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Essential trace metals are vital for cellular processes such as respiration, DNA replication, and
photosynthesis. Cyanobacteria must tightly regulate metal homeostasis to prevent deficiency or toxicity,
yet their metallophores remain overlooked. Here, we report lusichelins A-E (1-5), new metallophores
isolated from the marine cyanobacterium Lusitaniella coriacea LEGE 07167. Their structures and
configurational assignments were determined using NMR, mass spectrometry, TD-DFT calculations, and
retrobiosynthetic insights. Lusichelins feature a unique structural arrangement with thiazoline/thiazole
rings connected by a vinyl group, an aliphatic carbon chain, or directly, enabling potential for hexadentate
metal coordination. Genomic analysis identified a hybrid PKS/NRPS biosynthetic gene cluster consistent
with the structure of lusichelins and bearing traits characterisitic of metallophore biosynthesis. Notably,
lusichelin production was influenced by salt composition in the culture medium rather than iron
availability, suggesting an atypical regulatory mechanism. Functionally, lusichelins acted as copper
detoxifiers, and lusichelin B (2) exhibited cytotoxicity against colon carcinoma cells while reversing
multidrug resistance via ABCB1 efflux pump modulation. These findings expand the understanding of
cyanobacterial metallophores in microbial metal homeostatis and highlight their potential in biological
applications

Introduction

Cyanobacteria, ancient photosynthetic microorganisms, have thrived for over 3.5 billion years,
inhabiting diverse ecosystems ranging from marine and freshwater habitats to extreme
environments such as deserts, hot springs, and metal-contaminated areas.'? This remarkable
ecophysiological diversity is mirrored in their metabolic plasticity, highlighting their value in drug
discovery. Cyanobacteria have contributed to the development of four approved anticancer drugs,
with numerous other secondary metabolites recognized for their unique structures and diverse
bioactivities.® As photoautotrophs, cyanobacteria have a particularly high demand for metals, as
these micronutrients serve as cofactors in numerous proteins involved in respiration and
photosynthesis. However, excess metals can disrupt these critical processes, necessitating
sophisticated mechanisms to maintain metal homeostasis. In cyanobacteria, these include
producing extracellular polymeric substances, synthesizing metallothioneins, activating metal
transporters and excreting metallophores.>*>

Siderophores, a well-studied class of metallophores, are low molecular weight metabolites that
reversibly bind Fe(lll) as a hexadentate octahedral complex, facilitating its cellular uptake via
specific receptors. Their production is generally influenced by the iron requirements of the
organism and the availability of iron in the local environment.® Based on their chemical structure,
these iron chelators can be classified as hydroxamates, catecholates/phenolates, a-hydroxy
carboxylates, or mixed type.®® Compared to other microbial siderophores, knowledge of
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cyanobacterial siderophore diversity and role is still limited.*#® Those that have been reported
were isolated from iron-limited cultures and belong either to the hydroxamates, such as
schizokinen ° and synechobactin A !, or to the catecholates, including anachelin H 2 and
cyanochelin A 13, Recent advances on the genome mining tools allow for the detection of signature
genes responsible for specific metallophore biosynthesis, such as those from non-ribosomal
peptide synthetases (NRPS) or NRPS-independent synthetases. These genes are often found in
biosynthetic gene clusters (BGCs) alongside with metallophore transport and regulatory genes,
such as TonB transporters and AraC transcriptional regulators.'*> Given the biosynthetic
potential of cyanobacteria, together with these specific detection tools ¢, many of the unknown
cyanobacterial metallophores are sure to be brought to light in the near future.

During our bioactivity-guided discovery program, using untargeted metabolomics, we identified
the filamentous marine cyanobacterium Lusitaniella coriacea LEGE 07167 as a potential producer
of novel cytotoxic compounds'’. This discovery prompted a deeper investigation into this strain,
leading to the characterization of lusichelins A-E (1-5; Fig. 1), a new group of cyanobacterial
metallophores. The putative BGC identified in this strain includes transport and regulator gene
signatures consistent with metallophore biosynthesis and compatible with the proposed
structures. Culture experiments showed the multifunctional role of lusichelins as both
siderophores and copper detoxifiers. We hypothesize that lusichelin C (3) serves as primary
metallophore, with lusichelins A (1) and B (2), carboxylate forms of 3, serving as cellular reservoirs.
Furthermore, we confirmed the previously observed bioactivity 7, with lusichelin B (2)
demonstrating stereospecific cytotoxic activity against human colon cells and modulation of efflux
pumps related to cancer multidrug resistance. Our study not only increase the known diversity of
cyanobacterial metallophores but also provides insights into their multifunctional roles in metal
homeostasis and cytotoxicity.
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Fig. 1 Structures of lusichelins A-E (1-5) isolated from Lusitaniella coriacea LEGE 07167

Results and discussion

Isolation and structural elucidation of the planar structure of lusichelins A-D (1-5)

In our previous bioprospecting project involving several cyanobacteria from the LEGE-CC
collection Y7, we identified Lusitaniella coriacea LEGE 07167 as a potential producer of novel
secondary metabolites. Through molecular network analysis using GNPS (Global Natural Products
Social Molecular Networking) platform®2, we discovered a unique cluster in this strain, domposed
of five mass features that could not be dereplicated. After culture scale-up of the producing
cyanobacterium, mass-guided isolation (S| Fig. S1), involving several normal and reverse-phase
chromatographic steps, yielded lusichelins A-E (1-5, Fig. 1).

The molecular formula of 1, ([@]3® +202.2), CasH26N40sSs, was deduced from the [M+H]*
protonated ion observed in its (+)-HRESIMS at m/z 559.0964, (calcd for CisH27N4O3Ss, m/z
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559.0961), indicating the presence of 15 degrees of unsaturation. Strong infrared absorption
bands at 3400 and 1742 cm™ suggested the presence of hydroxyl and ester carbonyl
functionalities, respectively.

The 'H and 3C NMR data of 1, combined through HSQC-edited experiments, allowed the
identification of 25 carbon resonances, which were assigned to two methyl groups, four
methylenes, four aliphatic and seven olefinic methines, and eight sp? non-protonated carbons (S|
Table S1). The presence of three thiazoline rings in 1 was inferred from an HMBC experiment.
Three sets of long-range correlations were observed: 1) from 61 4.14/3.19 (H8a/H8b) and 6.32
(H9) to 6¢c 172.8 (C7); 2) from 6k 3.48/3.03 (H16a/H16b) and 4.72 (H17) to &c 161.8 (C15); and 3)
from 61 3.55/3.51 (H21a/H21b) and 5.11 (H22) to 6c 179.6 (C20) were assigned respectively to the
presence of thiazoline moieties (A, C and D rings in Fig. 2A). The presence of a thiazole ring (B ring
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Fig. 2 Structural determination of lusichelins A and B (1-2). (A) Four independent 'H-'H spin systems (highlighted in bold blue) deduced from their 1H-'H
COSY spectra were connected by key HMBC correlations (indicated by black arrows). (B) MS2 fragmentation pattern with major ions annotated (m/z)
deduced from the (+)-HRESIMS/MS analysis

in Fig. 2A) was also deduced from the HMBC cross-peaks between the non-protonated sp? carbons
at 8¢ 163.2 (C12) and 150.5 (C14) and the sp? methine proton at 64 7.97 (s, H13). Furthermore,
the 'H-'H COSY experiment revealed four isolated spin systems that were connected by
heteronuclear-*H-*3C HMBC correlations (Fig. 2A).

The 'H NMR spectrum of 1 displayed characteristic signals of four aromatic protons at éu 7.47-
6.89, whose splitting pattern and coupling constants (orthoJ=7.3 and 8.5 Hz, metaJ=1.2 and 1.6
Hz) were indicative of an ortho-disubstituted benzene ring. The broad singlet at 6+ 12.63 observed
in the *H NMR spectrum of 1, suggested the presence of an ortho-substituted phenol ring. This
ortho-phenol moiety was connected to the first thiazoline (A ring), through a long-range
correlation between the imine carbon at 6c 172.2 (C7) to the aromatic proton H5 (6n 7.47 dd),
suggesting the presence of a salicyl-thiazoline moiety. This assignment was further confirmed by
comparison with compounds such as piscibactin® and amamistatin'®, bearing a similar fragment.
Key 'H-'H COSY correlations were observed between methylene protons at 6 4.14 and 3.19
(H8a/H8b) and methine proton at 61 6.32 (H9) of the thiazoline A ring, and the olefinic protons
H10 (61 6.25), and H11 (61 6.62). Additionally, an HMBC correlation was observed between the
olefinic proton H11 and the thiazole carbon at C12 (6w 163.2). These *H-'H COSY and HMBC
correlations established the connectivity between the thiazoline A and the thiazole B rings
through the A1 olefin linkage. Likewise, the *H-'H spin system from methylene H16 to the
methyl H24, and the long-range proton-carbon correlation between H19 (6n 3.22), H21 (6n
3.55/3.52), and H24 (én 1.32) to C20 (6c 129.6) allowed us to connect the second to the third
thiazoline (C and D rings, respectively) through a CH(CHs3)CH2 group (Fig. 2A). Thiazole B and
thiazoline C rings were connected through C14 and C15 carbons based on an HMBC correlation
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from H13 (6h, s, 7.97) to C15 (6c 161.8). Finally, a methoxycarbonyl group (é+ 3.80 s; 6c 52.9 (C25))
and 171.5 (C23) was linked to the position C22 of the thiazoline D ring by the HMBC correlation
between C23 (6c 171.5) and H22 (61 5.11). The 1D and 2D NMR data (SI Fig. S2-S6) allowed us to
establish the planar structure of 1, named as lusichelin A, which was also supported by the mass
fragmentation pattern displayed in its (+)-HRESIMS/MS (Fig. 2B).

The (+)-HRESIMS of 2 ([a]%® +152.4) displayed a [M + H]* ion adduct at m/z 559.0964, indicating
that it is an isomer of 1. Furthermore, NMR data of 2, named as lusichelin B, were very similar to
those of 1 (Sl Table S1; SI Fig. S10-S14), except for the chemical shifts at positions C17, C18, C19,
and C24 (Abc > 0.5 ppm). These differences suggested a distinct configuration at C17 or C19
stereocenters between 1 and 2 (see below).

Compound 3, named as lusichelin C, ([a]3* + 431.3; yellow amorphous powder) showed a
prominent [M+ H]* ion adduct in its (+)-HRESIMS at m/z 545.0803 (calcd. for C24H25N403Ss m/z
545.0804), indicating a molecular formula of C24H24N403S4. Given the similarity of 'H an 3C NMR
data for 3 to those of 1 and 2, an analogous assignment strategy was used to elucidate its structure
(SI Table S1; Sl Fig. S17-S23). The mass difference of 14.0157 Da between the molecular formula
of 3 to that of 1 or 2, suggested the absence of a methyl group in 3. This was confirmed by the
lack of proton and carbon chemical shifts in the NMR spectra of 3 corresponding to a methoxy
group present in 1 and 2. All these data indicated the presence of a carboxylic acid functionality
in 3 (6c23 174.5) instead of the methyl ester group present in 1 and 2 (Sl Table S1).

The molecular formula of 4a was established as C2sH28N404S4, on the basis of its (+)-HRESIMS that
display the [M+H]* ion at m/z 577.1069 (calcd for C2sH29N404S4s m/z 577.1066). Comparison of the
molecular formula of 4a to that of 1 and 2 indicated that 4a has OH: additional atoms (A 18.0105
Da). The *H and *3C NMR data of 4a from position C1 to C19 (S| Table S1) were identical to those
of 1 and 2, suggesting that 4a has the same salicyl-thiazoline fragment connected through a
disubstituted Z-olefin to a thiazole-thiazoline moiety and this is in turn to a -CH(CH3)CH2- group.
The main carbon and proton chemical shift differences between the NMR spectra of 1/2 and 4a
were observed at positions C21 and C22. The observed differences, along with the presence of
additional OH2 atoms, suggested that the thiazoline ring D in 4a might be opened. This proposal
was supported by the spin system observed in the *H-'H COSY of 4a displaying correlations among
the amide proton at &4 6.96 (d, J = 7.8 Hz), the methine H22 (én 4.95 dt/ &c 53.7), and the
methylene H21 (61 3.07 and 2.99/ 8¢ 27.2). The characteristic *H and 3*C NMR chemical shift values
of a- and B-carbons of a methylester cysteine moiety for C22 and C21 (SI Table S1) and those
corresponding to a methoxy group at &c 53.0/ 61 3.80 agree with the presence of an opened
thiazoline ring D bearing a methylester in 4a. Moreover, the HMBC cross-coupling from H21 to the
carbonyl group at C20 (6c 175.7) allowed us to link the methylester cysteine moiety to the C1-C19
fragment through an amide functionality. The 14 degrees of unsaturation present in 4a, instead
of the 15 degrees in 1 and 2, agree with the presence of an opened thiazoline ring in 4a.
Interestingly, the NMR spectra of 4a displayed additional chemical shifts that suggested that 4b
was isolated along with itssulfide dimer, compound 4b. The presence of 4b was deduced by the
sequential proton-proton cross peaks of an amide proton at éx 7.04 (d, J = 7.8 Hz) with a methine
H22 (61 4.86/ 6c 51.6) and methylene H21 (61 3.18/6¢ 40.3) observed in a *H-1H COSY experiment.
LC/HRESIMS analysis confirmed the presence of the sulfide dimer 4b (SI Fig. S35). Indeed, the HPLC
chromatogram displayed 4a at Rt 4.33 min along with another chromatographic peak at Rt 13.88
min corresponding to 4b which (+)-HRESIMS showed a [M+Na]* ion adduct at m/z 1173.1721
(caled m/z 1173.1722 for CsoHsaNaNgOsSs) and a doubly charged ion at m/z 576.0986 [M+H]?*. A
1:0.8 between ratio between the monomer 4a and the sulfide dimer 4b was deduced from the 'H
NMR spectrum. Compounds 4a and 4b were named as lusichelin D and dimer lusichelin D,
respectively. The isomeric structure between 5a and 4a was proposed from the [M+ H]* ion adduct
displayed at m/z 577.1069 in the (+)-HRESIMS of 5a. Also, the NMR spectral data of 5a were very
similar to those of 4a (Sl Table S1) but differing in the chemical shifts at positions C17 and C19,
suggesting a different configuration at these stereocenters. The presence of a mixture of the thiol
monomer 5a and its sulfide dimer 5b, that were called lusichelin E and dimer lusichelin E,
respectively, was also deduced from the NMR (SI Fig. S36-40) and LC/HRESIMS data (SI Fig. S41).
In this case, the 'H NMR spectrum displayed a 0.6:1 ratio between the thiol 5a and its sulfide dimer
5b. The origin of 4b and 5b as extraction or separation artifacts could not be ruled out.
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Identification of the putative lusichelins (/us) biosynthetic gene cluster

To identify the putative lusichelins biosynthetic gene cluster (BGC), the whole genome of L.
coriacea LEGE 07167 was sequenced. A combination of short-read lllumina and long-read
Nanopore sequencing technologies yielded a draft genome of 5.97 Mb distributed by two contigs
(Genbank: JBBBDNOO0O00O00O0O). The sequence was analyzed using antiSMASH 7.0 %>, which
identified seven BGCs. The only plausible candidate for lusichelins biosynthesis was annotated as
a hybrid NRPS/PKS metallophore BGC, encoding four NRPS modules intercalated by type | PKS
genes (Fig. 3A). The four NRPS modules contain adenylation domains with predicted specificity for
cysteine, as well as heterocyclization domains suggesting the presence of thiazoline/thiazole
moieties in the BGC products, which is consistent with the structure of lusichelins A-C (1-3). Other
significant features encoded within this BGC include a salicylate synthase, metallophore-related
transporters, and an AraC transcriptional regulator (S| Table S2). The ATP-binding cassette (ABC)
and major facilitator (MFS) superfamilies of transporters, TonB-dependent receptor, and heavy
metal translocating P-type ATPase are related to cyanobacterial siderophore export/import

lus A F ! MNP Q R S T U v Y
5.97 Mb
Proposed functions:
Membrane transporters Leucine carboxyl
and regulators ACP methyl fransferase . Unknown . PKS Cytochrome P450
. AMP-binding . PP Isochorismate synthase . NRPS . Chlorophyllase . Thioesterase
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U ’
® - o

Fig. 3 Proposed biosynthetic pathway of lusichelins in Lusitaniella coriacea LEGE 07167. (A) Bioinformatics-based annotation of /us BGC. ACP (Acyl-Carrier Protein);
PKS (Polyketide Synthase); PP (Phosphopantetheinyl transferase); NRPS (Non-Ribosomal Peptide Synthetase) (B) Biosynthetic model for lusichelins A-C (1-3)
assembly along with domain annotation. C/Cy (Condensation/heterocyclization); A (Adenylation); T (Thiolation); KS (Ketosynthase); AT (Acyltransferase); KR
(Ketoreductase); DH (Dehydratase); ER (Enoylreductase); Ox (Oxidase); cMT (Carbon methyltransferase); TE (Thioesterase).
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systems.? Based on these findings, we consider this BGC as the putative lusichelin gene cluster
(lus) and propose a biosynthetic model for lusichelins assembly (Fig. 3B).

The assembly line for lusichelins mirrors other salicyl-capped siderophore biosynthetic pathways.”
It is proposed to initiate with the generation and activation of salicylate: LusN, a putative
bifunctional salicylate synthase, converts chorismate directly into salicylate, which is then
activated by Lusl, a putative AMP ligase (Fig. 3B). The activated salicylate then undergoes
condensation with cysteine, catalyzed by the condensation/heterocyclization domain of the first
NRPS module, LusQ, forming the initial thiazoline ring (A ring). This process is reminiscent of the
biosynthesis observed in bacterial siderophores such as yersiniabactin 2! or piscibactin °. The
ensuing PKS module — LusR — generates the olefin linkage by adding a malonate unit to the
hydroxyphenyl-thiazoline, followed by reduction and dehydration through its KR and DH domains.
The following NRPS modules LusS and LusT contain domains for cysteine incorporation and
heterocycle formation. LusS also features an oxidation domain, consistent with the formation of
the thiazole moiety (B ring), analogous to other thiazole-containing cyanobacterial natural
products like aranazoles?? and hectochlorin?. LusT, in addition to thiazoline formation (C ring),
contains a SAM-dependent methyltransferase domain (cMT). LusU then carries out a PKS
elongation, where malonyl is predicted as the substrate (AT domain contains the malonyl specific
active site residue motifs GHSVG and HAFH), which is then fully reduced by its KR-DH-ER domains.
This process results in the (methyl)ethyl linkage observed in the structure of lusichelins. However,
bioinformatics analysis did not identify a methyltransferase domain within LusU, leaving the origin
of the methyl group at C19 unclear. The final NRPS module, LusV, contains domains for the
formation of the third thiazoline ring (D ring), and includes both cMT and type | thioesterase dom
ains. LusY encodes a putative type Il thioesterase as a standalone protein. Type | thioesterases
typically release final products in NRPS/PKS biosynthesis, while type Il thioesterases, when co-
occurrent in the BGC, are often considered to have a “proofreading” role in the biosynthesis
pathway.?#?> This leads us to propose that LusV terminates the biosynthesis, resulting in the
release of lusichelin C (3) (Fig. 3B). Moreover, compounds 1, 2, 4a and 5a contain a terminal methyl
ester. The formation of the methyl ester 1 and 2 as artifacts of 3 during methanolic extraction was
ruled out, as these compounds were also the major components when the extraction was
performed with dichloromethane (S| Fig. S42-S43). We propose that this terminal methylation
could be catalyzed by LusM, a putative SAM dependent methyltransferase with a leucine carboxyl
methyltransferase (LCM) domain. Similar enzymatic functions have been reported in bacterial
proteins such as StnF2 and MelK, which catalyze methyl esterification in the biosynthesis of
streptonigrin?® and melithiazol?’, respectively.
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Lusichelins configuration analysis.

Due to limited compound availability, stereochemical studies were conducted exclusively with
lusichelin C (3), which configuration was determined through a combination of J-based
configurational analysis (JBCA), Electronic Circular Dichroism (ECD), TD-DFT calculations, and
insights from the putative /us BGC.

The Z configuration of the A'® double bond of 3 was deduced from the characteristic Juio-111 value
of 12 Hz (Sl Table S1). The syn relative configuration between the C17 and C19 stereogenic centers
in 3 was determined using the JBCA methodology. Firstly, 'TH-*C heteronuclear coupling constant
values were obtained via an HSQC-HECADE experiment (S| Fig. S24). Then, two rotamers around
the C18/C19 bond were deduced from the antiperiplanar and gauche orientations between
H18b/C24 and H18a/C24, suggested by the large and small heteronuclear coupling constants
values of 3Juisb-c24 (8.3 Hz) and 3Juisa-c24 (1.2 Hz), respectively. Finally, the conformer I around the
C18/C19 bond displayed in Fig. 4A was selected from the NOESY correlation between H18b and
H19.

In the same way, the conformer Il around the C17/C18 bond showed in Fig. 4A was deduced from
the large and a small proton-proton coupling constant of 12.3 Hz and 4.5 Hz between H18b/H17
and H18a/H17, indicating an antiperiplanar and gauche disposition for these protons,
respectively, along with NOESY correlation between H18a and H17.

Once the conformers I and Il were deduced, R* configuration was proposed for both stereogenic
centers at C17 and C19 (Fig. 4B). This syn configuration between C17 and C19 agrees with the large
Abh value of 0.24 between chemical shifts of the two methylene diasterotopic protons at C18
following the geminal proton rule reported by Schmidt and Breis.?®

The absolute configuration at C22 in 3 was determined using Marfey’s analysis 2. A careful
derivatization of 3 was crucial to avoid the epimerization at the Cq of thiazoline ring under acidic
or basic conditions %°. For this reason, 3 was hydrolyzed in 1.5 M aqueous HCl at 90 2C for 4 h and
the resulting hydrolysate was derivatized with L-FDAA and analyzed by LC-MS.The presence of L -
Cys in 3 was deduced from the comparison of the retention times and m/z values of the former
hydrolysate derivative, analyzed by LC/MS, to those of L- and D-cysteine standards derivatized
with L-FDAA. Specifically, the hydrolysate derivative of 3 exhibited a retention time (Rt) of 24.7
min and a m/z of 375, matching those obtained for the derivatized L-Cys standard (Rt of 25.03 min
and m/z 375). In contrast, while the D-Cys standard derivatized displayed a m/z 375, its retention
time (21.6 min) was clearly different (Sl Fig. S26). Although the relative syn configuration between
C17 and C19 and the absolute configuration at C22 could be determined in 3, the absolute
configuration of the stereogenic center at C9 could not be established. For this reason, four
possible configurations (9R,17R,19R,22R, 95,175,19S,22R, 9R,175,195,22R, and 95,17R,19R,22R)
were considered and their corresponding ECD spectra were calculated using Time-Dependent
Density Functional Theory (TD-DFT) at the CAM-B3LYP/6-311++G(2d,p) level, considering 50
electronic states. Comparison of the experimental ECD spectrum of 3 to those of the calculated

A.
c18/C19 C17/C18
4,
0,
S
c Hm Higp
H = c " 3JC24'H18b 8.3 Hz Cre N 3‘J,H18b-H17 123 Hz
B 3 patiiga 1.2 Hz Cig™ |, Hiea 3Jrrgarr7 4.5 Hz
o
Conformer | Conformer Il

B. N
(S PNGYNGIY
197 17T 2
e

Fig. 4 (A) Newman projections of conformers I and Il of 3, around the C18-C19 and C17-C18 bonds, respectively, along with key experimental 3¢, and
3Jun coupling constants and NOESY correlations around these positions. (B) The syn relative configuration deduced between the stereogenic centers at
C17and C19in 3.
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ones ruled out two of them, 95,175,19S5,22R and 95,17R,19R,22R (Fig. 5C and D). In contrast, the
calculated DFT-ECD spectra for the remaining two (9R,175,19S5,22R, and 9R,17R,19R,22R)
configurations matched very well to that of the experimental ECD spectrum of 3 (Fig. 5A and B).
However, due to the high similarity of the ECD spectra, they cannot be distinguished, hence either
9R,175,195,22R or 9R,17R,19R,22R configurations are possible for 3. (Fig. 5A and B).
Bioinformatics analysis of the adenylation domains in modules LusQ, LusT, and LusV predicted L-
cysteine as their substrate (Sl Table S3), implying R configurations at the stereogenic centers C9,
C17, and C22. No epimerase domains were identified in LusT and LusV, which would typically
convert these centers to their D-configurations. Consequently, the 9R configuration was
suggested for 3 and so, the 9R,17R,19R,22R absolute configuration is proposed for this compound
as shown in Fig. 1. The relative configurations of lusichelins A-B (1 and 2) were further investigated
by analyzing their NMR data. The small Adn value of 0.08 between the proton chemical shifts of
the diasterotopic H18 methylene protons in 1 is consistent with an anti C17/C19 relative
configuration for these stereocenters following the geminal proton rule reported by Schmidt and
Brei 3. In this way, a syn C17/C19 relative configuration, as in 3, was inferred from the large Abn
value of 0.51 between the H18 diasterotopic protons in 2. This pattern was also observed in other
natural products, including valactamides 3!, verucopeptin 32, and polychlorinated leucine
derivatives 3334, Unfortunately, further stereochemical studies on compounds 1 and 2 could not
be conducted due to sample degradation, leaving their configurations undetermined. We
hypothesize that 3 is the precursor to compounds 1 and 2. Considering the configurational
analysis, the configuration of 2 must be identical to that of 3, specifically 9R,17R,19R,22R and so,
the proposed configuration of 1 would be 9R,17S,19R,22R.
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Fig. 5 (A) Comparison of the experimental ECD spectrum (red line) of lusichelin C (3) to the calculated TD-DFT ECD spectra for 9R,17R,19R,22R (violet
line). (B) Comparison of the experimental spectrum (red line) compared to the calculated TD-DFT ECD spectra for 9R,175,19S,22R (green line). (C)
Comparison of the experimental spectrum (red line) compared to the calculated TD-DFT ECD spectra for 95,17R,19R,22R (blue line). (D) Comparison
of the experimental spectrum (red line) compared to the calculated TD-DFT ECD spectra for 95,175,19S,22R (yellow line).
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Siderophore properties of lusichelin C (3). Compound 3 was also isolated from the biomass of L.
coriacea LEGE 07167 as a complex with ferric iron (3-Fe, m/z [M + Fe - 2H]* = 597.9919; A =
52.9116). A proposed structure for 3-Fe is shown in Fig. 6A where an octahedral complex is formed
due to the presence of the appropriate ligands present in its framework: one thiazol and three
thiazolines rings along with a phenolate and carboxylate groups.

The binding preference of apo-lusichelin C (3) for ferrous versus ferric iron was investigated. To
assess this, 3 was incubated with equimolar amounts of FeCl: and FeCls, at three different pH
values (Fig. 6B-D). At pH 6 and pH 8.5, the formation of the complex of 3 with Fe(lll) was deduced
from the overall increase in the UV-Vis spectral absorption, indicating a potential binding affinity
to Fe(lll) over Fe(ll). The UV-Vis spectrum of this complex at pH 8.5 matched very well to that of
the isolated Fe-lusichelin C (3-Fe), which corresponds to the pH of the culture medium (Fig. 6D).

Influence of iron deprivation and salt type on lusichelin production.

To investigate whether iron deficiency could regulate lusichelins production, cultures of L.
coriacea LEGE 07167 were grown under iron deprived conditions using two types of salt: synthetic
Tropic Marin® Pro-Reef (TM) sea salt (standard conditions) and ACS grade NaCl. The production
of lusichelins A-C (1-3) was followed by LC-HRESIMS analysis of the culture media and biomass
crudes (Fig. 7). It is worth noting that lusichelins A-B (1-2) were detected in higher concentrations
in the cyanobacterial biomass compared to the culture media (Fig. 7A). This is likely due to their
lipophilic nature (as compounds 1-2 have a calculated logP of 4.66 compared to 2.59 of 3).
Moreover, the type of salt had a more significant impact on lusichelins production than iron
limitation. Cultures grown in TM (with or without Fe) produced approximately twice as much 1-3
as those grown in NaCl (with or without Fe) (Fig. 7A). These results suggest that iron limitation
does not regulate the production of these compounds, which is atypical, as siderophore synthesis
is usually upregulated under low iron conditions.3” Further investigation into the expression of the
AraC transcriptional regulator could provide more information about these compounds'
regulatory mechanisms.
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Fig. 6 (A) Proposed structure for the 3-Fe complex. (B-D) UV—vis absorbance spectra at pH 6.0, 7.5 and 8.5: compound 3 (black line), its iron complex (3-
Fe; red line), compound 3 incubated with equimolar amounts of ferric chloride (3 : Fe(l1)Cls; blue line) and ferrous chloride (3: Fe(l1)Cl,; green line).
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Investigating other metallophore roles of lusichelins.

Copper plays a crucial role in cyanobacterial homeostasis, yet it is also a significant contributor to
marine environmental pollution, primarily due to anthropogenic activities such as the use of
copper in antifouling paints for ship hulls and as an algicide.®> In a microcosm experiment,
cyanobacteria were reported as the most copper-tolerant phylum among the prokaryotes found
on marine periphytic biofilms exposed to environmentally relevant copper concentrations (0.01—
10 uM).3® To explore whether lusichelins could function as detoxifiers, cultures of L. coriacea LEGE
07167 were grown in Z8-NaCl media with elevated copper concentrations (200 and 450 nM
Cu2S04), which are 40 to 90 times higher than the typical copper concentration in Z8 medium (5
nM Cu2S0a4). Under these conditions, a new complex was discovered in both biomass and culture
media, compatible with a molecule of lusichelin C (3) bound to copper, as evidenced by an [M+Cu-
H]* ion at m/z 605.9932 (C24H23CuN403S4; A = -2.82 ppm). A comparative analysis of lusichelin
production in 200 nM Cu2S0a4 versus NaCl (5 nM Cu2S0a) revealed a clear recruitment of lusichelins
to chelate copper in the culture media. This led to a significant reduction of apo-lusichelins in the
biomass and their complete absence in the culture media (Fig. 7A). At 450 nM Cu2SOs, the
abundance of the lusichelin-Cu complex (3-Cu) was significantly reduced (Fig. 7A), likely due to
copper competing with other metals for their binding sites in metalloproteins, resulting in toxicity
- a phenomenon previously observed for other cyanobacteria.? Surprisingly, new ions with the
same protonated mass as lusichelin C (3), but with different retention times, were detected in the
culture media (SI Fig. S44A). These ions were confirmed to cluster with lusichelins A-C (1-3) using
a molecular network built in GNPS, indicating they share MS? fragmentation patterns and may
represent putative isomers of lusichelin C (3) (SI Fig. S44B and C).
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Fig. 7 Lusichelins production in response to: different salt sources (TM; NaCl); iron limitation (TM -Fe; NaCl -Fe); copper limitation (NaCl -Cu), dual metal
restriction (NaCl -Fe -Cu); high copper concentration (NaCl [200 nM Cu], NaCl [450 nM Cu]) and high copper concentration with iron restriction (NaCl -Fe
[200 nM Cu]; NaCl -Fe [450 nM Cu]). Relative quantification in biomass and culture media was determined by the peak area of the extracted ion
chromatogram for (A) lusichelins A-C (1-3) and copper-lusichelin C (3-Cu) complex; and (B) iron-lusichelin C (3-Fe) complex. The statistical differences (total
amount of compound) of the different experimental conditions versus NaCl were tested using an unpaired t-test (*p < 0.05; **p <0.01; ***p <0.001; n=3).
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In cyanobacteria, copper and iron cooperate in some cellular processes, balancing their
homeostasis as some Cu-binding and Fe-binding proteins can function interchangeably.?3” Thus,
we investigated the effects on lusichelins production under conditions of copper restriction, dual
restriction of iron and copper, and iron absence in cultures with excess copper. The absence of
copper or dual restriction of both metals had no significant effect on the production of lusichelins
A and B (1 and 2). However, there was a significant increase in compound 3 under copper
deprivation, which was not observed for the dual restriction experiment (Fig. 7A). The Cu-
lusichelin C (3) complex was not detected in any of these experimental conditions, while the Fe-
lusichelin C (3) complex was twice as abundant in the copper restriction experiment (Fig. 7B).
Cultures grown under iron restriction with excess copper (200 and 450 nM Cu2S0Oa) exhibited
behavior similar to the experiments with copper excess alone, showing almost complete
conversion of lusichelins to the Cu-lusichelin C (3) complex. The absence of iron did not
significantly affect lusichelin production, and the iron complex was not detected in any of the
copper-excess conditions (S| Fig. S44D). The role of lusichelins as metallophores appears to be
more closely linked to copper homeostasis. Under high copper conditions, lusichelins likely
function as detoxifiers, while copper absence seems to enhance the production of compound 3.
confirming the grouping of the new masses within the apo-lusichelins cluster. Each node depicts
the distribution of each mass in the biomass and culture media. The putative new lusichelin C (3)
isomers were only present in the culture media. (D) Molecular network cluster illustrating the
metal-lusichelin complexes, demonstrating that the Fe-lusichelin C (3-Fe) complex is only detected
in the control (NaCl), while the Cu-lusichelin C (3-Cu) complex is only detected in high copper
concentration experiments.

Cytotoxic activity of lusichelins.

Our previous bioactivity-guided discovery study 7 identified L. coriacea LEGE 07167 as a promising
source of novel cytotoxic compounds. To correlate the activity observed in the fractions with the
pure compounds, we assessed the cytotoxicity of lusichelins against the same panel of human
colon carcinoma HCT 116 cells using both monolayer (2D) and spheroid (3D) cell cultures. In the
monolayer assay, compounds 2, 3, and 3-Fe showed cytotoxicity with ICso values of 1.16, 1.58, and
0.45 uM, respectively (Table S4). However, in the 3D cell cultures, only compound 2 retained the
cytotoxicity (Table S4). Unlike 2D cultures, 3D tumor spheroids more closely mimic the physiology
and structure of tumors, making them a more effective tool for screening potential anticancer
candidates.!” Due to their increased complexity, I1Cso values in 3D models are typically at least four
times higher than those observed in 2D cultures for other natural products.3®3° Notably,
compound 2, the most potent compound in this study, differs from the inactive compound 1 only
in the configuration of the stereocenter at C19, underscoring the critical role of stereochemistry
in determining the bioactivity of these compounds.

The development of multidrug resistance (MDR) in cancer is a significant hurdle in treatment,
often driven by the overexpression of P-glycoprotein (ABCB1).%° This transmembrane protein,
encoded by the ABCB1 gene and a member of the ATP-binding cassette transporter family,
functions as a broad-spectrum efflux pump, removing a wide range of chemotherapeutic drugs
from cancer cells. Consequently, this reduces intracellular drug concentrations and promotes
MDR. Therefore, compounds that can modulate or inhibit ABCB1 function represent promising
strategies for overcoming MDR in cancer therapy.*! Lusichelins were evaluated for their ability to
reverse ABCB1-mediated MDR in mouse T-cell lymphoma L5178Y cells transfected with ABCB1
(L5178Y-MDR) and their sensitive counterpart (L5178Y-PAR). Compounds 2, 3, and 3-Fe exhibited
comparable cytotoxicity against both cell lines, indicating a lack of selectivity for MDR phenotypes
(Table S4). To further assess their effects, lusichelins were evaluated using the rhodamine-123
ABCB1 transport assay. Since ABCB1 actively transports rhodamine-123 out of cells, compounds
that inhibit or modulate this process led to intracellular accumulation of the dye, indicating a
potential reversal of MDR. Only compounds 1 and 2 reversed effectively the MDR phenotype at 2
UM, with fluorescence activity ratios (FAR) of 28 and 14.9, respectively. In comparison, tariquidar
at 0.2 uM, the positive control, exhibited a FAR value of 98.2 (Fig. S45-47).
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Conclusions

Natural products play a pivotal role in drug discovery and development, particularly in the
treatment of cancer and infectious diseases.*? However, since the 1990s, the pharmaceutical
industry's interest in natural product research has declined owing to significant technical
challenges, such as the frequent rediscovery of known molecules and the scarcity of natural
products. Traditional biodiscovery approaches primarily relied on cell-based or target-based
assays.”® Nonetheless, recent advancements in analytical tools, genome mining, bioinformatics,
and microbial culturing techniques have reignited interest in harnessing natural products for drug
development.**** Cyanobacteria, given their biosynthetic potential, are emerging as a promising
source for discovering new secondary metabolites.>® In our pursuit of anticancer compounds
from cyanobacteria within our in-house culture collection (LEGE-CC), we combined advanced mass
spectrometry metabolomics with robust cell-based assays.” As a result of this preliminary
screening, this study successfully reports the discovery of lusichelins A-E (1-5a), a new group of
bioactive metallophores isolated from the marine cyanobacterium Lusitaniella coriacea LEGE
07167. Despite structural similarities to bacterial salicyl-thiazol(in)e siderophores such as
yersiniabactin?!, piscibactin® and pyochelin®, lusichelins exhibit an unprecedented structural
framework. Genome sequencing identified a putative BGC for lusichelins, encoding hybrid NRPS-
PKS genes alongside signature genes indicative of metal-dependent regulation and transport,
strongly suggesting their role as metallophores. Further investigation revealed that, rather than
iron limitation, the type of salt used in the culture medium was the key factor influencing lusichelin
production. The synthetic TM salt is rich in several trace elements that might be influencing the
production of these compounds. Additionally, lusichelins function as copper detoxifiers,
effectively chelating copper at high concentrations. These findings suggest that lusichelins may
play a crucial role in cyanobacterial physiology and ecology by aiding in the acquisition of essential
trace metals like iron while simultaneously providing protection against copper toxicity. This
multifunctionality, recently reported for other cyanobacterial metallophores like leptochelins,
highlights the versatility of these chelating molecules in adapting to metal fluctuations in the
environment.’ These discoveries raise new questions, particularly regarding the regulatory
mechanisms involved in cyanobacterial metallophore production and the potential roles of these
molecules in ecological interactions.

Beyond their metallophore properties, lusichelins, particularly lusichelin B (2), exhibit promising
anticancer potential. Lusichelin B (2) demonstrated potent cytotoxicity against both monolayer
cultures and tumor spheroids of human colon carcinoma HCT 116 cells, and it effectively overcame
cancer MDR by modulating the efflux activity of the ABCB1 transmembrane pump.

The discovery of lusichelins as dual-function metallophores and anticancer agents expands our
understanding of cyanobacterial secondary metabolism and highlights their potential as drug
leads. These findings reinforce the continued relevance of natural products in modern drug
discovery and open new avenues for developing innovative therapies.
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