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Abstract The siderophore produced by Rho-

dococcus rhodochrous strain OFS, rhodobactin,

was isolated from iron-deficient cultures and

purified by a combination of XAD-7 absorptive/

partition resin column and semi-preparative

HPLC. The siderophore structure was charac-

terized using 1D and 2D 1H, 13C and 15N NMR

techniques (DQFCOSY, TOCSY, NOESY,

HSQC and LR-HSQC) and was confirmed

using ESI-MS and MS/MS experiments. The

structural characterization revealed that the

siderophore, rhodobactin, is a mixed ligand

hexadentate siderophore with two catecholate

and one hydroxamate moieties for iron chela-

tion. We further investigated the effects of Fe

concentrations on siderophore production and

found that Fe limiting conditions (Fe concen-

trations from 0.1 lM to 2.0 lM) facilitated

siderophore excretion. Our interests lie in the

role that siderophores may have in binding

metals at mixed contamination sites (containing

metals/radionuclides and organics). Given the

broad metabolic capacity of this microbe and its

Fe scavenging ability, R. rhodochrous OFS may

have a competitive advantage over other organ-

isms employed in bioremediation.
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Introduction

Iron (Fe) is a biologically important nutrient

essential for the growth of almost all living organ-

isms. Although Fe is the fourth most abundant

element on Earth, its bioavailability is limited

severely due to the stability and low solubility of its

oxides under aqueous aerobic conditions at bio-

logical pH (Crichton 2001; Schwertmann 1991). In

fact, the concentration of total dissolved Fe

(Fe(aq)
3+ + Fe(OH)(aq)

2+ + Fe(OH)2 (aq)
+ ), at pH 7.4

and in the absence of chelators, is £10–10 M

(Boukhalfa and Crumbliss 2002; Chipperfield and

Ratledge 2000), which is nearly 4 orders of mag-

nitude less than is generally required for bacterial

growth (Guerinot 1994; Neilands 1995). In re-

sponse, microorganisms secrete low molecular

weight organic chelators called siderophores,

which aid in the acquisition and transmembrane

transport of Fe by the microbial cell (Albrecht-

Gary and Crumbliss 1998; Boukhalfa and Crum-

bliss 2002; Raymond and Telford 1995). In general,

siderophores are classified based on their metal-

chelating functionalities, either hydroxamates or

catecholates; however, more recently siderophores

with new and unusual functional groups, including

a-hydroxy carboxylic acid (Albrecht-Gary and

Crumbliss 1998; Boukhalfa et al. 2006; Stintzi and

Raymond 2002; Winkelmann 1991) and b-hydrox-

yhistidine, (Dhungana et al. 2003; Dong and Miller

2002; Hancock et al. 1993; Sharman et al. 1995)

have been identified to participate in the coordi-

nation of iron.

The catecholate class of siderophores generally

consists of 2,3-dihydroxybenzoic acid (DHB) moi-

eties for Fe coordination. An exception is petrob-

actin, which has a unique 3,4-dihydroxybenzoic

acid moiety (Barbeau et al. 2002; Koppisch et al.

2005). For catecholate siderophores the DHB

moieties often are conjugated to amino acids

(Barghouthi et al. 1989; Winkelmann 1991), dia-

mine units such as norspermidine (Yamamoto

et al. 1993), or diaminobutane (Page and

Vontigerstrom 1988). These siderophores range

in complexity from a single 2,3-DHB molecule

(Feistner and Beaman 1987; Lopezgoni et al. 1992)

to compounds such as vibriobactin, which consists

of a norspermidine backbone, three catechol moi-

eties, and two oxazoline rings (Griffiths et al. 1984).

Siderophores form very stable complexes with

Fe3+ ions and show high specificity for Fe3+ over

other environmentally prevalent metal ions

(Crumbliss 1991; Dhungana and Crumbliss

2005); however, siderophores are very capable

of binding other metals ions such as Ga3+, Al3+,

Cr3+, Pu4+, and U+6 (Bouby et al. 1998; Evers

et al. 1989; Gadd 1996; Neu et al. 2000). Sidero-

phore–metal interactions may decrease metal

mobility through microbial bioaccumulation or

conversely, may enhance transport of metals via

formation of bacterial colloids or soluble sidero-

phore–metal complexes. Additionally, oxidation/

reduction reactions, which can be mediated

exclusively by the siderophore, or by the sidero-

phore interaction at the cell surface or within the

cell, may alter the metal oxidation state and the

biogeochemistry of Fe (Dhungana and Crumbliss

2005). Thus, the effects of bacterial siderophores

on metal mobility in the environment, particularly

in the presence of organic contaminants, need to

be further addressed.

Siderophore production by rhodococci, while

noted, has been largely ignored with respect to

structural and biochemical characterization. Het-

erobactins, a series of tetradentate mixed ligand

siderophores produced by Rhodococcus erythrop-

olis are the only siderophore characterized for

rhodococci (Carrano et al. 2001). Rhodococci are

known for their metabolic capabilities, particu-

larly for their transformation of halogenated and

aromatic pollutants (Warhurst and Fewson 1994).

In particular, Rhodococcus rhodochrous has a

broad degradative capacity. This organism can

transform, and in some cases, use as a sole source of

carbon and energy, toluene, anilines, and phenols

(Fuchs et al. 1991; Karlson et al. 1993; Vanderberg

et al. 2000). Rhodococcus spp. posses a number of

additional traits that make them exceptionally well

suited for bioremediation. For example, unlike

Pseudomonas spp. and other Gram negative bac-

teria, Rhodococci do not exhibit catabolite repres-

sion (Warhurst and Fewson 1994). Also, many

Rhodococcus spp. produce emulsifiers and floccu-

lents that can aid in biodegradation of hydrocar-

bons and otherwise refractory organic pollutants

(Finnerty 1992). These characteristics suggest

that Rhodococcus spp. have the potential to be

used broadly for bioremediation. As with all
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microorganisms, in such an application its ability to

thrive will depend on its ability to acquire iron. To

better understand siderophore meditated iron

transport, and to study the potential effect of

siderophores on co-existing contaminant metals/

radionuclides, we have purified and completely

characterized a new siderophore produced by R.

rhodochrous strain OFS. It is only fitting to call this

newly characterized siderophore rhodobactin be-

cause it is produced by Rhodococcus rhodochrous

and it contains two catecholate moieties for iron

chelation.

Materials and methods

Bacterial strain and culture conditions

Rhodococcus rhodochrous strain OFS (ATCC

29672) was grown in iron-deficient minimal salts

medium with 1.0% (v/v) hexadecane as sole

source of carbon and energy. The medium was

made from a 10· stock solution containing 2.0 g

(NH4)2SO4, 16.0 g NH4Cl, 27.2 g KH2PO4, and

56.6 g Na2HPO4�7H2O per liter (pH 6.8). The

stock solution was passed through a chelex 100

resin (Sigma) column to remove all residual

metals. Trace metals were added from a stock

solutions: a 1000· fold stock of 97.7 g MgSO4 per

liter, and a 1000· trace element solution (70 mg

CuSO4, 35 mg MnSO4�H2O, 23.7 mg ZnCl2,

1000 mg CaCl2, 18 mg CoCl2, 7 mg H3BO3, and

60 mg (NH4)6Mo7O24�4H2O per liter), and FeS-

O4�7H2Oto give a final Fe medium concentration

of 1.0 lM. 15N-labeled siderophore was generated

by the replacement 14NH4Cl with 15NH4Cl in the

10· stock. To prepare the growth medium, stocks

were diluted to 1· with deionized water (Milli-Q

unit, Millipore Corp., Bedford, MA, water col-

lected for use at 18 MW). Filter sterilized FeSO4

solution and hexadecane were added to the media

after autoclaving. All glassware (polycarbonate)

was acid washed with concentrated nitric acid for

a minimum of 1 h and rinsed repeatedly with

deionized water.

AM-1 agar plates containing 10.0 lM Fe (as

FeSO4 solution) were streaked from a frozen

culture of OFS. Then, 50 ll hexadecane was

placed in the lid and the lid then placed on the

streak plate. Following incubation, liquid cul-

tures were inoculated with cells from these

plates, grown to late log phase, and used as

inoculum (2.0% of the growth medium volume).

All iron-sensitive transfers were conducted using

pyrogen-free/trace metal certified pipette tips

(Fisher). Siderophore production was carried

out by growing 2 l batch culture in 4 l acid

washed conical flasks, at 30�C, in the dark, under

constant shaking at 160 rpm for approximately

4 days.

Siderophore isolation and purification

Rhodobactin was isolated from the 4-day-old

culture. Cells were removed from suspension by

centrifugation at 10,000 rpm for 30 min at 4�C

followed by filtration using polycarbonate 0.20-

lm-pore-size filters. The crude culture extracts

were concentrated by rotary evaporation and

adjusted to pH 5 by the addition of 1% TFA.

Rhodobactin was initially purified from the cell-

free concentrated supernatant by preparative

chromatography. The concentrated supernatant

was passed through a chromatography column

containing XAD-7 absorptive/partition resin (Sig-

ma). The retained rhodobactin fraction was

washed with 5 bed volumes of deionized water

and sequentially eluted with an increasing per-

centage of methanol. Initially, the column was

eluted with 10% methanol (1% TFA) until a steady

baseline was obtained. Rhodobactin containing

fractions were eluted off the column when the

mobile phase contained 25% methanol (1% TFA).

A UV absorption recorder set at 230 nm was used

to record the chromatogram obtained during the

elution. Siderophore-rich fractions were identified

by UV–vis spectrophotometry, Arnow assay (Ar-

now 1937) and Chrome-azurol S assay (Schwyn

and Neilands 1987). Crude siderophore was con-

centrated to dryness by rotary evaporation, sus-

pended with a minimal amount of deionized water,

and dried by lyophilization. Baseline separation of

the rhodobactin from other remaining material by

semi-preparative HPLC was achieved. The dried,

semi-purified rhodobactin was a hygroscopic yel-

lowish-white compound.
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Semi-preparative HPLC

Rhodobactin was purified further using a Millipore

Waters HPLC equipped with C4 semi-preparative

column and diode array detector set at 255 nm.

An elution gradient of 99.9% water/0.1%

trifluoroacetic acid (TFA) to 99.9% acetonitrile/

0.1% TFA over 200 min was utilized. The peak

corresponding to the siderophore was collected

and dehydrated via lyophilization. Structural

similarity between batches was confirmed by

nuclear magnetic resonance spectroscopy (NMR)

and electrospray ionization-mass spectrometry

(ESI-MS).

Mass spectrometry

Mass spectrometric analyses was carried out using

Q-Star quadrupole TOF mass spectrometer in

positive ion mode (Applied Biosystems). All MS

and CID MS/MS analyses were carried out using

a NanoES Spray Capillaries (Protana Engineer-

ing A/S) mounted on the nanospray source

(Proxeon, Denmark). The electrospray voltage

was set at 1.8 kV. Rhodobactin sample used to

inject into the ESI-MS was prepared in 30%

Acetonitrile and 1% TFA.

NMR spectroscopy

All NMR spectra were collected at 298 K on a

Bruker AVANCE 500 MHz instrument equipped

with a triple resonance probe and triple axis

gradients. All spectra were recorded using a
15N-labeled sample of the siderophore dissolved

in DMSO-d6 and the solvent signal was used as

internal reference for all 1H and 13C spectra; 15N

spectra were referenced to liquid ammonia

(0.00 ppm) through the lock frequency. All spec-

tra were processed and analyzed using

XWINNMR software. The experimental details

of the 1D and 2D NMR analysis are included in

the supplementary materials and in our previous

publication (Boukhalfa et al. 2006).

Siderophore hydrolysis

Purified rhodobactin was hydrolyzed to identify

the position of the hydroxy groups on the catechol

moieties. Pure rhodobactin was suspended in 6 N

HCl, and refluxed at 100�C for 24 h. Rhodobactin

hydrosylate was evaporated to dryness and sus-

pended in triply distilled water. The catechol

component of the siderophore was extracted at

pH 2 with ethyl acetate and analyzed by 1H-NMR

and TLC using authentic 2,3-dihydroxybenzoic

acid as a standard, using previously reported TLC

conditions (Garner et al. 2004).

Siderophore assay and quantification

Catecholate siderophore levels were quantified

using the Arnow assay (0.5 N HCl, 10 mg each

of sodium nitrite and sodium molybdate in

100 ml water, and 1.0 M NaOH) (Arnow 1937).

Catecholate positive material turned red (assay

at 510 nm, see below). Samples were compared

to a standard curve produced with purified

siderophore to determine the concentration in

solution.

Absorption spectroscopy

Optical absorption spectral analyses of the rho-

dobactin and Fe(III)-rhodobactin complexes

were conducted using a Hewlett Packard 8453

spectrophotometer over a wavelength range of

210–500 nm. The Arnow colorimetric assay to

detect catechol units within the siderophore

structure uses the monitoring wavelength of

510 nm. The ligand:metal ratio for the sidero-

phore binding Fe3+ was determined by acidifying

purified rhodobactin solution to pH 3.8 and

titrating the resulting solution with Fe(III) chlo-

ride. The adsorption band at 315 nm, correspond-

ing to the catechol p–p* transition, was monitored

spectrophotometrically.

Metal binding

Stock solutions of Fe(III) chloride, plutonium

(Pu)(IV) chloride, and uranium (U)(VI) nitrate

were prepared for metal binding studies using

optical absorbance and mass spectroscopies. A

FeCl3 stock solution was prepared by dissolving

FeCl3 in 0.1 M HCl and the final concentration of

Fe was determined by using a graphite furnace

atomic absorption spectrometry (GFAA). A
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239Pu stock solution was prepared and purified as

previously described (Bond et al. 2000) and the

solution purification used anion exchange chro-

matography. The stock solution was assayed by

UV/vis spectroscopy to verify the Pu(IV) oxida-

tion state purity and to determine the plutonium

concentration. UV/vis/near-IR absorbance spec-

tra for the Pu(IV) solution assay were obtained

on a Cary 500 (Varian) spectrophotometer.

Fe uptake

A loopful of OFS was transferred from a plate to

200 ml of Fe-deficient medium in a 1 l shaker flask.

Hexadecane (100 ll) was added as a carbon and

energy source, and the culture was incubated with

shaking for 24 h at 30�C. Cells were harvested by

centrifugation and washed twice with 10.0 ml fresh

Fe-deficient medium. Cells were re-suspended in

fresh medium for uptake experiments. The dry-

weight concentration of the cells was determined

by drying a known volume of cell-suspension and

subtracting the weight contribution of salts from

uninoculated culture medium.

Fe(III)-complexes used in the uptake experi-

ments were made by adding a known amount of

Fe to an aqueous solution with a 5-fold excess of

chelator. The unlabeled Fe stock solution was

spiked with a small amount of the radioactive
55Fe for quantification by liquid scintillation

counting. Regular Fe was purchased as iron

chloride, 1,000 ppm, in 2% HCl from Spex

Certiprep, Inc. and 55Fe was purchased as iron

chloride in 0.5 M HCl from NEN Life Sciences

Products, Inc.

Aliquots of washed cell suspensions (20 ml)

were added to acid-washed 150 ml culture flasks

at 22�C. Uptake was initiated by the addition of

2 lM Fe complexed with the purified rhodobac-

tin, other siderophore (Rhodoturulic acid, fer-

rioxamine B) or small chelator (NTA, EDTA,

Tiron) to the 20 ml cell suspensions. At selected

time intervals, 1 ml aliquots were removed and

the cells separated from the medium by filtration

through 0.2 lm membranes (Poretics 25 mm

PFTE membranes) using a Millipore 1225 Sam-

pling Vacuum Manifold. The filters containing the

cells were washed twice with 3 ml of a 5 mM

EDTA, 333 mM NaCl solution.

Filters were removed from the filter mem-

branes and added to scintillation cocktail (10 ml

of Ultima Gold XR with. 2 ml water). 55Fe

concentrations were determined using a Wallac

Guardian 1414 Liquid Scintillation Counter. To

determine the correlation between counts per

minute from the liquid scintillation counter and

Fe concentration, 50 ll of the Fe-chelator

solution before addition to the cell suspension,

with a known concentration of Fe (including the

spike of 55Fe), was added to the cocktail and

counted. Fe concentration on the filter was

compared to the dry weight of OFS in 1 ml of

medium. This yielded a value for uptake in pmol

Fe per mg dry weight bacteria.

Results and discussion

Siderophore structure

The molecular mass of the siderophore produced

by R. rhodochrous, rhodobactin, was obtained by

ESI-MS analysis of the crude extracts and the

purified siderophore obtained from cultures

grown under iron-deficient conditions. The mass

spectrum shows a molecular ion peak at m/z = 830

for the unlabeled siderophore and m/z = 840 for
15N labeled siderophore. This suggested the pres-

ence of 10 nitrogen atoms in the molecule. The

primary structure was determined using 1D and

2D 1H, 13C, and 15N NMR studies and was

confirmed by mass spectrometry fragmentation

of rhodobactin obtained by ESI-MS CID analysis.

NMR analysis

1H (Fig. 1), 13C and 15N (Fig. 2) NMR spectra of

the 15N-labeled rhodobactin were recorded to

elucidate the primary structure of the compound.
15N experiments confirmed the presence of 10

nitrogen atoms, four of which yield two strongly

overlapped resonances and were deduced from

integration of spectra. 15N-DEPT experiments

indicated that one of the nitrogen atoms

(171.70 ppm) is tertiary (has no attached pro-

tons). The amide and amino protons of the

siderophore were identified in the 1H–15N HSQC

experiments and used as starting points for

assignments. The amino acid side chains were
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subsequently assigned, beginning with NH pro-

tons, using a combination of 1H–1H DQF-COSY,

NOESY and TOCSY spectra as well as 1H–13C

and 1H–15N heteronuclear HSQC and LR-HSQC

spectra.

The NOESY and TOCSY cross-peaks from

aNH protons unambiguously yield positions of

Ha and Hb protons for each residue. Similarly,

cross-peaks from eNH protons in TOCSY and

NOESY spectra identify the Hd proton resonance

Fig. 1 15N-decoupled 1H
spectrum of 15N-labeled
RRS siderophore in
DMSO-d6. Residual
solvent and water
resonances are marked
with #; peaks marked with
asterisks (*) originate
from impurities in the
sample

Fig. 2 1H-decoupled 15N
spectrum of RRS
siderophore in DMSO-d6.
Inset shows the detail of
the amide nitrogen region
between 113 ppm and
122 ppm
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positions. In the 1H–13C LR-HSQC spectra

(Fig. 3) cross-peaks from aNH and eNH protons

yield connectivities to Ca, Cb and Cd carbons.

These assignments are confirmed by direct
1H–13C correlations in HSQC spectra. The Hc
and Cc resonances were identified by cross-peaks

Fig. 3 1H–13C long-range
HSQC spectrum of the
RRS siderophore showing
multiple-bond C–H
correlations, including
correlations to carbonyl
carbons. The direct one-
bond correlations were
not suppressed in the
experiment

Fig. 4 1H–15N long-range
HSQC spectrum of the
RRS siderophore showing
multiple-bond N–H
correlations. The direct
one-bond correlations
were not suppressed in
the experiment. The
cross-peak marked with #
corresponds to the
nitrogen resonance at
171.7 ppm and is folded
twice in the 15N
dimension
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from Ha and Hd protons in TOCSY and

LR-HSQC spectra.

The tertiary nitrogen resonating at 171.70 ppm

was assigned to the terminal AcOH-ornithine

residue based on the two-bond correlation to the

Hd protons present in 1H–15N LR-HSQC spec-

trum (Fig. 4). The amino groups of the N-amido-

ornithine residues yield very broad envelope in

the proton spectrum and a broad resonance

(overlapped) in the nitrogen spectrum. In the
1H–15N HSQC spectrum these nitrogens, at 84.15

and 83.99 ppm, exhibit weak correlations to

protons at 7.45 and 6.95 ppm. The correlations

are weak due to the magnetization losses during

INEPT transfer of the HSQC experiment caused

by large resonance line widths. The nitrogen

resonances can be assigned to the amido NH2

groups based on their three-bond correlation to

the eNH protons in the 1H–15N LR-HSQC

spectrum. Unfortunately, the amino nitrogens

and protons do not exhibit any other cross-peaks

and due to chemical shift degeneracy of eNH

protons and nitrogens assignment of individual

amino groups to either residue 3 or 4 was not

possible. The eNH protons also exhibit a two-

bond correlation to the carbonyl group in the side

chain in the 1H–13C LR-HSQC spectrum and a

cross-peak in the HNCO spectrum (Fig. 5), thus

finalizing the assignments.

Two groups of proton and proton-bearing

carbon resonances of the two catechols were

easily identified in DQF-COSY, TOCSY and
1H–13C HSQC spectra. The remaining carbon

resonances of the catechols, together with one

hydroxyl proton resonance for each catechol,

were identified from two- and three-bond cou-

plings present in LR-HSQC. The other hydroxyl

proton could not be identified in the spectra and

is likely exchanging very fast with residual water

in the sample and therefore resonates at the same

frequency as water (strong resonance at

~3.3 ppm). The large downfield shift of the

observed hydroxyl proton resonances (12.77 and

11.78 ppm) indicates that they are probably

involved in hydrogen bonding, which slows down

their exchange with solvent and also reduces the

electron density around the protons thus shifting

them downfield. Similarly, the carbonyl carbon

Fig. 5 M2D HNCO
spectrum of the RRS
siderophore showing
through-bond correlations
of amide protons to
carbonyl carbons in the
preceding residue
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resonances of the catechol group were assigned

from their long-range cross-peaks to H5 protons

in LR-HSQC spectra.

Peptide chain sequence

Sequential assignments of the rhodobactin pep-

tide chain were obtained from the combination of
1H–1H NOESY spectra, 1H–13C LR-HSQC and

HNCO experiments. In the NOESY spectra, the

cross-peak between H5 of the catechol A and the

eNH resonance of ornithine 1 indicates that

ornithine is bound directly to the catechol

through its side chain nitrogen. Similarly, the

NOESY cross-peak between H5 of the catechol B

and the aNH resonance of ornithine 1 indicates

that ornithine is bound directly to the catechol

through its main chain nitrogen. These linkages

are also confirmed by NH–CO cross-peaks, in the

HNCO and 1H–13C LR-HSQC spectra, to previ-

ously identified catechol CO resonances. The

presence of NHi fi Hai and NHi fi Hai–1 cross-

peaks was initially used to establish the connec-

tivities between the neighboring residues. The

connectivities were confirmed by the presence of

NHi fi COi–1 cross-peaks in the HNCO experi-

ment, and the presence of NHi fi COi–1 and

Hai fi COi cross-peaks in the LR-HSQC spectra.

The final assignments of 1H, 13C and 15N

resonances of rhodobactin are given in Tables 1–

3. All chemical shifts fall in the range observed for

similar groups in peptides and other siderophores.

All 1D and 2D 1H, 13C and 15N spectra not shown

as figures in the manuscript are provided as

supplementary material (Figs. S1–S5).

MS analysis

The amino acid sequence of rhodobactin obtained

from NMR data is consistent with the fragment

ions obtained by mass spectrometric analysis of

both unlabeled and 15N-labeled molecule

(Table 4). The mass spectrum obtained by ESI-

MS and ESI-MS/CID experiments showed a

Table 1 1H chemical shifts

Ha Hb Hc Hd NHa NHe NH2

Ornithine 1 4.604 1.784 1.623
1.580

3.312 8.784 8.804

N-amidoornithine 2 4.338 1.710
1.550

1.485 3.090 8.338 7.650 7.42/6.95a

N-amidoornithine 3 4.260 1.726
1.556

1.542 3.085 8.070 7.630 7.42/6.95a

AcOH-ornithine 4.322 1.840
1.610

1.867 3.469 8.113

H3 H4 H5 OH 1 OH 2
Catechol A 6.902 6.666 7.269 12.77 ND
Catechol B 6.940 6.703 7.407 11.78 ND

a Due to the overlap of 15N resonances of amino groups, 13C resonances of Cf and 1H NHe resonances, residue specific
assignments of amino groups could not be made

ND—not determined; OH resonances were not located in the spectra and most likely appear at the frequency of residual
water in the solvent due to fast exchange; no cross-peaks were observed for these resonances

Table 2 13C chemical shifts

Ca Cb Cc Cd CO a CO f

Ornithine 1 52.68 29.57 25.59 38.54 171.48
N-amidoornithine 2 52.01 29.33 24.89 40.44 170.97 156.77
N-amidoornithine 3 52.22 29.13 24.70 40.40 170.83 156.79
AcOH-ornithine 49.46 27.35 20.27 51.29 164.90

C1 C2 C3 C4 C5 C6 CO
Catechol A 149.65 146.22 118.49 117.89 117.10 114.97 169.75
Catechol B 148.33 146.05 118.76 118.20 118.38 116.00 168.48
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molecular ion peak at m/z = 830.37 for the

unlabeled rhodobactin and m/z = 840.25 for 15N

labeled rhodobactin, which is assigned to the

parent molecule. The fragment peak observed at

m/z = 693 and 557 are assigned to the cleavage of

two catecholate groups (CatA and CatB) from

the peptide chain. This is followed by a peak at m/

z = 443, which results from the cleavage of amino

acid ornithine (Orn1) responsible for holding the

two catecholate groups together. The fragment

peaks observed at m/z = 287 and 129 correspond

to the cleavage of two N-amidoornithine (Nam-

idoOrn2 and NamidoOrn3) groups and the peak

corresponding to m/z = 129 is the AcOH-orni-

thine (AcOHOrn) fragment. The amino acid

fragmentation pattern from the N-terminal frag-

ments complemented the C-terminal fragmenta-

tion, this fragmentation data is summarized in

Table 4. The ESI-MS CID data for the 15N-

labeled rhodobactin are also summarized in

Table 4 and equivalent peaks in the 15N-labeled

rhodobactin are shifted to a higher mass depend-

ing upon the nitrogen content of the fragments.

The distribution of the nitrogen atoms in the all

the fragments is consistent with the NMR data.

All ESI-MS spectra are provided as supplemen-

tary material (Figs. S7–S10).

Siderophore hydrolysis

The free catecholate groups resulting from the

hydrolysis of purified rhodobactin were extracted

with ethyl acetate at pH 2. The catechol compo-

nent of rhodobactin had an Rf value and fluores-

cence on silica TLC identical to authentic

2,3-dihydroxybenzoic acid at both neutral pH

and after ethyl acetate extraction at pH 2. 1H

NMR spectra of the aromatic region of the intact

and hydrolyzed siderophore is identical to the 1H

NMR spectra of the aromatic region of the

pure 2,3-dihydroxybenzoic acid (Supplementary

Material Fig. S6). This confirmed the presence of

2,3-dihydroxybenzoic acid in rhodobactin.

The rhodobactin structure based on the

NMR, ESI-MS and the acid hydrolysis data is

shown in Fig. 6. Rhodobactin is a mixed ligand

siderophore that consists of 1 hydroxamate and

2 catecholate groups for Fe(III) chelation. As

this siderophore is produced by Rhodococcus

rhodochrous strain OFS and it contains catech-

olate moieties for Fe(III) binding, it is only

fitting to call this siderophore rhodobactin. The

structure of rhodobactin is very similar to the

structures of other mixed ligand siderophores

produced by Rhodococcus erythropolis (Carrano

et al. 2001).

Table 3 15N chemical shifts

Na Ne NH2 N–OH

Ornithine 1 118.54 114.83
N-amidoornithine 2 118.03 84.83 74.15/73.99a

N-amidoornithine 3 118.14 84.48 74.15/73.99a

AcOH-ornithine 118.89 171.70

aDue to the overlap of 15N resonances of amino groups,
13C resonances of Cf and 1H NHe resonances, residue
specific assignments of amino groups could not be made

Table 4 List of m/z for fragments of R. rhodochrous siderophore obtained by ESI-MS CID fragmentation and their
assignments

Unlabeled (14N)
rhodobactin m/z

15N-labeled
rhodobactin m/z

C vs. N Number of N
in the fragment

Assignment of C and N-terminal fragments

137.01 137.01 B1 0 CatA-
387.13 389.06 B3 2 CatA-CatB-Orn-
543.22 548.24 B4 5 CatA-CatB-Orn-NamidoOrn1-
701.34
(350.67)a

709.21
(354.14)a

B5 8 CatA-CatB-Orn-NamidoOrn1-NamidoOrn2-

129.13 131.07 Y1 2 -AcOHOrn
287.20 292.13 Y2 5 -NamidoOrn2-AcOHOrn
443.29 451.20 Y3 8 -NamidoOrn1-NamidoOrn2-AcOHOrn
557.36 567.26 Y4 10 -Orn-NamidoOrn1-NamidoOrn2-AcOHOrn
693.37 703.26 Y5 10 -CatB-Orn-NamidoOrn1-NamidoOrn2-AcOHOrn
830.37 840.25 10 CatA-CatB-Orn-NamidoOrn1-NamidoOrn2-AcOHOrn

a Doubly charged peaks
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Effect of Fe on siderophore production

Siderophore production by Rhodococcus species

has been noted in the literature, but no purifica-

tion or characterization of the Fe-binding systems

had been undertaken until this study. As common

to most bacterial siderophore systems, rhodobac-

tin accumulated in solution almost simultaneously

with cell growth (Fig. 7) (Chambers et al. 1996;

Jadhav and Desai 1992). The concentration in

solution decreased slightly at stationary phase

(Fig. 7). The Fe concentration in the medium

influenced the amount of Arnow positive material

(Fig. 8) and cell mass-produced. Cultures utilizing

chelexed AM-1 salts medium with no Fe present

beyond the trace amounts in the medium, on the

glassware, and in bacterial cell reserves yielded

minimal cell growth and no detectable siderophore

levels, demonstrating Fe starvation. R. rhodoch-

rous cultures grown in non-chelexed medium with

0 lM added Fe produced siderophore at levels

comparable to those grown in chelexed media with

110 lM added Fe, indicating the importance of

chelex treatment of all media to remove any trace

Fe when attempting to accurately determine the

effects of Fe concentration on siderophore pro-

duction. Siderophore production increased at Fe

concentrations of 0.5 lM and reached a maximum

concentration of 190 lM at 1.0 lM Fe. Dry weight

cell mass of R. rhodochrous produced at Fe

concentrations of 0, 0.1, 0.5, and 1.0 lM averaged

0.28, 0.67, 1.29, and 2.08 mg ml–1, respectively.

Cultures containing 2.0 lM Fe yielded an average

of 100 lM Arnow-positive material. Production

was repressed at Fe concentrations above 3.0 lM

(Fig. 8).

Fe concentrations that yield maximum sidero-

phore production (lower concentrations of Fe) or
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that repress siderophore synthesis (higher concen-

trations of Fe) vary between bacterial strains and

experimental techniques utilized, but siderophore

production by R. rhodochrous followed a general

trend. For example, Fe levels above 1.0 lM were

found to repress siderophore production in Staph-

ylococcus aureus (Heinrichs et al. 1999) and a

Rhizobium strain isolated by Jadhav and Desai

(1992) demonstrated maximum siderophore

production at 1.0 lM with concentrations decreas-

ing as levels approached 10.0 lM.

Siderophore was detected in supernatants of

R. rhodochrous cultures containing 0.5 lM Fe

before accumulation in 1.0 and 2.0 lM Fe cul-

tures (Fig. 8). This lag in siderophore detection

may be due to a regulatory response to the

depletion of Fe in the medium, but was not

investigated further.

Metal-binding

The p–p* transition for catechols typically occurs

at ~315 nm. This band was used to determine

metal to ligand binding ratio for the purified

rhodobactin. The experiments were conducted by

addition of the metal to the ligand while main-

taining a pH of 3.8. Titrating in (individually)

Pu(IV) chloride, Fe(III) chloride, and U(VI)

nitrate solutions resulted in a shift of the charge

transfer band until a ratio of 1:1 was reached and

no further change at greater ratios. Back titration

with the disodium salt of EDTA, pH 3.8, showed

Fig. 8 Production of
siderophore in cultures of
R. rhodochrous OFS
growing with 0.1%
hexadecane. Iron was
added from a separate
stock solution and
concentrations were
varied. Relative
concentration of
siderophore was
determined using the
Arnow assay
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Fig. 9 UV/vis spectra of
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resultant mixture
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a broadening of the band; but at a ratio of 1:1

EDTA to siderophore (1.5 equiv. of Pu), the

maximum absorbance band did not correlate with

either unbound siderophore or with completely

bound siderophore (Fig. 9). These data suggest

that the binding strength of the siderophore is

near the binding strength of EDTA, which has a

formation constant with Pu(IV) of log b = 26.44

(Boukhalfa et al. 2004). The stoichiometry of the

Fe (III) complex was also verified by obtaining

mass spectra of the Fe-siderophore species.

Siderophore-mediated Fe uptake

Metabolically active cells of R. rhodochrous

readily took up Fe-bound to its siderophore,

whereas azide-inactivated cells and cells without a

carbon source have reduced uptake, and heat

killed cells have no iron uptake (Fig. 10).

R. rhodochrous also internalized Fe bound to

citrate and NTA chelators (NTA, Citrate), and

showed to obtain iron from other chelators

(EDDA, EDTA, Tiron, and possibly rhodotorulic

acid), albeit at a much lower rate (data not

shown).

Summary

Siderophore produced by Rhodococcus rho-

dochrous strain OFS, rhodobactin, was isolated

and then purified by high performance liquid

chromatography (HPLC) followed by drying to

yield 15 mg per liter of a colorless solid. 1D and

2D 1H, 13C and 15N NMR analysis were used to

determine the structure of rhodobactin, which

was further confirmed using ESI-MS CID anal-

ysis. The NMR analysis showed the presence of

two nonequivalent catecholate and a hydroxa-

mate moieties as the Fe(III) units in the

siderophore. ESI-MS results showed the molec-

ular weight of the isolated siderophore is

830 daltons.

The p–p* transition for catechols at ~315 nm

was used to determine metal to ligand binding

ratio for the purified rhodobactin. The experi-

ments were conducted by the addition of the

metal to the ligand while maintaining a pH of 3.8.

These titration experiments showed that rhodob-

actin bound Fe(III) and U(VI) with 1:1 ratio,

however the titration further indicated the bind-

ing ratio of rhodobactin to Pu(IV) was 1:1.5.

These data also suggested the binding strength of

rhodobactin is near the binding strength of the

metal EDTA complex.

The uptake studies showed that Fe is taken up by

the Gram positive R. rhodochrous strain OFS from

its siderophore through an energy-dependent pro-

cess, but this organism also showed to be capable of

internalizing a variety of Fe(III)-complexes. R.

rhodochrous is a common soil inhabitant that

persists in the environment and can successfully

scavenge Fe from a variety of sources. Given the

broad metabolic capacity of this microbe and its Fe

scavenging ability, R. rhodochrous OFS may have a

competitive advantage over other organisms em-

ployed in bioremediation.
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