A suite of asymmetric citrate siderophores isolated from a marine Shewanella species
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Abstract

Woodybactins A-D are a suite of new fatty acyl siderophores produced by the luminous marine
bacterium Shewanella woodyi MS32. While this bacterium has a set of genes homologous to the
biosynthetic gene cluster for aerobactin, aerobactin is not produced. The arrangement of these
genes within the genome differs in S. woodyi MS32 when compared to E. coli and other species
producing siderophores similar to aerobactin, and one synthetase gene which would append a
second acyl-hydroxylysine to the terminal carboxylate of citrate is not functional. Within the suite
of woodybactins A-D, which differ by the fatty acid appendage, one contains an unusual Co (9:0)
fatty acid and one contains a unique branched Co iso (9:0 iso) fatty acid, as well as a Cs (8:0) and

Ci0 (10:0) fatty acid.
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1. Introduction.

Bacteria generally require iron to grow. Many bacteria produce siderophores, low
molecular weight Fe(III) chelators, to facilitate iron uptake. Siderophores are synthesized by
well-defined pathways encoded in the bacterial genome. Peptidic siderophores are synthesized
by nonribosomal peptide synthetase (NRPS) enzymes.1-3 Non-peptidic siderophores, such as
aerobactin (Figure 1A), are synthesized by NRPS-independent siderophore (NIS) synthetases.4
Aerobactin is produced by E. colis-s as well as other pathogenic bacteria,7 plant pathogens,s and
marine Vibrio species.s-9 In E. coli, aerobactin biosynthesis is encoded by the iuc4ABCD gene
cluster. TucD catalyzes the hydroxylation of the N6 of L-lysine. TucB then catalyzes the Ne-
acetylation of Ne-hydroxy-L-lysine. The synthetases IucA and IucC function sequentially to
append Ne-acetyl-Ne-hydroxy-L-lysine to each terminal carboxylate of citrate, with [ucA
catalysis producing the S configuration at the central C-3 carbon of the citryl group (Figure
1B).4-5, 10

Ochrobactins A-C and ochrobactins-OH A-C are siderophores with structures resembling
aerobactin, although both acetyl groups are replaced by fatty acids (Figure 2).11-12 Fatty acid
appendages, which are not uncommon in NIS siderophores, are also present in rhizobactin
102113 and the synechobactins.14-15 Most of the acylated citrate-derived siderophores are
asymmetric about the C-3 center of the citryl group as a result of two different fatty acid
appendages, although ochrobactin C and ochrobactin-OH B are symmetric. Homologs of
aerobactin’s iucB biosynthesis gene append a fatty acyl chain and acetyl group to hydroxy-
diaminopropane during synthesis of rhizobactin 1021,16 although the specificity of iucB

homologs for the fatty acid vs an acetyl group has not been elucidated.13, 16 Branched fatty acids



have yet to be reported in siderophores, and odd-chain fatty acids have only been reported for the
synechobactins and the peptidic mycobactin siderophores.1s, 17

NIS synthetases are divided into three subfamilies of enzymes: Type A, B, and C NIS
synthetases. Type A synthetases are specific for citric acid, Type B for a-ketoglutaric acid, and
Type C for derivatives of citrate or succinate.4, 18 Type A and C NIS synthetases are further
divided into Types A, A’, C, and C’. Little distinction exists between the function of Types A
and A’ NIS synthetases in that both typically catalyze amide bond formation between citric acid
and an amine, although the Types A and A’ are phylogenetically distinct (see below). Types C
and C’ also perform very similar functions through amide bond formation, although Type C’
enzymes are also known to oligomerize and cyclize citryl or succinyl derivatives, forming
siderophores such as desferrioxamines, alcaligin, avaroferrin, and putrebactin.19-26

Shewanella woodyi MS32 is a bioluminescent marine bacterium (Figure S1) originally
isolated from the Alboran Sea, and named in honor of J. Woodland (“Woody’’) Hastings, a
legend in the field of photobiology.27 The bioluminescence of S. woodyi MS32 is under quorum
sensing control.27-29 S. woodyi species produce relatively high amounts of iso fatty acids as
compared to Vibrio or Photobacterium species, and odd-chain fatty acids have also been reported
in S. woodyi species.27  The unusual fatty acid production of S. woodyi could indicate the
production of novel fatty acid-containing metabolites.

The genome of S. woodyi MS32 contains genes homologous to the biosynthetic gene
cluster for aerobactin, although the genes exist in a different spatial arrangement in the genome.
Here we report the structures of woodybactins A-D, a suite of asymmetric citrate siderophores

with structures similar to those of aerobactin, ochrobactins, and ochrobactins-OH, i1solated from



Shewanella woodyi MS32. Woodybactin C contains the uncommon Co (9:0) fatty acid, and

woodybactin B contains a unique iso-branched Co (9:0 iso) fatty acid.



2. Materials and Methods

2.1. General Experimental Procedures. All 1H and two-dimensional (2D) NMR spectra were
obtained at 25 °C using a Varian Inova 600 MHz NMR spectrometer equipped with an inverse
detection probe. All 13C NMR spectra were obtained at room-temperature (~23 °C) using a
Varian Inova 500 MHz spectrometer equipped with a broadband probe. NMR samples were
dissolved in dimethyl sulfoxide-ds (Cambridge Isotope Laboratories). All NMR spectra

are referenced indirectly according to the signals from the solvent DMSO with the residual 1H
signal set to 2.54 ppm and 13C signal set to 40.45 ppm. Molecular masses were determined using
a Waters Xevo G2-XS QTof with positive mode electrospray ionization coupled to an
ACQUITY UPLC-H-Class system with a Waters BEH C18 column. Samples were analyzed
with a linear gradient of 0% to 100% CH3CH (0.1% formic acid) in ddH20 (0.1% formic acid)

over 10 min.

2.2. Bacterial Growth and Isolation of Siderophores. Shewanella woodyi MS32 was grown in
2 liters of low-iron artificial seawater medium (ASG) containing 6 g Casamino acids, 30 g NaCl,
1.50 g KCl, 24 g MgS04+7H20, 6 g CaCl222H20, 2 g NH4Cl, 0.1 g Glycerol phosphate and 4 mL
1.0 M NaHCOs3 or Shewanella Marine Agar (SMA) containing (per liter) 5 g Bacto Peptone, 1 g
Bacto Yeast Extract, 30.16 g NaCl, 5.08 g MgCl2+6H20, 6.16 g MgSO4+7H20, and 1.5 g KCI
and brought to pH 7.5, with 15 g of bacto agar.27 Media were inoculated with 5 mL of 2216
marine broth grown from a single colony of the bacterium isolated from a plate of SMA, shaken
overnight at 180 rpm. The bacterial culture was grown on an orbital shaker at 180 rpm until it
reached stationary phase as analyzed by the optical density at 600 nm versus growth time, at

which point the cell culture gave a positive response to a chrome azurol-S (CAS) assay,



indicating the potential presence of siderophores.3o The culture was centrifuged (6,000 rpm, 30
min, 4 °C) in an SLA-3000 rotor, the supernatant was decanted and mixed with ~200 mL (1/10
volume) of Amberlite XAD-2 resin (Supelco) and was shaken for ~4 hours at 120 rpm, until
supernatant tested CAS-negative. The XAD-2 resin was then filtered and rinsed with 2 L
doubly-deionized H20 (Barnstead Nanopure II), and the siderophores were eluted with 100%
MeOH. The CAS-positive MeOH fractions were consolidated and concentrated under vacuum
to ~15 mL and were run through reverse-phase HPLC for purification using a gradient of 5% to
100% methanol over 50 minutes on a YMC 20 x 250 mm C18-AQ column. The cell pellets
from centrifugation were resuspended in 70% ethanol (300 mL) and shaken at 4 °C for 24 hours,
at which point they were centrifuged (6,000 rpm, 30 min, 4 °C) in an SLA-3000 rotor. The
resulting supernatant was filtered through a 0.22 pm filter and concentrated under vacuum. The
sample was then diluted in ~500 mL deionized H20 and worked up with XAD-2 resin as

described above.



3. Results and Discussion
3.1. Genome Mining

The genome of S. woodyi MS32 was screened for siderophore biosynthesis genes. While
the genome lacks NRPS genes, it contains a set of genes homologous to iucA, iucB, iucC, and
iucD, the cluster encoding biosynthesis of aerobactin, as well as iutA4, the gene encoding the
aerobactin transporter. However, the arrangement of the homologous genes in S. woodyi MS32,
swoA, swoB, swoC, swtA, and swoD, differs from that in E. coli (Figure 3A, Table S1). In
particular the iucC homolog, swoD, resides nearly 2.5 million base pairs downstream from the
gene cluster of swoABC and swtA (Figure 3B).

Rhizobactin 1021 and the synechobactins are produced by NIS synthetases with
homology to those of aerobactinis, 31 (Figure 3A), although each citryl carboxylate group is
derivatized with a different compound, producing asymmetric siderophores, unlike aerobactin.
Rhizobactin 1021 and the synechobactins all have an acetyl appendage attached to hydroxy-
diaminopropane on one side of the citryl group. On the opposing citryl carboxylate, rhizobactin
1021 has 2-decenoic acid appended to the hydroxy-diaminopropane,13 and the synechobactins
have fatty acids ranging from 8:0 to 16:0 appended to the hydroxy-diaminopropane.i4-15 The
biosynthetic gene clusters for rhizobactin 1021 and synechobactins each contain two iucB
homologs, presumably one for the acetyl group and one for the fatty acids.4, 16,31 The genome of

S. woodyi MS32 contains only one iucB homolog, swoB.

3.2. Structure Determination
To isolate siderophores produced by S. woodyi MS32, the bacteria were grown as
described in Materials and Methods. The HPLC trace of the S. woodyi MS32 supernatant extract

contains four peaks (Figure 4), named here woodybactins A-D, which were identified as



potential siderophores using the chrome azurol-S (CAS) assay.30 Electrospray UPLC-MS
analysis showed compounds A-D having molecular ion peaks of m/z 463, 477, 477, and 491,
respectively, while the mass for aerobactin, m/z 565, was not observed.io The mass difference of
14 between 463, 477, and 491 suggests a potential difference of a single CH2 group. All four
compounds have similar fragmentation patterns below m/z 337 (Figure S2), suggesting a major
shared fragment between all of the woodybactins. The mass spectra of the woodybactins all
share some fragments with the ochrobactins and ochrobactins-OH, including m/z 128, 145, and
163, which correspond to Ne-hydroxy-L-lysine.11-12 Another indicative fragment for the
woodybactins is Ne-hydroxy-L-lysine attached to an acyl group, indicated by the m/z 289
fragment in woodybactin A (also observed for ochrobactin B), m/z 303 in woodybactins B and
C, and m/z 317 in woodybactin D (Figure 5, Figures S2-3).11-12 For aerobactin-producing
species, the related Ne-acetyl-Ns-hydroxy-L-lysine fragment is observed (m/z 205),9 which was
not observed in extracts of S. woodyi MS32. These data suggest woodybactins A-D contain fatty
acid chains of mostly varying length, with two having the same mass (Figure 5, Figures S2-3).
NMR of woodybactins A-D established the presence of citrate and hydroxylysine, each
with a different fatty acid appendage (Figure 6). All four siderophores have nearly identical
resonances from C1 through C16 in both 13C- and 1H-NMR spectra (Table 1, Tables S2-S4). A
triplet at 0.89 ppm integrates to 3 protons in the itH-NMR spectra of woodybactins A, C, and D
and couples to only CH2 carbons in the HMBC spectrum, indicating these siderophores all
consist of straight-chain fatty acids. Woodybactin A has a Cs 8:0 fatty acid, woodybactin C has a
Co 9:0 fatty acid, and woodybactin D has a Cio 10:0 fatty acid. The 1H-NMR spectrum of
woodybactin B has a doublet at 0.88 ppm integrating to 6 protons (Table 1), corresponding to

two CH3 groups branched off of a CH, which was further confirmed through HMBC and COSY



(Figures S11-12). Furthermore, although the two branched CH3 resonances overlap, each CH3
group of protons couples with the other methyl 13C via three-bond J coupling, giving an intense
resonance in the HMBC spectrum at the CH3 resonance position. This coupling pattern is
indicative of an iso-fatty acid, and represents the first instance of a siderophore containing a
branched fatty acid. Odd-chain fatty acids, as in woodybactin B have only been reported in a

few other siderophores.1s, 17
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3.3. Phylogenetic analysis of swoA and swoD

The phylogeny of the synthetase genes swoA and swoD was compared to other NIS
synthetases with known functions (Figure 7). The phylogenetic tree shows that swoA groups
within the Type A clade alongside iucA, and swoD groups within the C’ clade with iucC (Figure
7). Given the function of Type A NIS synthetases to condense an amine or alcohol with citric
acid, SwoA is predicted to catalyze the formation of a monosubstituted citryl product. As a
member of the Type C’ clade, SwoD is predicted to catalyze the condensation of an amine
substituent to a monosubstituted citryl or succinyl group to form a disubstituted product.i9

The activity of SwoD in S. woodyi MS32 is not apparent given the lack of a disubstituted
citryl product similar to aerobactin, ochrobactins, and ochrobactins-OH.11-12 No siderophores
containing a disubstituted citryl were found in either the cell pellet (extraction outlined in
Materials and Methods) or supernatant, which suggests that swoD is not operative in the
biosynthesis of the woodybactins. However, unlike the other Type A NIS synthetases, SwoA
appears to be attaching substrates with a range of fatty acid lengths to citric acid, indicating a
relatively loose substrate specificity with respect to the nature of the fatty acids. The
synechobactins contain a range of fatty acid lengths as well, which indicates a wide substrate
specificity of its iuc4 homolog and potentially its two iucB homologs, although the biosynthesis
of the synechobactins has not been extensively investigated.31 The ochrobactins and
ochrobactins-OH also contain a variety of fatty acid lengths, although the genomes of the
bacteria which make them have not been published.11-12 With more bacterial genomes being
sequenced and made available, further investigations into these NIS biosynthetic pathways can

hopefully soon be performed.
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3.4. Fe(I1I) binding

Most siderophores coordinate Fe(I1I) with three bidentate ligands, commonly catechols, a-
hydroxycarboxylic acids, and hydroxamic acids, with 1:1 stoichiometry. Some siderophores
with two bidentate ligands, such as the bis hydroxamate putrebactin, and alcigin, bind Fe(III)
with 1:1 or 2:3 Fe(Ill)-siderophore stoichiometry depending on pH conditions.2s, 39-41
Unfortunately Fe(IIl) titration of woodybactin B was hampered by precipitation. However,
under conditions of ~0.3 Fe(Ill):woodybactin B the UV-visible spectrum of Fe(IlI)-woodybactin
B in 0.1 M phosphate buffer pH 7, shows an absorption maximum at ~420 nm with a shoulder at
~280 nm (Figure S21), indicating coordination by both the hydroxamate and a-
hydroxycarboxylate. Similar absorption maxima are observed for aerobactin.o UV photolysis of
Fe(I1I)-woodybactin B leads to loss of 46 mass units, consistent with the coordination of a-

hydroxy carboxylate to Fe(IlI) (Figure S22).9

4. Conclusions

A suite of four fatty acyl siderophores, woodybactins A-D, have been isolated from
Shewanella woodyi MS32. The woodybactins differ only in their fatty acid appendages, one of
which, woodybactin C, has an uncommon odd-chain 9:0 fatty acid, one of which, woodybactin
B, has a 9:0 iso branched fatty acid. Iso branched fatty acids have not been reported previously
in siderophores.

The woodybactin structures were partially predicted through genome mining of S. woodyi
MS32. The genome contains the biosynthesis genes swoABC and swoD, and the siderophore

transporter swt4. The swoABC and swoD genes are homologous to the biosynthesis genes for
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aerobactin, iucABCD. SwoA is a Type A siderophore synthetase closely related to TucA, whose
function is to append Ne-acetyl-Ne-hydroxy-L-lysine to a citryl group, which gives us
woodybactins A-D. SwoD is a Type C’ siderophore synthetase closely related to TucC, and is
predicted to append a second Ne-acetyl-Ne-hydroxy-L-lysine the monosubstituted citryl product
of SwoA. The absence of a disubstituted citryl siderophore from S. woodyi MS32 indicates swoD

is not functional with swoABC.
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Table 1. NMR data of woodybactin B.

dc, type ou (J in Hz) COSY HMBC

1 172.2,C

2 44.0, CHz 2.68m 1,3,4,5

3 73.6, C

4 175.7,C

5 44.0, CH> 2.68m 2,3,4,6

6 170.2, C
NI 8.14(d, IH,1=17.38) 7 6,7

7 52.5,CH 417 (td, 1H,T=5.1, 8.3) N1, 9 8,9

8 1743, C

9 31.7, CHz 1.60 (m, 1H), 1.71 (m, 1H) 7,10 7,8, 10, 11
10 233, CH: 130 m 9,11 7,9,11, 12
11 26.9, CH> 1.53m 10, 12 9,10, 12
12 47.8, CHz 3.49 (t, 2H, 1= 7.1 Hz) 11 10, 11, 13
N2

13 173.6, C

14 32.6, CHz 2.36 (t, 2H, 1 = 7.6 Hz) 15 13,15, 16
15 25.2, CH: 151 m 14, 16 13, 14, 16, 17
16 30.0, CHz 128 m 15 17, 18

17 27.6, CHz 128 m 18 16, 18, 19
18 39.3, CHz 1.17 (q, 2H, 1= 6.9 Hz) 17, 20/20° 16, 17, 19, 20, 20°
19 28.3,CH 1.54m 17, 18, 20, 20°

20, 20° 23.5, 2CHs 0.88 (d, 6H, J = 6.6 Hz) 18, 19, 20, 20°
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Figure 1. A) Structure of aerobactin. B) Biosynthesis of aerobactin by lTucABCD.4-5, 10

Figure 2. Structure of A) ochrobactins A, B. and C,11 and B) ochrobactins-OH A, B, and C.12
Figure 3. A) Biosynthetic gene clusters of aerobactin and rhizobactin 1021, and predicted gene
clusters of synechobactins (located on pAQ7 plasmid of Synechococcus sp. PCC7002) and
woodybactins. The homologous genes to aerobactin in gene clusters of rhizobactin 1021 and
woodybactin are placed in parentheses below the relevant gene. B) Relative locations of
swoABC, swtA, and swoD in the S. woodyi MS32 genome.

Figure 4. HPLC chromatogram from supernatant of S. woodyi MS32. Sample is monitored at
215 nm.

Figure 5. Mass fragments of woodybactin A indicating a citrate appended by one acyl-
hydroxylysine.

Figure 6. Structures of woodybactins A-D.

Figure 7. Phylogenetic analysis of several common NIS synthetases. AcsA and AcsD -
achromobactin biosynthesis;32 AsbA and AsbB - petrobactin biosynthesis;33 DesD -
desferrioxamine biosynthesis;34 FslA - rhizoferrin biosynthesis;3s IucA and IucC - aerobactin
biosynthesis;s SwoA and SwoD - woodybactin biosynthesis (this work); LbtA - legiobactin
biosynthesis;3s PubC - putrebactin biosynthesis;24 PvsB and PvsD - vibrioferrin biosynthesis;37

RhbC - rhizobactin 1021 biosynthesis;is SbnE and SbnF - staphyloferrin B biosynthesis.3s
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Figure 3
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