), an 
arrangement that is also observed in the columbamides (col), 
microginin (mic) or cylindrocyclophanes (cyl) BGCs21,23,29. 
Downstream of the halogenases, a polyketide synthase (clyE) is 
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Figure 1. Structure and biosynthesis of chlorosphaerolactylates. a) structures of chlorosphaerolactylates (1-4), of the biosynthetically related columbamide A 
(5), and of nocuolin A (6), a metabolite that has been putatively associated with the noc cluster. b) Schematic representations of the proposed BGCs for 
columbamides (col), chlorosphaerolactylates (cly) and nocuolin A (noc). c) Proposed biosynthesis of the chlorosphaerolactylates (exemplified for compound 
1). 
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found before a depsipeptide synthetase NRPS (clyF). Further 
downstream a putative lipase and a lectin-like protein are encoded, 
just upstream of a kinase. The ClyE PKS is unusual in containing a 
DH domain while lacking a KR domain. Furthermore, its KS domain 
lacks an active site histidine (detected by antiSMASH30 and 
confirmed through sequence alignments, Fig. S1), and is expected to 
be a KS0 domain31–33. In agreement with these observations, ClyE 
features an AT0 domain, i.e. missing an active site serine residue 
(Fig. S1)33,34. ClyF – an NRPS – has a typical depsipeptide 
synthetase35,36,12 domain architecture (C-A-KR-T) and contains also 
a thioesterase (TE) domain. We rationalized that the clyA-F (nocL-
Q) genes would be sufficient to encode the production and release of 
1-4. We propose (Fig. 1c) that the biosynthesis of these natural 
lactylates begins with the activation of dodecanoic acid and transfer 
to ClyB, catalyzed by the FAAL ClyA. Next, the two halogenases, 
ClyC and D, would chlorinate the unactivated terminal and/or mid-
chain carbon centers in the fatty acyl-ACP (ClyB) thioester (a similar 
substrate is halogenated by CylC in cylindrocyclophane 
biosynthesis)23. The ClyE KS0 domain would then transfer the 
halogenated acyl moiety to the ClyE ACP (T) domain. KS0 domains 

have been shown to transfer acyl intermediates between ACPs or 
between an ACP and a PCP31,32,37. Activation of pyruvate and 
stereospecific reduction of its alpha-keto group by the depsipeptide 
synthetase ClyF A and KR domains, respectively, would prompt the 
condensation of the lactyl and acyl moieties by the C domain of 
ClyF, yielding a halogenated dodecanoyl-lactyl-PCP (T) thioester. 
Finally, thioester hydrolysis mediated by the TE domain in ClyF 
would release the final lactylate product (Fig. 1c). To obtain further 
support towards this hypothesis, we turned our attention to the 
cyanobacterium Anabaena sp. PCC 7108. This strain had been 
previously reported to contain the noc gene cluster and produce 622. 
It has a clyA-F locus (Fig. 1b) with high homology (74%, nucleotide 
level) to that of Sphaerospermopsis sp. LEGE 00249 and the same 
structure and PKS/NRPS domain organization, missing only the 
region corresponding to the DH domain in ClyE (Fig. S2). LC-
HRESIMS analysis of an organic extract of Anabaena sp. PCC 7108 
revealed the presence of 1-4, but these compounds could not be 
detected in extracts of other cyanobacterial strains whose genomes 
do not have a cly locus (Fig. S2). Overall, these observations support 
a role for the cly cluster in the biosynthesis of 1-4.  

HO O
O

O
Cl

D D

D D

D D

D D

DD

D D

D Cl

D D

D D

D D

D D

Sphaerospermopsis sp.
LEGE 00249

d23-dodecanoic acid

O
D

D D

D D

D D

D D

DD

D D

D D

D D

D D

D D

D D
HO

d21-1

a)

In
te

ns
ity

0

1.1×108

1

d13-1

 + C8
 + d15-C8

8.5 9.5

b)

0

6.2×107

1

d17-1

8.5 9.5

+ C10
 + d19-C10

0

1.1×108

8.5 9.5
time (min)

1

d21-1

 + C12
 + d23-C12

0

1.5×108

8.5 9.5

1

d21-1

 + C14

 + d27-C14

-O

O
O

O

Cl

7

d25-7

8/9

d26-8/9

0

1.6×105

0

1.6×106d)

10.0 12.0
time (min)

In
te

ns
ity

e)

60 120 240 300180 m/z

89.0229
C3H5O3

-

225.1859
C14H25O2

-

ddMS2, 333.1844 (8/9, [M-H]-), HCD 41.7

re
la

tiv
e 

ab
un

da
nc

e

a

b

b-HCl

a
EICs 
([M-H]- ± 5 ppm):

c)

7, R1=Cl, R2=Cl
8, R1=Cl, R2=H
9, R1=H, R2=Cl

*
HO O

O

O
R2

R1

*proposed position

10.0 12.0

EICs 
([M-H]- ± 5 ppm):

 + C14
 + d27-C14

Figure 2. Supplementation of Sphaerospermopsis sp. LEGE 00249 with deuterated fatty acids reveals the origin of the acyl group in 1-4 and additional lactylate 
diversity. a) Schematic representation of the incorporation of a fully deuterated dodecanoic acid-derived moiety into compound 1. b) LC-HRESIMS analysis of 
organic extracts of Sphaerospermopsis sp. LEGE 00249 following supplementation with different fatty acids: shown are Extracted Ion Chromatograms (EICs) 
of fully deuterium-labeled (red lines) and non-labeled (black lines) isotopologues of 1. c) Proposed structures for tetradecanoic acid-derived 
chlorosphaerolactylates 7-9, based on: d) LC-HRESIMS detection of dichlorinated (7) and monochlorinated (8/9) chlorosphaerolactylate isotopologues and (e) 
LC-HRESIMS/MS analysis of 8/9 (the source of the major observed fragments is exemplified for compound 8). 



Biosynthesis of chlorosphaerolactylates 

Abt et al. (2020) - 5 - 

Identification of dodecanoic acid as a building block for 
chlorosphaerolactylate biosynthesis. To experimentally test our 
biosynthetic hypothesis, we carried out feeding experiments with 
stable isotope-labeled precursors. We focused first on the fatty acid 
building block incorporated into 1-4. If the KS0 domain is – as 
hypothesized – non-elongating, then the entire acyl chain should 
derive from dodecanoic acid (Fig. 1c). We supplemented cultures of 
Sphaerospermopsis sp. LEGE 00249 with a range of fully 
deuterated, saturated fatty acids (d15-octanoic - d15-C8, d19-decanoic 
- d19-C10, d23-dodecanoic – d23-C12 and d27-tetradecanoic – d27-C14 
acids) and used LC-HRESIMS to detect incorporation of the 
deuterium labels into 1-4. As expected, for deuterated C8-C12 fatty 
acids, we observed incorporation of all deuterons in the 
supplemented substrates into the final products, with the exception 
of those that were removed as a consequence of chlorination (Fig. 
2a,b, Fig. S3). Surprisingly, we also detected m/z values consistent 
with tetradecanoic-acid derived mono- and dichlorinated 
chlorosphaerolactylates (7-9, Fig. 2c). In these cases, 
supplementation with d27-C14 resulted in the expected d25 or d26 
incorporation (Fig. 2d). LC-HRESIMS/MS analysis of the 
monochlorinated analogue(s) 8/9 confirmed their relatedness to 1-4 
(Fig. 2e). However, we could not determine the positioning of the Cl 
atom in their structures. Considering the structures of columbamides 
A-E21,24, the mid-chain halogenated position relative to the fatty 
acyl-thioester substrates seems to be conserved, which might be 
observed for the chlorosphaerolactylates as well. Still, this requires 
experimental validation and the structures of 7-9 presented herein 
are mere proposals. The discovery of these additional analogues 
prompted us to revisit the LC-HRESIMS data for the organic 
extracts of Sphaerospermopsis sp. LEGE 00249 in search of other 
chlorosphaerolactylates with varying acyl chains. As a result, we 
found traces of metabolites with m/z values consistent with decanoic 
acid-derived chlorosphaerolactylates (Fig. S4). Taken together, 
these data were consistent with our proposal of ClyA activating and 
loading dodecanoic acid to generate 1-4 and suggest that this enzyme 
also activates decanoic and tetradecanoic acids to generate 
additional chlorosphaerolactylate diversity. Varying degrees of 
relaxed substrate specificity has been observed for other FAALse.g. 

38.  

Identification of pyruvate as a precursor of the lactate moiety in 
1-4. We sought to clarify whether pyruvate would be incorporated 
directly into the lactate portion of 1-4, as per our biosynthetic 
proposal. We supplemented Sphaerospermopsis sp. LEGE 00249 
cultures with 13C3-pyruvate and analyzed the incorporation of 13C 
into 1-4 using LC-HRESIMS and LC-HRESIMS/MS analyses in the 
resulting organic extracts. Due to the central metabolic role of 
pyruvate, in particular its decarboxylative conversion to acetyl-CoA, 
we expected scrambling of the label to occur and 13C incorporation 
to be observed potentially in all carbon positions of 1-4, even if 
pyruvate is not a substrate for ClyF. This was, in fact, observed in 
13C3-supplemented cultures (Fig. 3a,b), with a notable enrichment in 
13C2-(1-4) and, to a lesser extent, 13C1-(1-4) isotopologues (~95% 
and ~58% of the monoisotopic base peak). Enrichment was clearly 
observable up to the M+12 peak, indicating multiple incorporation 
of 13C atoms. A simulated mixture of isotopologues of 1 that 
matched the M, M+1 and M+2 fine structure indicated that the 
heavier M+3 peak only had a minor contribution from 13C1-1 and 
13C2-1 isotope patterns and, therefore, was generated mostly from 
13C3 isotopomers (Fig. 3b). To clarify if an intact 13C3-pyruvate-
derived unit would be incorporated directly into the 13C3-1 

isotopomer pool, we resorted to LC-HRESIMS/MS. The MS/MS 
spectra for both analysis of both 13C3-1 and 13C0-1 isotopologues 
(Fig. 3c) showed a major fragment at m/z 89.023 (calcd. for C3H5O3, 
89.024), corresponding to the loss of the fatty acyl moiety and 
confirming that pyruvate-derived carbons were incorporated into the 
fatty acyl moiety of the chlorosphaerolactylates under the 
supplementation conditions used. In addition, the MS/MS spectrum 
for the 13C3-1 isotopologue showed a 13C3 lactate-derived fragment 
at m/z 92.033 (calcd. m/z 92.034). A corresponding 13C2 fragment 
could not be detected, but a 13C1-derived fragment at m/z 90.026 
(calcd. m/z 90.028) was also present. Furthermore, loss of a 
dichlorododecanoic acid equivalent resulted in a less prominent 
fragment at m/z 71.012 (calcd. m/z 71.014) for 13C0-1 and 13C3-1 
isotopologues; in this case, only the corresponding 13C3-derived 
fragment was observed in the fragmentation of 13C3-1 (Fig. 3c). 

Figure 3. Supplementation of Sphaerospermopsis sp. LEGE 00249 with 13C3-
pyruvate. a) Schematic representation of observed 13C3-1 isotopomers 
following supplementation (full red circles represent incorporation of 13C in 
that position, partially filled red circles represent three positions where 13C 
incorporation might have occurred). b) LC-HRESIMS isotope cluster for 1 
([M-H]-), following supplementation of Sphaerospermopsis sp. LEGE 00249 
with non-labeled pyruvate and 13C3-pyruvate, and for a simulation of a 
mixture of isotopologues up to 13C3. Expanded regions for the M+1, M+2 and 
M+3 isotopic peaks (black arrowheads) are shown. c) LC-HRESIMS/MS 
analysis of 1 and 13C3-1, depicting the two spectral regions where fragments 
corresponding to the lactate portion of the molecule were observed. 
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Overall, these data are consistent with direct pyruvate incorporation 
into the lactate portion of 1-4, with 13C3 incorporation directly from 
the supplemented 13C3-pyruvate. The observed 13C1 incorporation 
can be explained by fixation of 13CO2 (from decarboxylation of 13C3-
pyruvate) via the Calvin cycle into 13C1-3-phosphoglycerate, 
eventually leading to 13C1-pyruvate39 (Fig. S5).  

Sequence alignment and homology modeling of ClyF. An NRPS-
like depsipeptide synthetase, (StsA, PDB ID:6ULW), which utilizes 
alpha-ketoisocaproic acid as a substrate, has recently been 
structurally characterized12. In that study, Alonzo et al.12 pinpointed 
two key sequential residues (Gly414 and Met415 in StsA) as 
conferring selectivity to alpha-keto acids vs. amino acids, by 
promoting an antiparallel carbonyl-carbonyl interaction between the 
amide bond connecting the two residues and the alpha-keto group. 
Depsipeptide synthetases were also found to contain a hydrophobic 
residue replacing the Asp featured in canonical NRPSs that is 
involved in interaction with the amino group40. Alonzo and co-
workers also show that depsipeptide synthetases contain a unique 
split motif, so-called pseudo Asub domain, composed of ~30 
residues from the N-terminal region and ~70 residues located 
between the KR and T domains. This motif appears to be exclusive 
to keto acid-utilizing NRPSs12. In light of the results of our pyruvate 
supplementation experiments, we aimed to understand, by 
bioinformatic analysis, whether ClyF contained these structural 
features associated with depsipeptide synthetases. A BlastP search 
of the full-length ClyF sequence showed that the cyanobacterial 
depsipeptide synthetases HctE, HctF and CrpD were the closest 
characterized homologs (47.9, 45.8 and 40.4% identity, 
respectively). HctE and HctF, both involved in hectochlorin 
biosynthesis41, contain C-A-KR-T modules; CrpD (part of the 
cryptophycins BGC35) contains a C-A-KR-T-TE module. The three 
enzymes are responsible for incorporating alpha-keto acids into 
depsipeptides. Alignment of ClyF with other depsipeptide or 
canonical NRPS enzymes showed that ClyF contained the Gly-Met 
motif (Gly1115 and Met1116) and the hydrophobic residue 
(Val1007) in lieu of the amino group-interacting Asp residue (Fig. 
4a). A homology model of ClyF based on the structure of StsA (PDB 
ID:6ULW, Fig. S6) showed a similar arrangement of these key 
residues (Fig. 4b). A pseudo Asub domain could be modeled from the 
N-terminus and the region before the thiolation domain (Fig. 4c), 
despite a lower quality of the model in these regions (Fig. S6). 
Further substantiating the involvement of ClyF in pyruvate 
incorporation and modification, the stereoselectivity of the KR 
domain predicted by antiSMASH analysis (Fig. S7) matches the 
experimentally obtained value for the lactate stereocenter (2S), 
although a single stereospecificity-conferring motif42 is found in 
depsipeptide synthetase KR domains12. Overall, the results of the in 
silico analysis of ClyF were entirely consistent with our biosynthetic 
proposal, regarding its role in pyruvate loading, reduction and 
condensation of the resulting lactyl moiety. 

To conclude, we disclose here a natural 1-lactylate biosynthetic 
pathway from a photoautotrophic bacterium. We show that the cly 
locus contains all the functions necessary for the biosynthesis of the 
chlorosphaerolactylates 1-4 from dodecanoic acid and pyruvate 
precursors. We have also detected additional congeners of these 
cyanobacterial metabolites in Sphaerospermopsis sp. LEGE 00249 
cells. The cly locus is embedded in the putative nocuolin A (6) (noc) 
BGC, but 1-4 and 6 are structurally unrelated. The biosynthesis of 6 
has not been clarified and the genes surrounding the cly BGC are not 

necessary for the biosynthesis of 1-4. Hence, apart from the proposed 
potential role in the biosynthesis of 622, the function of the large noc 
locus remains unclear. However, Gutiérrez-del-Río et al.20 have 
reported minor components related to 1-4, with m/z values consistent 
with 2-lactylates and therefore some of the genes neighboring the cly 
cluster could be associated with these larger metabolites. The 
chlorosphaerolactylates are assembled under photoautotrophic 
conditions in a small number of steps by a relatively small BGC with 
simple and easily accessible intermediates. For all these reasons we 
consider that the cly cluster is an attractive target for engineering the 
microbial production of industrially relevant lactylates. 

Methods 

General Experimental Procedures 
LC-HRESIMS and LC-HRESIMS/MS data were acquired with an UltiMate 
3000 UHPLC (Thermo Fisher Scientific) system composed of a LPG-
3400SD pump, WPS-3000SL autosampler and coupled to a Q Exactive 
Focus hybrid quadrupole-Orbitrap mass spectrometer controlled by Q 
Exactive Focus Tune 2.9 and Xcalibur 4.1 (Thermo Fisher Scientific). The 
capillary voltage of HRESI in negative mode was set to -3.3 kV, the capillary 
temperature to 320 °C and the sheath gasflow rate to 5 units. For analysis in 
switching mode these parameters were -3.3 kV, 300 °C and 35 units, 
respectively. LC-MS-grade solvents were purchased from Thermo Fisher 
Scientific and Carlo Erba. Solvents used for extraction (Thermo Fisher 
Scientific, VWR) were ACS grade.  

Figure 4. In silico analysis of ClyF. a) Sequence alignment of ClyF with StsA 
(the single depsipeptide synthetase with a currently available 
crystallographic structure), additional depsipeptide synthetases and 
canonical NRPSs. Shown are the regions of previously identified key residues 
in StsA (Ile306, Gly414 and Met415) that are implicated in the specificity of 
depsipeptide synthetases towards alpha-keto acids. Asterisks denote 
cyanobacterial enzymes. b) Superimposed view of the crystallographic 
model of StsA (beige) and the homology model obtained for ClyF (blue), 
highlighting the position of the key residues outlined above. Residue 
numbering corresponds to StsA. The red arrow depicts the amide carbonyl 
previously proposed to interact with the alpha-keto group of the substrates. 
c) Comparison of the pseudo Asub domain, characteristic of depsipeptide 
synthetases, in the crystallographic model of StsA (beige) and the homology 
model of ClyF (blue). 
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Cyanobacterial Strains 
Sphaerospermopsis sp. LEGE 00249 was obtained from the LEGE Culture 
Collection. Anabaena sp. PCC 7108, Anabaena cylindrica PCC 7122 and 
Synechocystis sp. PCC 6803 were obtained from the Pasteur Culture 
Collection. All strains were cultured in Z8 medium43 at 25 °C under a 16:8 
hours light/dark cycle with a light intensity of 30 µmol photons m−2 s−1. 
Biomass from stationary-phase batch cultures was harvested by 
centrifugation (5411 ×g, 12 min, 4 °C, Gyrozen 2236R), lyophilized 
(LyoQuest, Telstar) and stored at -20 ºC until extraction. 

Genome Sequencing, Mining and BGC annotation 
Total genomic DNA was isolated from a fresh pellet of 50 mL culture of 
Sphaerospermopsis sp. LEGE 00249 using the using the commercial 
PureLink Genomic DNA Mini Kit (Life Technologies), according to the 
manufacturer’s instructions. The genome of Sphaerospermopsis sp. LEGE 
00249 was sequenced elsewhere (MicrobesNG) using Illumina technology 
and 2 × 250 bp paired-end reads. Since the Sphaerospermopsis sp. LEGE 
00249 culture was not axenic, the resulting genomic data was treated as a 
metagenome. Quality-filtered raw reads were assembled into contigs by the 
sequencing services provider. These were re-analyzed in our lab using the 
binning tool MaxBin 2.044 and checked manually in order to obtain only 
cyanobacterial contigs. This yielded a draft genome of Sphaerospermopsis 
sp. LEGE 00249 (NCBI: PRJNA655889) with an estimated size of 5.3 Mb 
assembled into 177 contigs. The genome data was mined for homologs of 
CylC (NCBI: ARU81117.1) and the non-heme iron halogenases SyrB2 (PDB 
ID: 2FCT_A) and WelO5 (NCBI: AHI58816.1) with the tblastn tool in 
Geneious 2019.2.1 (Biomatters). The candidate BGC and its translated 
proteins were annotated based on antiSMASH version 5.1.230, NCBI BLAST 
and InterProScan. Sequences for Cly proteins can be found in the NCBI 
under accession numbers MBC5793764-MBC5793765 and MBC5793737- 
MBC5793740. 

Feeding Experiments 
Sodium pyruvate (99%, Acros Organics) and 13C3 sodium pyruvate (99%, 
Cambridge Isotope Laboratories) were diluted in ultrapure water and filtered 
through 0.2 µm sterile filters. Octanoic acid (98%, Alfa Aesar), decanoic acid 
(99%, Alfa Aesar), sodium dodecanoate (98%, Acros Organics) and sodium 
tetradecanoate (98%, Sigma) were diluted in DMSO (Fisher BioReagents) at 
a stock concentration of 500 mM. The corresponding perdeuterated fatty 
acids (d15-C8, d19-C10, d23-C12-potassium salt, d27-C14-potassium salt, 98%, 
CDN isotopes) were also diluted in DMSO. Fresh Z8 medium (100 mL for 
pyruvate and decanoic acid feeding, 50 mL for the remaining feeding 
conditions) was inoculated with Sphaerospermopsis sp. LEGE 00249 cells to 
a starting OD750 of 0.04. Cultures were supplemented with the different 
substrates in two equal pulses (right after and 3 days post inoculation) for a 
cumulative concentration of 450 µM pyruvate or 100 µM fatty acid. After 
one-week incubation on an orbital shaker (Mini-Shaker, VWR) at 190 rpm 
under otherwise standard culture conditions, the biomass was harvested by 
centrifugation (5411 ×g, 12 min, 4 °C, Gyrozen 2236R) and stored at -20 °C 
until extraction.  

Biomass Extraction 
Lyophilized biomass from batch cultures or fresh biomass from feeding 
experiments was fully immersed in CH2Cl2/MeOH (2:1), sonicated for 10 
min at 30-35 °C and filtered through grade 1 filter paper (Whatman) where it 
was further extracted with CH2Cl2/MeOH (2:1) until no further colour could 
be extracted from the cells. Solvents were evaporated in a rotary evaporator, 
the resulting extracts were weighed and resuspended in MeOH at 2.0 mg mL-

1, filtered (0.2 µm) and used for LC-HRESIMS analyses.  

High-Performance Liquid Chromatography and Mass 
Spectrometry 

All LC-HRESIMS analyses were performed on an UltraCore 2.5 SuperC18 
column (75 × 2.1 mm, ACE) at a flow rate of 0.4 mL min-1. The injection 
volume for all samples was 5 µL. For lactylate detection in the different 
extracts, the HPLC gradient started with 80 % H2O with 0.1 % formic acid 
(eluent A) and 20 % acetonitrile with 0.1 % formic acid (eluent B), continued 
in a linear gradient over 10 min to 100 % eluent B and held for 10 min before 
returning to the initial conditions. Spectra were recorded from the 
spectrometer running in switching mode (13C3-pyruvate, d19-decanoic acid 
feeding and organic extract of Sphaerospermopsis sp. LEGE 00249 batch 
culture) or in negative mode (all other). The scan range was set to m/z 100-
900. The resolution in full scan mode was 70,000. For LC-HRESIMS/MS 
analysis, the scan range was reduced to m/z 50-450 and the resolution was 
35,000 with an isolation window of m/z 0.4, offset of m/z 0.2 and a stepped 
collision energy of 30/40/55 eV. 

Bioinformatic Analysis of ClyE and ClyF 
Sequences were aligned with the MUSCLE algorithm and Blosum62 matrix 
from within Geneious 2019.2.1 (Biomatters). ClyE was aligned with 
Bamb_5919 (NCBI accession number ABI91464, KS2-AT2), DEBS III 
(CAA44449, KS1-AT1), CurL (AEE88278, KS1-AT1) and Slna9 
(AEZ53953, KS2-AT2). ClyF was aligned with AntC (AGG37764), CesA 
(ABK00751), CesB (ABD14712), CrpD (ABM21572), HctE (AAY42397), 
KtzG (ABV56587), Vlm1 (ABA59547), Vlm2 (ABA59548), EntF 
(EMX32470), McyC (AAL82384) and AptB (GU174493). Homology 
models were built with SWISS-MODEL45 from ClyF residues 670-1941 with 
chain B and chain D of partial StsA (PDB ID: 6ULW) as templates. Models 
were visualized in Chimera 1.1446. 
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