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ABSTRACT

Low iron levels in marine habitats necessitate the production of structurally diverse siderophores by many marine bacterial
species for iron acquisition. Siderophores exhibit bioactivities ranging from chelation for iron reduction in hemochromatosis
sufferers to antimicrobial activity either in their own right or when coupled to known antibiotics for targeted delivery or for mo-
lecular imaging. Thus, marine environments are a sought-after resource for novel siderophores that could have pharmaceutical
or industrial application. The fimsbactins A-F (1-6) are mixed catechol-hydroxamate siderophores that have only been reported
to be produced by Acinetobacter species with the fimsbactin biosynthetic gene clusters (BGCs) widespread among species within
this genus. Here, we identified a putative fimsbactin BGC from an uncharacterized marine isolate, Marinomonas sp. PE14-40.
Not only was the gene synteny not conserved when comparing the pathway from Marinomonas sp. PE14-40 to the fimsbactin
BGC from Acinetobacter sp., but five of the core biosynthetic genes found in the canonical fimsbactin BGC are located elsewhere
on the genome and do not form part of the core cluster in Marinomonas sp. PE14-40, with four of these, fbsBCDL, colocalized.
Through ESI-MS/MS analysis of extracts from Marinomonas sp. PE14-40, the known fimsbactin analogues 1 and 6 were iden-
tified, as well as two new fimsbactin analogues, 7 and 8, containing a previously unreported L-lysine-derived hydroxamate
moiety, N;-acetyl-N,-hydroxycadaverine. Feeding experiments using stable isotope-label L-lysine provided further evidence of
the N,-acetyl-N,-hydroxycadaverine moiety in 7 and 8. The study demonstrates functional conservation in seemingly disparate
biosynthetic pathways and enzyme promiscuity's role in producing structurally diverse compounds.

1 | Introduction inner membrane proteins TonB, ExbB and ExbD is responsible

for potentiating this transfer by transducing the proton motive

Siderophores are low molecular weight iron-binding molecules
produced and secreted by bacteria, fungi and plants in response
to iron deficiency. In Gram-negative bacteria, ferric iron (Fe3*) is
bound by secreted siderophores, and the iron-siderophore com-
plex is first shuttled across the outer membrane to the periplasmic
space by a siderophore-specific transporter. A complex of three

force energy to the outer membrane, thereby initiating iron-loaded
siderophore uptake (Faraldo-Gémez and Sansom 2003). Once in
the periplasmic space, the ferric-siderophore complex is bound by
a periplasmic binding protein recognised by an ABC transporter
located in the cytoplasmic membrane. Once transferred across
the inner membrane, the ferric-siderophore complex enters the
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cytoplasm, and Fe3* is reduced to ferrous iron (Fe?*), destined for
storage or incorporation into enzymes. At the same time, excess
Fe?* binds to the repressor protein Fur, which in turn binds target
promoters (Pfur) and inhibits transcription of siderophore trans-
port genes (Escolar et al. 1999; Hantke 1981; Noinaj et al. 2010).

The properties of siderophores make them suitable for a broad range
of applications as biocontrol agents, biosensors, antimicrobials,
bioremediation and chelation agents (Ahmed and Holmstrom 2014;
Fan and Fang 2021; Ferguson et al. 2000). Siderophores such as
desferrioxamine (Desferal) have been employed for two decades
as iron-chelating agents used to remove excess iron from he-
mochromatosis sufferers (Bellotti and Remelli 2021; Mobarra
et al. 2016; Propper et al. 1976; Shah et al. 2022). The development
of new therapies and diagnostics is a rapidly progressing field.
This includes the development of siderophores that are antimi-
crobial on their own or conjugated to other antibiotics to be used
in so-called ‘Trojan-horse’ strategies for targeted antibiotic deliv-
ery (Gokarn and Pal 2018; Rodriguez and Gonzalez-Bello 2023).
Cefiderocol is a synthetic siderophore-drug conjugate approved by
the US Food and Drug Administration in 2019 and the European
Medicines Agency in 2020 to be used against the multi-drug resis-
tant Pseudomonas aeruginosa and Acinetobacter baumannii (Aoki
et al. 2018; Shortridge et al. 2022; Silva and Lopez-Medrano 2021;
Timsit et al. 2022; Wicky et al. 2023). This is a perfect example
of a novel therapeutic application involving siderophores and their
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uptake systems. When labelled with a molecular tracer, sidero-
phores can also be used for infection imaging (Fan and Fang 2021;
Guo and Nolan 2022; Petrik et al. 2020).

Siderophores are grouped into catecholates, hydroxamates, car-
boxylates and mixed-type families. Catecholate siderophores such
as enterobactin and salmochelin exhibit 2,3-dihydroxy benzo-
ate (DHB) binding groups. During DHB synthesis, the enzymes
EntA-C synthesise the 2,3-dihydroxybenzoic acid (DHB) moi-
eties from chorismate (Gehring et al. 1997; Ma and Payne 2012;
Raymond et al. 2003). Isochorismate synthase (EntC) first ca-
talyses the conversion of chorismate to isochorismate, which is
converted to dihydro-2,3-dihydroxybenzoate, catalysed by isocho-
rismatase (EntB). Finally, reductive aromatization by 2,3-dihydro
-2,3-dihydroxybenzoate dehydrogenase (EntA) produces the DHB
monomer, which is then incorporated into the final compound
structure (Khalil and Pawelek 2011; Sakaitani et al. 1990).

Fimsbactins A-F (Figure 1) are mixed catecholate-hydroxamate
type siderophores, comprising an L-serine/threonine scaffold,
adorned with one or two catecholates, that is, DHB, and either
a putrescine or 1,3-diaminopropane moiety and a terminal hy-
droxamate or amide functional group. Fimsbactins A-F have
thus far only been reported from Acinetobacter species such
as A. baylyi ADP1 and A. baumannii ATCC 17978 and 6013150
(Proschak et al. 2013).
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FIGURE1 | The chemical structures of fimsbactin A-H (1-8). Adapted from (Proschak et al. 2013).
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FIGURE2 | The fimsbactin synthesis scheme in Acinetobacter species. Fimsbactin A (1), a product of the fbs biosynthetic operon, is derived from

two molecules of L-ser, two molecules of 2,3- dihydroxybenzoic acid (DHB) incorporated through the action of FbsEFGH, and one molecule of L-orn

that is converted to N -acetyl- N,-hydroxyputrescine through a chemoenzymatic conversion by FbsIJK (Ahmed et al. 2024; Proschak et al. 2013; Yang
and Wencewicz 2022). EntABC enzyme homologues FbsBCD drive the synthesis of DHB (Ma and Payne 2012; Proschak et al. 2013).

Fimsbactins are encoded by a non-ribosomal peptide synthetase
(NRPS) pathway consisting of dihydroxybenzoic acid (DHB)-
biosynthesis genes (fbsBCD) (Ma and Payne 2012; Proschak
et al. 2013), NRPS modules that incorporate DHB residues
(fbsE, fbsG and fbsH) and L-serine/L-threonine residues to
the structure (fbsEF), and a decarboxylase (fbsJ), hydroxy-
lase (fbsI) and acetyltransferase (fbsK) required to convert L-
ornithine to N,-acetyl-N,-hydroxyputrescine, which forms the
hydroxamate moiety (Figure 2) (Ahmed et al. 2024; Proschak
et al. 2013; Yang and Wencewicz 2022). Although the order in
which these enzymes act to generate N;-acetyl-N,-hydroxy-
putrescine was initially unclear, the in vitro reconstitution of
fimsbactin biosynthesis from A. baumannii showed that decar-
boxylation of ornithine to form putrescine is the first step, fol-
lowed by ornithine hydroxylation, and finally, acetylation of the
N ,-hydroxyputrescine (Yang and Wencewicz 2022).

The importance of fimsbactin in developing siderophore-
antibiotic conjugates against A. baumannii-associated infec-
tions has led to a search for new structural analogues (Ahmed
et al. 2024; Kim and Kim 2021). To date, only the fimsbactin
B analogue has successfully been conjugated to the antibiotic
cefaclor. Finding novel analogues could lead to improved con-
jugates, perhaps with higher affinity for the transporter, dif-
ferent bioactivities and imaging agents that take advantage of
the iron uptake system in A.baumannii (Kim and Kim 2021).

The desferrioxamines (DFOs) are a great example of this, with
various analogues of the general structure of these compounds
having been described, such as desferrioxamine B, E, G, D1,
D2, E1, Etl, Et2, Et3, X1, X4, P1, Tel and many others (Hider
and Kong 2010). Desferal (desferrioxamine B mesylate), men-
tioned above, is an acyclic iron chelator used to treat iron and
aluminium toxicity and has antitumor activity. Its cyclic ana-
logue, desferrioxamine E (nocardimine) also exhibits potent an-
titumor activity and plays an important role in the growth of
other Streptomyces strains (Eto et al. 2013; Fujisawa et al. 2022;
Yamanaka et al. 2005). Besides these, other DFO complexes also
have activities that are under investigation for the development
of novel therapeutics (Alta et al. 2014; Banin et al. 2008; Chevion
et al. 2011; Codd et al. 2017; Li et al. 2019; Petrik et al. 2021;
Purro et al. 2018; Salomone-Stagni et al. 2018; Schaal et al. 2007;
Su et al. 2023).

Marinomonas spp. are aerobic bacteria belonging to the fam-
ily Oceanospirillaceae, and are mostly comprised of endo-
symbionts of seagrass, oysters and corals, while some species
have been isolated from sea plants, ice and water (Chimetto
et al. 2011; Jie et al. 2021; Kumari et al. 2014; Macian et al. 2005;
Romanenko et al. 2003; Solano et al. 1997). Siderophore produc-
tion in Marinomonas species is not fully understood. Recently,
Marinomonas mediterrranea MMB-1 was reported to produce
a triscatechol siderophore mediterraneabactin, structurally

30f 15

85UB0 |7 SUOWILLOD BATeRID @|edtjdde aup Aq pausenob 8e e VO 1SN 4O SaNJ 10§ Azeiq 1 BUIIUO AB]IM UO (SUORIPUOD-PUE-SLLLRYWOY AB| 1M AReid [ou1UO//SdRUY) SUORIPUOD PUe SWR L 3L 885 *[5202/60/10] uo A%eiq i auliuo Aejim ‘eded ueisem ay L JO AisieAN Ad SSTOL 'STEL-TSLT/TTTT OT/IOPAL0D A8 |1 AReq 1 pul|UO'S [EUINO 0.0 WIS/ SANY WOI} PepeojuMoq 'S ‘S20z ‘STELTSLT



related to turnerbactin (Butler et al. 2023). Although the genomes
of some species are predicted to encode frederiksenibactin, a sid-
erophore produced by Yersinia frederiksenii ATCC 33641 (Stow
et al. 2021), none of the Marinomonas species have been shown
to produce this siderophore. Here, we present evidence for the
synthesis of fimsbactin by the uncharacterized marine sponge
endosymbiont Marinomonas sp. PE14-40. This is supported by
the presence of a fimsbactin-related BGC on the genome upregu-
lated during cultivation in the iron-deficient medium. The path-
way shows radically altered gene organisation compared with
the canonical pathway from Acinetobacter sp., and some of the
core biosynthetic genes are located elsewhere on the genome.
Apart from known fimsbactin structures 1 and 6, our data show
potentially novel fimsbactin species (7 and 8) through incorpo-
ration of an N;-acetyl-N,-hydroxycadaverine moiety instead of
N,-acetyl-N,-hydroxyputrescine. This work highlights the var-
ied biosynthetic options available to marine bacteria, enabling
them to produce structurally diverse siderophores that could
find application in industry and as therapeutics.

2 | Experimental Procedures

2.1 | Isolation and Maintenance of Marinomonas
sp. PE14-40

As part of a bioprospecting campaign, a sea sponge sample PE14
(Figure S1) was collected on 4 April 2013 from low-profile reefs
in Algoa Bay White Sands reef, in the eastern part of South Africa
(S34°00.406’, E25°43.117"), at a depth of 23 to 25m. The sponge
was identified as Hamacantha esperioides, class Demospongiae,
first described in 1886 by (Ridley and Dendy 1886) which is
endemic to South Africa. It has a tough, leathery exterior layer
(pinacocyte) that is highly pigmented, and the sponge body (me-
sohyl) was rather thin and partially encrusted with rock and
coral material. Marinomonas sp. PE14-40 was isolated on Shivji
NA 1/4 strength agar (SNA; beef extract 3g/L, peptone 5g/L,
bacteriological agar 15g/L, pH 7.5) following incubation at 15°C.
Briefly, the sponge sample was crushed in a sterile mortar and
pestle, and a tenfold serial dilution of the liquid collected was
made with filter-sterilised seawater. Following dilution, 100 uL
of the diluted homogenate was plated onto an SNA medium
and incubated at 15°C for 6-8weeks. The bacterial colonies
that developed were further purified by single colony isolation.
Although Marinomonas sp. PE14-40 was isolated on SNA, cul-
tivation on this medium was unreliable, and routine cultivation
was performed in marine broth or agar at 15g/L (BD DIFCO
Marine Agar 2216). Freezer stocks were prepared by wash-
ing the cells twice with sterile filtered marine broth and were
preserved in marine broth containing 15% glycerol at —80°C.
Routine culture revival from the glycerol stocks was performed
on marine agar plates incubated for 2days at 18°C.

2.2 | Genome Sequencing and Sequence Data
Curation

A combination of short and long-read genome sequencing was
performed to determine the genome sequence. Genomic DNA
was prepared using two different methods depending on the
sequencing technology used: (i) For short-read sequencing,

standard proteinase K/SDS treatment followed by phenol-
chloroform extraction with further purification using the
Qiagen QIAex II gel extraction kit was performed; (ii) For
long-read sequencing, DNA was extracted using the Macherey
Nagel Microbial DNA Mini kit (Cat. No. 740235.50). Short read
sequencing was performed on an Illumina MiSeq, using the
Nextera XT kit for library construction and the MiSeq reagent
kit V3 (2x300bp). Reads were trimmed to remove adapter se-
quences, duplicate sequences and reads less than 100bp using
BBDuk, part of the BBMap package (sourceforge.net/projects/
bbmap/), using the recommended ‘Trim_adapters’ settings
(tossjunk =f ktrim=r k=23 mink=11 hdist=1 tbo tpe min-
len=100 ftm =5).

Long-read sequencing was performed using an Oxford
Nanopore Technologies Mkl1c device using the rapid barcoding
kit (SQK-RBK004) and R9.4.1 flow cells (FLO-MIN106D). Base
calling was performed with Guppy 6.4.2 (Oxford Nanopore)
using model dna_r9.4.1_450bps_sup.cfg. Fastq files were con-
catenated, and adapter sequences were removed using Porechop
0.2.4 (https://github.com/rrwick/Porechop). Nanofilt 2.8.0 (De
Coster et al. 2018) was used to remove reads shorter than 500bp
and those with a minimum average read quality score of less
than 10. The genome was assembled using Flye 2.9.2 using the
-nano-hq and -g 5m flags (Kolmogorov et al. 2019). This was
followed by one round of error correction using Medaka (https://
github.com/nanoporetech/medaka). The long-read assembly
was polished using the short Illumina reads through one round
of NextPolish 1.4.1 using default parameters (Hu et al. 2020).

2.3 | Genome Mining and Analysis of Biosynthetic
Pathways

Secondary metabolite biosynthetic pathways and the pre-
dicted structures were identified using antiSMASH 6.0 (Blin
et al. 2017), setting detection strictness to ‘relaxed’ and selecting
the following extra features: KnownClusterBlast, ClusterBlast,
SubClusterBlast, ActiveSiteFinder, Cluster Pfam analysis and
Pfam-based GO term annotation, MIBiG cluster comparison,
REFinder, TIGRFam and TFBS analysis. The manual identifi-
cation of fbsABCDE was performed through a tBLASTn (search-
ing a translated nucleotide database using a protein query) and
BLASTDp (searching a protein database using a protein query)
search using CLC Genomics Workbench version 7.5.1 against
the Marinomonas sp. PE14-40 genomic sequence. The portions
of the genome encoding the fimsbactin pathway and acces-
sory genes have been deposited under the accession numbers:
OR865378, OR865379 and OR865380. To investigate the distri-
bution of the fimsbactin BGCs in other Marinomonas species,
225 genomes available in the Genbank database were analysed
using antiSMASH (https://github.com/antismash) to identify
the biosynthetic gene clusters (BGCs). For BGC comparison
analysis, all clusters were trimmed to eliminate excess genes
not directly involved in fimsbactin biosynthesis by selecting a
custom view of the desired region on NCBI. The fimsbactin-
like BGCs identified together with those from Acinetobacter
and Psychrobacter species were analysed using BIGSCAPE
(https://github.com/medema-group/BiG-SCAPE) and used to
study their phylogenetic relationship using CORASON (https://
github.com/nselem/corason). Cluster comparisons between
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fimsbactin BGCs from Acinetobacter and Marinomonas spe-
cies were performed using clinker (https://github.com/gamcil/
clinker). Multiple sequence alignments were generated using
EMBL Clustal Omega (https://www.ebi.ac.uk/jdispatcher/msa/
clustalo) and visualised using Jalview v2.11.4.1. Enzyme struc-
ture comparisons were performed using PyMOL (https://pymol.
org/dokuwiki/) following protein structure prediction using
AlphaFold  (https://github.com/google-deepmind/alphafold).
Crystal structures were obtained from the RCSB Protein Data
Bank (PDB; https://www.rcsb.org/).

2.4 | Quantitative Proteomics

Biological replicates (n=5) of Marinomonas sp. PE14-40 iron-
replete and iron-deplete samples, cultured under the sid-
erophore production conditions described previously, were
harvested after 4days post-incubation (dpi). Total protein was
extracted from the 10 samples using the protocol recommended
by Thermo Fisher for preparing and labelling peptides with the
TMTI10PLEX Isobaric Label Reagent set (Catalogue number:
90110). Briefly, the cells were washed three times with 1XPBS
buffer [sodium phosphate dibasic (Na,HPO,) 1.44g/L, potas-
sium chloride (KC1) 0.2g/L, potassium dihydrogen phosphate
(KH,PO,); pH7.4] and pelleted using low speed (<1000xg).
The cells were lysed through the addition of 100uL lysis buf-
fer (200L of 10% sodium dodecyl sulphate (SDS) to 1.8 mL of
100 mM TEAB buffer, Thermo Fisher Scientific) per 20 uL of cell
pellet, and sonication (5X 30scycles). The supernatant was sep-
arated by centrifugation of the lysate at 16,000 g for 10min at
4°C. Protein concentration in the supernatant was determined
using the BCA Protein Assay Kit, Thermo Fisher Scientific.
Before labelling, 100ug of protein was reduced at 55°C for 1h
using 10mM TCEP (tris(2-carboxyethyl)phosphine), then al-
kylated at room temperature with 18.75mM iodoacetamide
(TAA) prepared in 100mM TEAB buffer. Proteins were precip-
itated overnight by adding six volumes of pre-chilled (—20°C)
acetone and harvested by centrifugation at 8000x g for 10 min
at 4°C. Protein pellets were further purified by adding 10 vol-
umes of 100% acetone, harvested by centrifugation at 16,000 xg
(20min), and resuspended in 100mM TEAB buffer. Samples
were digested with sequence-grade modified trypsin (1:40) for
1h at 37°C, with a further overnight digestion at 37°C after add-
ing additional trypsin (1:40). Each TMT tag was resuspended
in 41puL mass spectrometry-grade acetonitrile. Supernatants
from clarified (20min; 16,000x g) digested peptides were la-
belled for 2h at room temperature under constant agitation.
Labelling was quenched by adding 8 uL of 5% hydroxylamine for
1h and incubated overnight at 4°C with sterile distilled water.
The different tag-labelled samples were combined to contain
all corresponding 10-plex tags and dried under vacuum cen-
trifugation. The combined labelled peptides were solubilised
in dH20 with 0.1% trifluoroacetic acid and loaded onto a con-
ditioned SepPak C18 cartridge (100 mg), desalted and eluted in
70% acetonitrile with 0.05% acetic acid. Eluted peptides were
vacuum centrifuge dried and resuspended in 100uL of 20mM
ammonium formate (pH10) with 4% acetonitrile. Labelled
samples were analysed (Central Analytical Facility, University
of Stellenbosch) using a Dionex Ultimate 3000 RSLC nano-LC
(Thermo Scientific; Massachusetts, USA) system coupled to a
Thermo Scientific Fusion Orbitrap Mass Spectrometer equipped

with a Nanospray Flex ionisation source. Peptides (1-2 ug) were
loaded (mobile phase A: 2% acetonitrile with 0.1% formic acid)
onto a C18 trapping column (Thermo Scientific; 5mm x 300 um,
5um; pore size 100A) and a Luna C18 analytical column
(Phenomenex; 350mm X 75um, 3.6um). Samples were loaded
onto the trap column at a loading pump flow rate of 15uL/min
from a temperature-controlled autosampler (7°C) for 5min be-
fore eluting onto the analytical column. Peptide separation was
performed at 50°C, at a flow rate of 500nL/min using a non-
linear gradient of 2%-50% mobile phase B (100% acetonitrile)
over 105min. MS2 acquisition was performed using monoiso-
topic precursor selection for ions with charge states between
2+ and 6+. Undetermined charge states and charge states >24
were excluded. Dynamic exclusion was conducted with a mass
error tolerance of +10ppm with isotopes excluded after 1 time.
The intensity threshold was set at 5.0e4. Scans were collected in
data-dependent mode with a 3scycle time. Selected precursor
ions were fragmented by higher-energy collisional dissociation
set at a normalised collision energy (NCE) of 38% in the quadru-
pole mass analyser and then excluded from fragmentation once
for 30s. Fragment ions (MS2) were detected in the orbitrap mass
analyser (resolution: 60000), using centroid mode, with the au-
tomatic gain control (AGC) target of 1.0e5 and maximum ion
injection of 120 ms.

Raw spectrum files were loaded into MaxQuant version 2.6.5.0
(https://cox-labs.github.io/coxdocs/maxquant_instructions.
html) and processed with Reporter MS2 specified for 10-plex
TMT-tags. The correction factors for normalisation were added
manually according to the manufacturer’s instructions and the
local Marinomonas sp. PE14-40 translated protein database
generated through CLC Genomics Workbench version 7.5.1
was used for peptide identification. The files from MaxQuant
(proteingroups.txt) were imported into Perseus version 2.1.3.0,
annotated and filtered to remove poorly identified peptides, and
filtered tables were statistically analysed to identify differen-
tially expressed proteins.

2.5 | Fermentation of Marinomonas sp. PE14-40
and Siderophore Extraction

Approximately 250 mL of marine minimal media (20g/L NaCl,
7g/L MgS0,.7H,0, 6.1g/L Tris base, 5.3g/L MgCl,.5H,0,
2g/LL-glutamic acid, 1.25g/L CacCl,, 0.7g/L KCIl, 75mg/L
K,HPO,, 25mg/L FeSO,.7H,0, 5mg/L CuSO,.5H,0) in a 1L
flask was inoculated with an overnight starter culture cultivated
in the same marine minimal media at 1% v/v and incubated at
<18°C for 7days with aeration at 120rpm. We established that
siderophore production by the strain was particularly sensitive
to incubation temperature, with even minor temperature in-
creases above 18°C leading to low or no production (Figure S11).
Iron-deficient fermentation cultures were prepared using the
same medium without the addition of FeSO,. All glassware used
for the culture and isolation of the siderophore was washed with
6N hydrochloric acid and rinsed extensively with Milli-Q water.
Feeding experiments were performed as previously described
(Proschak et al. 2013) with slight modifications. Supplementation
with 2,3-dihydroxybenzoic acid (DHB), L-serine, L-threonine,
L-ornithine or L-lysine (or L-lysine-'*C,'*N, hydrochloride),
all purchased from Sigma (Saint Louis, USA), was conducted
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at 24h post inoculation (final concentration 2mM; 0.2mM for
L-threonine). Siderophores were recovered from culture super-
natants by the addition of activated Sepabeads SP-207 (Supelco,
Merck, Japan) to clarified culture supernatant following cen-
trifugation at 8000x g for 30 min and filtration through a Merck
Millipore Stericup-GP 0.22uM sterile vacuum filter. Early MS
data from experiments when eluting siderophores from the
Sepabeads SP-207 with increasing concentrations of acetone
(25%, 50%, 75% and 100%) demonstrated that fimsbactin species
would elute in several of the fractions. Therefore, we eluted in a
stepwise fashion using acetone at 25%, 50%, 75% and 100%, then
pooled and freeze-dried the extract. The extract was redissolved
in 10% acetonitrile for LC-MS/MS analysis. The chrome azurol
sulfonate (CAS) assay (Schwyn and Neilands 1987) was used to
measure the percentage of siderophore units (% SU) calculated
using the following formula:

%SU < (Absorbance of standard — Absorbance of sample > % 100

Absorbance of standard

2.6 | LC-MS Data Acquisition and Analysis

The siderophore extracts were analysed using a Waters Synapt
G2, with ESI probe in positive mode and cone voltage at 15V
(Waters Corporation) along with a Waters BEH C18 column
(2.1x100mm, 1.7um). The mobile phase consisted of diH20
(A) and 100% acetonitrile (B) (Sigma, Saint Louis, USA) each
containing 0.1% (v/v) formic acid: 0% B isocratic for 50s; lin-
ear gradient to 100% B over 12min, 100% B isocratic for 50s;
linear gradient to 0% B in 10s; 0% B isocratic for 2min. The
flow rate was 0.4mL/min. Raw files were extracted and an-
alysed using Masslynx version 4.2 (Waters Corporation) and
MZmine v3.9.0 (https://mzmine.github.io/mzmine_docum
entation/). Fimsbactin analogues were initially identified using
GNPS MolDiscovery (https://tinyurl.com/436rb6ha) and were
confirmed through MS/MS analysis and comparison to the
available literature. Fragment ion identification was based on
manual inspection of MS/MS spectra at different collision ener-
gies and further confirmed using SIRIUS (https://boecker-lab.
github.io/docs.sirius.github.io/). All chemical structures were
constructed using ChemDraw v23.1.1 and ChemAxon Marvin
Sketch v15.8.10.

2.7 | Relative Quantitation of Fimsbactin Species
Detected From the Crude Extracts

The extracts dissolved in 10% acetonitrile were loaded onto an
Infinity lab Poroshell HPH C18 column (4.6 X250mm, 4um,
Agilent) connected to an Ultimate 3000 Dionex HPLC machine
equipped with a Diode array and an ISQ-EC mass detector.
Analytically pure water was used as solvent A, and LC-MS
grade acetonitrile (Sigma-Aldrich) with 0.1% formic acid was
used as solvent B. The flow was set to 1 mL/min and the elution
program was as follows: 0% B isocratic for 5min, linear gradient
to 70% B over 25min, linear gradient to 100% B over 0.1 min,
100% B isocratic for 5min, linear gradient to 0% B over 5min,
0% B isocratic for 2min. For mass spectrometry analysis, the
following settings were used: vaporizer temperature was set to
550°C, ion transfer tube temperature was set to 300°C, source
voltage was set to 3000V, sheath gas pressure to 80 psig, aux

gas pressure to 9.7 psig, and sweep gas pressure to 0.5 psig. The
generated chromatograms were analysed using Chromeleon
7.3.2 (Thermo-Fisher Scientific). The m/z species representing
fimsbactin analogues were extracted and manually integrated.

3 | Results and Discussion

3.1 | Proteomic and Bioinformatic Identification
of the Fimsbactin Biosynthetic Pathway From
Marinomonas sp. PE14-40

As part of our efforts to mine genomes for BGCs that could
produce novel chemical structures, we detected a fimsbactin-
like BGC with the genes sharing 20%-44% similarity to the
fimsbactin BGCs from Acinetobacter species, the only reported
producers of fimsbactin (Proschak et al. 2013). The identifica-
tion of this BGC in Marinomonas sp. PE14-40 led to an anal-
ysis of 225 Marinomonas spp. genomes available on Genbank
to investigate the distribution and structure of these fimsbactin-
related pathways. From our analysis, it was evident that only
Marinomonas sp. SBI8L (JSEO00000000.1), Marinomonas
sp. SBI22 (JSEN01000002.1) and Marinomonas sp. S3726
(IJXYC00000000.1) shared this pathway. Although our investi-
gation shows that these BGCs are present in few species within
the Marinomonas genus, none of these species are known to be
producers of fimsbactin. Further cluster comparison showed
that the gene organisation in these fimsbactin-related BGCs is
conserved within each genus, but there were obvious differences
in synteny between genera (Figure 3A). From the clusterBLAST
comparison, Psychrobacter sp. P11F6 (CM003594.1) was also
identified to contain the fimsbactin-related BGC with synteny
closer to that of Acinetobacter sp. fimsbactin BGCs (A. baylyi
ADP1, NC_005966.1) than those from Marinomonas species.
These observations suggest that fimsbactin siderophores may
be produced more widely than previously understood. This is
not an uncommon phenomenon for siderophores; for exam-
ple, enterobactin, a siderophore discovered in Escherichia coli
and Salmonella typhimurium, (O'Brien et al. 1970; Pollack and
Neilands 1970), has been reported to be produced by phyla includ-
ing Streptomyces, which are not part of the Enterobacteriaceae
family (Fiedler et al. 2001).

Closer inspection of the Marinomonas sp. PE14-40 fimsbactin
pathway showed that five genes (fbsA, fbsB, fbsC, fbsD and
fbsL) were absent from the core BGC, whereas these form part
of the pathways in Acinetobacter and Psychrobacter species
(Proschak et al. 2013). These encode the AraC family tran-
scriptional regulator, isochorismate synthetase, 2,3-dihydrox
ybenzoate-2,3-synthetase, isochorismatase, 2,3-dihydroxybe
nzoate-2,3-dehydrogenase and 4’-phosphopantetheinyl trans-
ferase, respectively (Figure 3B). The regulator is responsible
for pathway expression under the control of iron availability,
while the other four, and their homologues from the entero-
bactin BGC, are involved in the synthesis of DHB (Gehring
et al. 1997; Raymond et al. 2003). To determine if the genes in
the pathway identified are expressed in response to iron avail-
ability, we conducted a proteomic study under iron-limiting
and iron-replete conditions which demonstrated the overex-
pression of some of the BGC genes under iron-limiting con-
ditions (Figure S4). Among these were FbsB, C, D, E, H, I,
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FIGURE 3 | (A) Biosynthetic cluster comparison of fimsbactin pathways from Acinetobacter, Psychrobacter and Marinomonas species. Links

drawn between similar genes on neighbouring clusters are shaded based on sequence identity. (B) Genomic regions thought to be involved in fims-

bactin synthesis in Marinomonas sp. PE14-40.

J, N and P, whose homologues play a vital role in fimsbactin
synthesis in A. baylyi (Proschak et al. 2013). Identification of
FbsB (42% aai), C (47% aai) and D (43% aai) homologues in
this data pointed to upregulation of these genes, necessary for

fimsbactin synthesis, but located distally from the core path-
way initially identified (Figure 3B). Furthermore, two putative
fbsL (entD) homologues could be identified, one co-located with
fbsB (entC), fbsH (entE) and fbsD (entA) homologues, whereas
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the second fbsL was located elsewhere followed downstream
by fbsC (entB, vibB) homologue, a vibriobactin-specific isocho-
rismatase divergently transcribed from a glutaredoxin-related
protein. This genomic organisation is reminiscent of desferri-
oxamine (DFO), where a newly discovered desG, now referred
to as the ‘fifth gene’ in addition to the known four biosynthetic
genes, is located elsewhere in the genome of selected DFO pro-
ducers (Cruz-Morales et al. 2017).

The first step in the synthesis of fimsbactin is DHB loading
by FbsH onto FbsE (Figure 2), which demands that DHB is
available for incorporation (Ahmed et al. 2024; Proschak
et al. 2013). Thus, the synthesis of DHB is a prerequisite
for fimsbactin biosynthesis. The identification of a suite of
genes (fbsBCD) capable of DHB synthesis outside of the core
fimsbactin-related pathway in Marinomonas sp. PE14-40
provides a mechanism for DHB synthesis, which could be
a communal metabolic good in the cell that is also used to
complete mature fimsbactin synthesis. It also suggests that
there has been little selective pressure to keep these genomic
elements together. This could be explained by the fact that
Marinomonas sp. PE14-40 contains another BGC predicted
to produce a lipopeptide siderophore which could be respon-
sible for iron acquisition under different iron concentrations
(Figure S2). An alternative interpretation could be that the
genomic arrangement of the fimsbactin-related pathway ele-
ments in Marinomonas represents a progenitor to the stream-
lined pathways encountered in Acinetobacter species, or a case
of independent evolution of the pathway. For Marinomonas
sp. PE14-40, there is no immediate evidence (transposon—in-
sertion sequence—or phage-based elements adjacent to any
of the coding regions) to suggest genome rearrangement or
horizontal acquisition of the pathway fragments. The one en-
zymatic activity absent from the cluster OR865379 to enable
DHB synthesis is the EntB isochorismatase. An EntB homo-
logue is present in cluster OR865380 and would imply that this
FbsC/EntB homologue fulfils this role for all DHB synthesis
in the cell. Which of the FbsL (EntD) homologues plays the
dominant role, or whether they both assist in DHB synthesis,
is not currently known. Likewise, two enzymes could fulfil
the role of 2,3-dihydroxybenzoate-AMP ligase (FbsH/EntE)
and it remains to be determined what each of their contribu-
tion is in DHB activation in Marinomonas sp. PE14-40.

The FbsE and FbsN homologues did not share any significant se-
quence similarity with the Acinetobacter counterparts (Figure 3;
Table S1). Despite the lack of primary amino acid sequence
conservation, the proteins are structurally highly conserved
f-barrel proteins with characteristic plug domains (Figure S3)
(Krewulak and Vogel 2008; Noinaj et al. 2010). Furthermore, the
absence of a FbsA homologue on the Marinomonas sp. PE14-40
genome could mean that the fbs operon expression is regulated
through an uncharacterized iron-responsive regulator. A zinc-
responsive repressor (Zur), a zinc-specific regulator of the Fur
family, was identified (TGAAAATGATTATCG) upstream of
the TonB-dependent receptor (FbsN), which likely fulfils this
role. Additionally, a putative fur box was identified between
fbsE and fbsO (AATTTATTGCTAATGATTCTCA).

The proteomic induction of fimsbactin BGC homologues
FbsB, C, D, E, H, I, J, N and P from the identified fimsbactin

biosynthetic cluster strengthened our conviction about their
involvement in the biosynthesis of fimsbactin (Figure S4). A
FepA-like siderophore receptor (BtuB) outer membrane protein,
well characterised in enterobactin- and salmochelin-producing
species of Escherichia and Salmonella (Barnard Jr et al. 2001;
Cao et al. 2003; Khazaal et al. 2024; Miiller et al. 2009; Sargun
et al. 2021) was among other induced proteins in iron-deficient
medium. The induction of this receptor could indicate the ability
to take up other siderophores. Apart from the induced expression
of the FbsP homologue, another highly expressed homologue,
vibriobactin utilisation protein/siderophore reductase (ViuB)
was identified. This protein is generally involved in removing
iron from siderophores after transport into the cell. Whether
this protein homologue is primarily utilised to remove iron from
the fimsbactin-iron complex or its use is limited to other sidero-
phores remains unknown. In addition to siderophore biosyn-
thesis, five other enzymes characteristically involved with iron
homeostasis were induced under iron-deficient conditions, that
is, the iron-traffic superfamily protein (YggX), hemin-binding
periplasmic protein (HmuT), hemin import ATP-binding protein
(HmuV) and thioredoxin (TrxC) were identified (Figure S4). The
observed down-regulation of ferritin, ferredoxin and ferroche-
latase encoding genes under iron-deficient conditions supports
that these enzymes only function when there are adequate iron
levels in the cells (Ferreira et al. 1995; Smith 2004; Syed 2024).

3.2 | Marinomonas sp. PE14-40 Produces
Fimsbactin Siderophores Under Iron-Deficient
Conditions

Next, we sought to establish if siderophore activity could be de-
tected in the culture medium when cultivating Marinomonas
sp. PE14-40 in iron-depleted medium (Figure S5). CAS assays
using supernatants obtained from cultures cultivated under
iron-replete and iron-depleted conditions confirmed that
Marinomonas sp. PE14-40 produces siderophore(s) when cul-
tured in an iron-deficient medium (Figure S5). At 7days post-
inoculation (dpi), the percentage of siderophore units produced
was above 50% for the cultures grown under iron-deficient con-
ditions. The increase in siderophore production over time did
not scale with cell biomass, as the optical density (OD, ) of
the culture without iron did not increase beyond an OD of 0.35
over 7days (Figure S5). However, growth in the medium sup-
plemented with iron reached an OD, . of 1.0 at one dpi and
gradually decreased to reach an OD,,  of 0.3. Although the
biomass in the Fe* cultures was higher, these cultures did not
produce detectable siderophore activity.

To determine the identity of the siderophore species, LC-
MS-MS analysis of extracts from these siderophore-positive
culture supernatants was conducted. Compounds 1 and 2
(M +H=m/z 575,20 and m/z 589.22, respectively) with scores
of 59.58 and 37.39, respectively, were initially tentatively iden-
tified in the extracts of the cultures cultivated without iron,
while neither compound was present in the extracts obtained
from the iron-replete culture (Table S2). The data was searched
for other known fimsbactin pseudo-molecular ion peaks pre-
viously reported by Proschak et al. (2013). Consequently, an
M +H ion at an m/z of 439.18 was attributed to 6. Subsequent
cultivation of Marinomonas sp. PE14-40 at <18°C generally
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in1and 6 and N,-acetyl-N,-hydroxycadaverine (orange; 188.11amu) in 7 and 8.

improved the signal-to-noise ratio of mass peaks attributed to
fimsbactin analogues and resulted in the identification of an
additional M+ H ion assigned to 3 (m/z 603.23) (Figures S6
and S10). The M+H ions corresponding to either 4 or 5,
previously identified in A. baylyi ADP1 extract, were not
observed in the Marinomonas sp. PE14-40 extracts. The pu-
trescine substituent in 1 is replaced by a 1,3-diaminopropane
(DAP) moiety in 4, while 5 contains no diamine substituent.
DAP is a common diamine produced by Acinetobacter strains
(Skiebe et al. 2012). DAP production has been demonstrated
in Acinetobacter spp., Vibrio spp., Haemophilus influen-
zae, and potentially Agrobacterium spp.; however, we could
not identify homologues for the two pathways that have
been reported to produce DAP, namely carboxyspermidine
dehydrogenase and carboxyspermidine decarboxylase or

L-2,4-diaminobutyrate:2-ketoglutarate =~ 4-aminotransferase
and L-2,4-diaminobutyrate decarboxylase, and this is
likely why we were unable to observe 4 in extracts from
Marinomonas sp. PE14-40 (Ikai and Yamamoto 1997a, 1997b;
Kim et al. 2016; Lee et al. 2009).

To confirm the tentative GNPS MolDiscovery identification of
1-3 and 6, we compared the MS/MS fragmentation patterns
of the compounds from Marinomonas sp. PE14-40 with those
reported for fimsbactin. Only the fragmentation patterns of
1 and 6 were an acceptable match with those of fimsbactin
A and F (Proschak et al. 2013) (Figure 4 and Figure S8) from
A.baylyi ADP1, adding support that Marinomonas sp. PE14-
40 produces fimsbactin siderophores under iron-limiting
conditions.
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3.3 | New Fimsbactin Analogues From
Marinomonas sp. PE14-40

The fragmentation pattern of the ion with m/z of 453.19,
while superficially similar to that of ion 6 (m/z 439), was
dominated by the loss of a hydroxamate moiety (IN,-acetyl-N,-
hydroxycadeverine, 188.11amu) similar to that seen for ion 7.
This resulted in a base peak at m/z 265.08, suggesting that the ion
with m/z of 453.19 represents a novel structure, here assigned as
fimsbactin H with the proposed chemical structure 8 (Figures 1
and 4). Interestingly, a similar loss of the same mass fragment
(188.1amu) was observed in the fragmentation pattern of the
pseudo-molecular ion with a m/z of 603.23 to give the peak at
m/z 279.09 (Figure S10). However, this fragmentation conclu-
sively eliminated the possibility that the ion with m/z of 603.23
reported here was the same as the ion reported for 3 in the A.
baylyi extracts (Proschak et al. 2013). The 142.06 amu loss result-
ing from the fragmentation of m/z 279,09 indicates a possible
methylation or the incorporation of threonine instead of serine
as seen previously in fimsbactin analogues 2 and 3 (Figure 1 and
Figure S10) produced by Acinetobacter spp. Both the fragment
losses of 188.1 and 142.06 amu in ions with m/z of 603 and of 467
indicate a putative structure with a molecular formula DHB-thr-
ser-DHB-ah-cad and DHB-thr-ser-ah-cad, respectively.

To validate the putative chemical structures proposed for 7 and 8,
we probed the biosynthesis of the fimsbactin hydroxamate moiety
by Marinomonas sp. PE14-40. The biosynthesis of the hydroxam-
ate moiety of 1-3 and 6 depends on the action of the fbsIJK genes
encoding N6-lysine monooxygenase, ornithine decarboxylase and
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acetyltransferase. The joint efforts of these enzymes catalyse the
conversion of L-ornithine to form N -acetyl-N,-hydroxy-putrescine
in the biosynthesis of 1-3 and 6 in A. baylyi ADP1. Homologues of
these enzymes are widely distributed in biosynthetic pathways of hy-
droxamate siderophores such as bisucaberin, aerobactin, schizoki-
nen and desferrioxamine (Bailey et al. 2018; Fujita et al. 2018;
Giddings et al. 2021; Mantas et al. 2021). From the putative chem-
ical structures for 7 and 8 suggested from the LC-MS data, we hy-
pothesised that L-lysine might be used by Marinomonas sp. PE14-40
instead of L-ornithine to produce these two compounds (Figure 5).
Our hypothesis was based on the evidence from literature where,
in general, hydroxamate moieties in siderophore compounds are
formed through the incorporation of either L-lysine or L-ornithine
and/or diamines (Bailey et al. 2018; Fujita et al. 2013; Giddings
et al. 2021; Mantas et al. 2021; Salomone-Stagni et al. 2018).

To confirm L-lysine incorporation, a feeding experiment using
stable isotope-labelled L-lysine (L-lysine-'3C,'>N,) was per-
formed. Expectedly, new ions with m/z of 596.22 and 460.20,
correspondingly named 7a and 8a, appeared (Figure 5). The
fragmentation pattern revealed the loss of a fragment with a
mass of 195.12amu, consistent with the increase of 7amu ex-
pected for a hydroxamate moiety originating from the incorpo-
ration of labelled L-lysine into 7 and 8, if acted on by FbsIJK
(Figure 5E). From this data, we could still observe the pseudo-
molecular ion and fragmentation patterns corresponding to 1
and 6, suggesting that the addition of L-lysine competed for but
did not eliminate the L-ornithine-derived structures. Therefore,
we conclude that, firstly, the biosynthesis of 7 and 8 requires L-
lysine and secondly, their hydroxamate group formation is likely
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FIGURE 5 | MS chromatograms of Marinomonas sp. PE14-40 extracts following feeding experiments with *N-labelled L-lysine (L-lysine-
13C,,1°N,). (A) MS chromatogram showing the new mass peaks (m/z 460.20 and 596.22) confirming the incorporation of the labelled L-lysine residue

to 8 (B) and 7 (C) resulting in the atomic mass shift in the hydroxamate moiety from 188.11amu to 195.11 amu shown in 7a and 8a (D). Compounds

1 and 6 were not affected by the addition of labelled L-lysine. (E) Schematic representation of the role of L-lysine decarboxylation showing the size

shift when a labelled lysine is incorporated.
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dependent on the function of FbsIJK with a similar mechanism
to that proposed for the biosynthesis of 1 and 6. Because the
feeding experiments with labelled L-lysine could not confirm
the putative fimsbactin ions with m/z 603 and 467 due to low
peak intensities, we cannot currently confidently confirm these
as being new fimsbactin species.

Although cadaverine-containing fimsbactin compounds have
not been reported to be naturally produced by Acinetobacter
species, a study conducted by (Yang and Wencewicz 2022) con-
firmed that the presence of alanine at position 61 in FbsI indi-
cates that the enzyme could use either putrescine or cadaverine
as substrate. Alignment of the FbsI proteins confirmed the
conserved alanine at position 61, indicating that these enzymes
likely harbour the capacity to use either diamine as substrate
(Figure S12). This suggests that Acinetobacter species should be
capable of producing these fimsbactin species, although these
have not been reported.

The ability of Marinomonas sp. PE14-40 FbsJ to catalyse the
decarboxylation reactions of both L-lysine and L-ornithine
raised the question of whether the enzyme was promiscuous
or whether there may have been another enzyme copy on the
chromosome complementing FbsJ function, thus incorporating
a different substrate (L-lysine) to the previously described fims-
bactin structures. Although the promiscuity of FbsI was hinted
at in a previous study (Yang and Wencewicz 2022), the promis-
cuity of FbsJ has not been established. A BLASTp comparison
between the A. baylyi FbsJ and the Marinomonas sp. PE14-40
homologue showed up to 59% sequence similarity, including
highly conserved substrate binding sites (Figures S13).

Taking advantage of enzyme promiscuity to generate novel
chemistries has become an attractive avenue to produce non-
natural products through combining synthetic biology and syn-
thetic chemistry approaches (Chevrette et al. 2020). A similar
case was also observed in Streptomyces coelicolor strains where
co-culturing resulted in the production of an extended suite of at
least 12 different desferrioxamines with acyl side chains of vari-
ous lengths (Traxler et al. 2013). It must, however, be stated that
the diversity of such magnitude could largely be dependent on
the availability of substrates and recognition of such substrates
by the processing enzymes. This is exemplified in Shewanella
algae B516, a producer of avaroferrin, which, when under selec-
tive pressure, can produce two more derivatives of avaroferrin
as a form of adaptation to environmental changes (Riitschlin
et al. 2017). In Shewanella putrefaciens, it was demonstrated
that the diversity and the ratios of siderophores produced could
be manipulated by inhibiting ornithine decarboxylase, thus in-
creasing the molecular diversity of the siderophores produced
(Soe et al. 2012). Not only was putrebactin biosynthesis manip-
ulated, but it was also observed that under putrescine-depleted
conditions, S.putrefaciens produced, as its replacement, the
cadaverine-based siderophore desferrioxamine B.

3.4 | Quantitative Analysis of Fimsbactin Species
From Marinomonas sp. PE14-40 Extracts

We also determined the concentration of each siderophore an-
alogue under the two conditions, that is, 18°C and 22°C. As

expected, significantly higher levels of fimsbactin analogues
were produced under iron-deficient conditions, with only trace
amounts observed under iron-replete conditions. Notably, when
Marinomonas sp. PE14-40 was cultured at 22°C, fimsbactin
production was markedly reduced compared to cultures culti-
vated at 18°C (Figure S11). This inverse relationship between
temperature and siderophore production has also been observed
in other studies, but the mechanism is not currently known
(Almuhawish et al. 2024; Andrews et al. 2003; Puja et al. 2023;
Ratledge and Dover 2000; Toulza et al. 2012).

The ratios of the four fimsbactin analogues identified in the ex-
tracts varied significantly between these two culture conditions.
Compounds 6 and 8 constituted the majority of fimsbactin sid-
erophores produced at 18°C. Conversely, at 22°C, compound 7
represented 44% of the total fimsbactin species produced. The
data consistently showed the stable concentrations of 1 being the
least abundant in the Marinomonas sp. PE14-40 when compared
to the higher yield of 7. Although not definitive, the observed
fimsbactin ratios suggest that FbsJ does not appear to have a
clear substrate preference, with L-lysine effectively competing
with L-ornithine for decarboxylation.

Unlike Marinomonas sp. PE14-40, in A. baylyi ADP1 and
A. baumannii, 1 was the major fimsbactin species produced
(Proschak et al. 2013). In contrast, Marinomonas sp. PE14-
40 produced significant amounts of 6 and 8 at 18°C. This is
surprising as these are likely to have a lower affinity for iron
analogous to acinetobactin (Bohac et al. 2019), and their ap-
pearance cannot currently be explained as intermediates
of fimsbactin synthesis. It would, therefore, appear to be a
wasteful metabolic expenditure on the part of Marinomonas
sp. PE14-40 in producing these. The only mechanism pro-
posed for the addition of the hydroxamate moiety to the DHB-
Oxa-ser/thr-DHB precursor to create mature fimsbactin A is
through nucleophilic acyl substitution with ahPutr (or ah-
Cadavarine in Marinomonas sp. PE14-40) catalysed by the
C,-domain of FbsG. Both Yang and Wencewicz (Yang and
Wencewicz 2022) and more recently, Ahmed and collabora-
tors (Ahmed et al. 2024) investigated the role of FbsM (Typell
thioesterase) in fimsbactin biosynthesis. In both studies, the
presence of FbsM resulted in the release of DHB-Oxa or DHB-
Ser from FbsEFGH-catalysed reactions, and fimsbactin F (6)
was never observed in the in vitro reactions with the recon-
structed pathway, leading to the conclusion that 6 is an arte-
fact of fermentation and the action of a non-specific esterase
on fimsbactin A cleaving the O-linked DHB. Ahmed and co-
workers lay out a scheme showing that there is an intricate
interplay between FbsH, FbsE, FbsF and FbsG, and it does not
appear as though synthesis is merely the linear progression of
acyl transfer between T-domains in NRPS modules, but that
they can each take precursors from the other at various stages
in the synthesis to complete the molecule, with the final step
being release of mature fimsbactin A. We posit that in vivo,
FbsG loaded with L-ser could accept DHB-Oxa from FbsE fol-
lowed by coupling of the hydroxamate moiety catalysed by the
C,-domain leading to the formation of fimsbactin derivatives
without O-linked DHB. The far higher ratio of these deriva-
tives produced in Marinomonas sp. PE14-40 compared with
Acinetobacter species suggests vastly different enzyme kinet-
ics and would be of interest to investigate going forward.
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4 | Conclusion

This study aimed to identify fimsbactin structural analogues
produced by the uncharacterized marine isolate, Marinomonas
sp. PE14-40, based on the identification of the fimsbactin-related
BGC on its genome. Not only could we show that the isolate pro-
duces known fimsbactin analogues, but it also produces novel
analogues that incorporate an L-lysine-derived hydroxamate
moiety. The modification of the compound may have implica-
tions for its efficiency in binding iron and/or rate of uptake by
FbsN. As siderophores are often produced as communal goods
in microbial communities, they may also be used to a lesser
or greater degree by other members of the community where
Marinomonas sp. PE14-40 finds itself a part of. It additionally
suggests that FbsJ, which catalyses the first committed step to
hydroxamate group synthesis, displays substrate flexibility not
previously reported.

The radically altered BGC gene arrangement and fragmentation
of the pathway across the genome, yet still being able to produce
compounds identical to other ‘intact’ pathways, has implica-
tions for the identification, classification and ability to establish
if BGCs are complete. In this case, antiSMASH performed well,
identifying the pathway as belonging to the fimsbactin group of
BGCs. Here, the substrate flexibility of FbsJ did result in novel
compounds being produced; however, this fragmented path-
way also produced known fimsbactin compounds, which begs
the question of how many BGC pathways scored as potentially
producing novel compounds do not, analogous to the scenario
found here.

To date, efforts to generate structural analogues of fimsbactin A
for drug repurposing strategies, such as siderophore-antibiotic
conjugates, are on the rise. Researchers are working on synthe-
sising synthetic analogues of fimsbactin to develop therapies
against A. baumannii infections (Kim and Kim 2021). Here, we
present a naturally produced putative analogue of fimsbactin
A containing a hydroxamate moiety derived from L-lysine in-
stead of the canonical L-ornithine. This data reveal alternative
approaches to the discovery of natural congeners by harness-
ing the power of genetic diversity in microorganisms found in
underexplored environments. Future work will investigate the
functional roles and structures of some of the biosynthetic en-
zymes involved in fimsbactin biosynthesis in this isolate to fur-
ther the understanding of the biochemical diversities observed.
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