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Abstract Siderophores are low molecular weight,

high-affinity iron(III) ligands, produced by bacteria to

solubilize and promote iron uptake under low iron

conditions. Two prominent structural features char-

acterize the majority of the marine siderophores

discovered so far: (1) a predominance of suites of

amphiphilic siderophores composed of an iron(III)-

binding headgroup that is appended by one or two of

a series of fatty acids and (2) a prevalence of

siderophores that contain a-hydroxycarboxylic acid

moieties (e.g., b-hydroxyaspartic acid or citric acid)

which are photoreactive when coordinated to Fe(III).

Variation of the fatty acid chain length affects the

relative amphiphilicity within a suite of siderophores.

Catecholate sulfonation is another structural variation

that would affect the hydrophilicity of a siderophore.

In addition to a review of the marine amphiphilic

siderophores, we report the production of petrobactin

disulfonate by Marinobacter aquaeolei VT8.

Keywords Marine siderophores � Petrobactins �
Bacillibactins � Sulfonated siderophores

Introduction

Siderophores are low molecular weight, high-affinity

iron(III) ligands, produced by bacteria to solubilize

and promote iron uptake under low iron conditions.

While relatively few siderophore structures from

marine bacteria are known compared to those from

terrestrial bacteria, two prominent structural features

characterize the majority of the marine siderophores

discovered so far. One structural characteristic is the

predominance of suites of amphiphilic siderophores

composed of an iron(III)-binding headgroup that is

appended by one or two of a series of fatty acids

(Butler 2005; Martinez et al. 2000, 2003; Ito and

Butler 2005; Martin et al. 2006; Homann et al. 2009)

(Fig. 1). The other structural characteristic is the

prevalence of siderophores that contain a-hydroxy-

carboxylic acid moieties (e.g., b-hydroxyaspartic acid

or citric acid) which are photoreactive when coordi-

nated to Fe(III) (Küpper et al. 2006; Barbeau et al.
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2001–2003; Hickford et al. 2004) (circled portions in

Figs. 1, 2). Within the amphiphilic siderophores, the

amphibactins, aquachelins, loihichelins, and marino-

bactins form a class of peptide amphiphiles, whereas

the ochrobactins and synechobactins are based on a

citrate-containing head group. Many of the marine

siderophores contain both distinctive structural fea-

tures, in that they are both produced as suites of

amphiphiles and the Fe(III) complexes are photore-

active (e.g., aquachelins, marinobactins, loihichelins,

ochrobactins and synechobactins).

These marine siderophores have been isolated

from distinct genera of marine bacteria (e.g., species

of Vibrio, Marinobacter, Halomonas, Ochrobactrum

and the cyanobacterium, Synechococcus PCC7002)

(Martinez et al. 2000, 2003; Ito and Butler 2005;

Martin et al. 2006; Homann et al. 2009). The

production of amphiphilic siderophores across many

genera of marine bacteria, with relatively fewer

examples in terrestrial microbes, suggests that the

structural trait of amphiphilicity is advantageous for

marine microbes. One possibility is that the fatty acid

appendage has evolved as a means to prevent or

lessen siderophore diffusion. Another possibility is

that the fatty acid carbon chain length tunes the

relative degree of hydrophobic or hydrophilic char-

acter within the amphiphilic spectrum. We have

previously investigated the membrane partitioning

of the marinobactins (Xu et al. 2002) and the

amphibactins (Martinez et al. 2003). The partition

coefficients for the suite of marinobactins A-E

(36–5,818 M-1) correlates with the length of the

fatty acid, as well as the extent of unsaturation in the

fatty acid (Xu et al. 2002). For example, marinobactin

E containing hexadecanoic acid (C16:0) partitioned

about an order of magnitude more than Marinobactins

D1 and D2 (with C16:1 x-7 and x-9 fatty acids) or

marinobactin C with tetradecanoic acid (C14:0), a
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Fig. 1 Structures of amphiphilic marine siderophores: Mari-

nobactins and Aquachelins (Martinez et al. 2000), Amphibac-

tins (Martinez et al. 2003), Loihichelins (Homann et al. 2009),

Ohrobactins (Martine et al. 2006), Synechobactins (Ito and

Butler 2005). The circled moieties are the a-hydroxycarboxylic

acids or a a-hydroxycarboxyamide that is photoreactive when

coordinated to Fe(III)
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shorter fatty acid. Likewise, the partitioning of

marinobactin B (C12:1 x-7) and marinobactin A

(C12:0) partition overall about two orders of magni-

tude less than marinobactin E. Thus this suite of

siderophores could create a concentration gradient of

marinobactins emanating out from the bacterium,

which has been proposed as a possible bucket brigade

approach to the transport of Fe(III) (Martinez et al.

2003).

Other types of structural modifications may also

tune the relative hydrophobic or hydrophilic charac-

ter of a siderophore. Aromatic sulfonation would be

particularly effective for catechol-containing sidero-

phores, as well as aromatic glycosylation. Previously

we reported monosulfonated petrobactin as a sider-

ophore produced by Marinobacter hydrocarbonoc-

lasticus (Hickford et al. 2004). We now report herein

isolation of petrobactin disulfonate (petrobactin-

(SO3)2) from Marinobacter aquaeolei strain VT8,

along with petrobactin and petrobactin monosulfo-

nate. M. aquaeolei strain VT8 (Huu et al. 1999) is a

facultative mixotrophic iron oxidizer (K. J. Edwards,

unpublished data), as are other members of this

genera (Antunes et al. 2007). Marinobacter and

related genera occur widely throughout the water

column and in the deep ocean, and are commonly

associated with hydrothermal plumes (Kaye et al.

2004) and marine show (Balzano et al. 2008).

Materials and methods

Siderophore isolation from Marinobacter

aquaeolei

M. aquaeolei VT8 was purchased from the American

Type Culture Collection (ATCC). Strain purity, before

and after siderophore growth experiments was con-

firmed by multiple streaking to isolation on plates,

followed by 16S rDNA sequencing to genotype the

strain. For siderophore isolation, the strain was

cultured in an artificial seawater medium (ASG-Fe)

for approximately 2–4 days on a rotary shaker

(200 rpm) (Martin et al. 2006). The cultures were

harvested by centrifugation at 6,000 rpm for 30 min at

4�C. Amberlite XAD-2 resin (Aldrich) was added to

the cell-free supernatant to adsorb the siderophores,

after which the XAD-2 slurry was washed with

doubly deionized water, and packed in a column; the

siderophores were then eluted with 100% metha-

nol. Siderophore-containing fractions were pooled

and concentrated via rotary vacuum evaporation.

The concentrated solution was further purified by

reversed-phase high-pressure liquid chromatography

(RP-HPLC) using a preparative Vydac C4 column

(250 mm length 9 22 mm diameter). Compounds

were eluted with a linear gradient from 100% solvent
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Fig. 2 Examples of non

amphiphilic marine peptide

and citrate siderophores:

Alterobactins (Reid et al.

1993), Pseudoalterobactins

(Kanoh et al. 2003),

Aerobactin (Haygood et al.

1993), Vibrioferrin (Amin

et al. 2007)
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deionized water (Barnstead Nanopure II)) to 75%

solvent A—25% B (0.05% TFA in acetonitrile) over

25 min. The eluent was monitored at 215 nm and

peaks were collected by hand. Collected fractions were

concentrated under reduced pressure and lyophilized.

To separate petrobactin-(SO3)2 from petrobactin-

SO3, the concentrated sample solution was applied to

a semi-preparative Vydac C18 monomeric column.

Compounds were eluted with a linear gradient

from 100% solvent A (0.05% trifluoroacetic acid in

dd H2O (Barnstead Nanopure II)) to 77% solvent

A—23% B (0.05% trifluoroacetic acid in methanol)

over 23 min. All collected fractions were concen-

trated under reduced pressure and lyophilized.

Mass spectrometry

Electrospray ionization mass spectrometry (ESI-MS)

and tandem mass spectrometry using argon as a

collision gas were carried out on a Micromass

Q-TOF2 (Waters Corp.). The same instrument,

calibrated with peptide standards, was used to

determine the exact mass of these siderophores.

Nuclear-magnetic resonance (NMR) spectroscopy

1H and 13C nuclear magnetic resonance (NMR)

spectra were recorded on a Varian Unity INOVA

500 MHz instrument using either dimethylsulfoxide

(d6-DMSO, 99.9% Cambridge Isotopes, Inc.) or

methanol-D4 (D, 99.8%, Cambridge Isotopes, Inc.)

as the solvent. NMR spectra of petrobactin, and

petrobactin sulfonate, isolated from M. aquaeolei

VT8 were compared to previously published spectra

of these siderophores (Barbeau et al. 2002; Bergeron

et al. 2003; Hickford et al. 2004).

Results

M. aquaeolei VT8 produces three siderophores with the

exact mass values of m/z 879.2758 (M ? H)?, m/z

799.3183 (M ? H)?, and m/z 719.3640 (M ? H)?. The

masses are consistent with the siderophores petrobactin

disulfonate (petrobactin-(SO3)2; C34H50N6O17S2; D
1.3 ppm), which is a new siderophore that has not been

previously reported, petrobactin sulfonate (petrobactin-

SO3; C34H50N6O14S; D 0.6 ppm), and petrobactin;

C34H50N6O11; D 3.4 ppm), respectively.

Two of the petrobactin siderophores, petrobactin

(1) and petrobactin-SO3 (2) were isolated previously

from Marinobacter hydrocarbonoclasticus (Hickford

et al. 2004; Bergeron et al. 2003). Petrobactin and

petrobactin-SO3 isolated here from M. aquaeolei

were established by 1H NMR (Table 1) and tandem

mass spectrometry (see Supplementary Information)

and compared to previously published data (Hickford

et al. 2004); (Bergeron et al. 2003).

The siderophore with the m/z of 879, which is

consistent with disulfonated petrobactin (3), is pro-

duced in very small quantities and was characterized

by tandem mass spectrometry (Fig. 3). The expected

daughter ions for petrobactin-(SO3)2 are m/z 663, m/z

518, m/z 362, and m/z 217). Most of these fragments

are observed for this siderophore. The fragment with

m/z 217 is not observed, probably due to the negative

charge that the sulfonic acid group carries. A loss of

18 mass units is commonly seen in the citrate-

containing fragments, such as m/z 663 and m/z 645, as

well as in petrobactin-(SO3)2 at m/z 879 and m/z 861.

This loss can be attributed to the formation of a five-

membered ring between the carboxylic acid of the

citrate moiety and the adjacent amide (Bergeron et al.

2003). Further experiments are in progress to obtain

more petrobactin-(SO3)2 for further characterization

and determination of the stability constants. Addi-

tionally the time-dependence of mono- and di-sulfo-

nation during the growth of the culture is of interest,

as is the biosynthetic pathway for sulfonation.

Discussion

In summary, M. aquaeolei strain VT8 produces three

siderophores, petrobactin-(SO3)2, petrobactin-SO3,

and petrobactin. To our knowledge, this is the first

report of petrobactin-(SO3)2. The production of

petrobactin and petrobactin-SO3 had previously been

found in another Marinobacter species, M. hydro-

carbonoclasticus (Barbeau et al. 2002; Hickford et al.

2004). Petrobactin production along with bacillibac-

tin has been reported for Bacillus anthracis str. Stern

(Koppisch et al. 2005). In the case of Bacillus

anthracis, neither petrobactin-SO3, petrobactin-(SO3)2

nor glycosylated bacillibactin have been reported.

The biosynthetic genes of petrobactin are well

described (Wilson et al. 2006; Abergel et al. 2006),

and the predicted genes for petrobactin synthesis
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Table 1 1H- and 13C-NMR chemical shifts for petrobactin-SO3 and petrobactin from M. aquaeolei VT8 in d6-DMSO
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Position Petrobactin-SO3

(this work) dH (J(Hz))

Petrobactin-SO3 (Hickford

et al. 2004) dH (J(Hz))

Petrobactin (this work)

dH (J(Hz))

Petrobactin (Bergeron et al. 2003)

dH (J(Hz))

1 na na na na

10 na na (1 = 10) (1 = 10)

2 7.26 d (2.0) 7.27 d (2.0) 7.27d (2.0) 7.28 d (2.1)

20 na na (2 = 20) (2 = 20)

3 na na na na

30 na na (3 = 30) (3 = 30)

4 na na na na

40 na na (4 = 40) (4 = 40)

5 6.76 d (8.5) 6.76 d (8.5) 6.76 d (8.0) 6.76 d (8.3)

50 6.76 d (8.5) 6.76 d (8.5) (5 = 50) (5 = 50)

6 7.17 dd (2.0, 8.0) 7.18 dd (2.0, 8.5) 7.18 dd (2.0, 8.0) 7.18

60 6.71 d (8.0) 6.72 d (8.5) (6 = 60) (6 = 60)

7 na na na na

70 na na (7 = 70) (7 = 70)

8, 80 3.27 3.27 3.28 3.28

9 1.79 1.80 1.80 1.80

90 1.79 1.80 (9 = 90) (9 = 90)

10 2.89 2.89 2.89 2.90

100 3.12 3.12 (10 = 100) (10 = 100)

11, 110 2.89 2.89 2.89 2.90

12, 120 1.56 1.56 1.42 1.42

13, 130 1.43 1.43 1.55 1.55

14, 140 3.03 3.04 3.04 3.04

15, 150 na na na na

16, 160 2.50

2.57 dd (4.5, 15)

2.50 d (15)

2.58 dd (4, 15)

2.50/ 2.59

d (15)

2.50/ 2.59

d (14.3)

17 na na na na

18 na na na na

N1 8.30 t (6) 8.31 t (6) 8.31 t (6.0) 8.30 t (5.7)

N10 8.18 t (6) 8.19 t (6) (N1 = N10) (N1 = N10)

N2 8.21 8.27 8.37 8.37

N20 8.19 8.23 (N2 = N20) (N2 = N20)
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in the marinobacter genome are present. Further

genetic and biochemical investigations are in pro-

gress to investigate whether Marinobacter aquaeolei

is making other siderophores in addition to the suite

of petrobactins, as well as the biosynthetic pathway

for sulfonation.

The sulfonate functionality in an aromatic ring is

rarely found in microbial natural products. In most

cases O-sulfonation of the oxygenated benzene ring is

observed (Strott 2002). Aromatic C-sulfonation in

natural products has previously been reported in the

dihydropyroverdins produced by Pseudomonas sp.

267 (Budzikiewicz et al. 1998), pseudoalterobactin A

and B produced by Pseudoalteromonas sp. KP20-4

(Kanoh et al. 2003), aeruginosin B produced by

Pseudomonas aeruginosa (Herbert and Holliman

1969); (Bentley and Holliman 1970), as well as

petrobactin sulfonate produced by M. hydrocarbo-

noclasticus (Hickford et al. 2004). Except for aeru-

ginosin B, the sulfonate group in the natural products

mentioned above, is found adjacent to a hydroxyl

group. By analogy to the first step in the Bucherer

reaction, Budzikiewicz has postulated the formation

of these products via attack of hydrogen sulfite on the

aromatic ring (Budzikiewicz 2006). However, to our

knowledge, bacterial enzymes that catalyze C-sulfo-

nation have not been reported. Sulfonation of the

aromatic ring would increase the water solubility of

aromatic compounds. Sulfonation might also lead to

stabilization of the catechol ring against oxidation,

and affect the Fe(III) stability constant.
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