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Uptake of xenosiderophores in Bacillus subtilis occurs with high affinity
and enhances the folding stabilities of substrate binding proteins
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Siderophores play an essential role in a multitude of microbial iron acquisition pathways. Many bac-
teria use xenosiderophores as iron sources that are produced by different microbial species in their
habitat. We investigated the capacity of xenosiderophore uptake in the soil bacterium Bacillus sub-
tilis and found that it employs several substrate binding proteins with high specificities and affini-
ties for different ferric siderophore species. Protein–ligand interaction studies revealed dissociation
constants in the low nanomolar range, while the protein folding stabilities were remarkably
increased by their high-affinity ligands. Complementary growth studies confirmed the specificity
of xenosiderophore uptake in B. subtilis and showed that its fitness is strongly enhanced by the
extensive utilization of non-endogenous siderophores.
� 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Iron is an essential micronutrient for most organisms and is em-
ployed as a cofactor in many metabolic and informational path-
ways [1,2]. Due to the low solubility of iron in the aerobic
environment, many microorganisms use siderophores for iron
mobilization. These low molecular weight ferric iron chelators
are produced and secreted primarily by bacteria and fungi under
conditions of iron deprivation. They are classified due to the chem-
ical nature of the iron-coordinating ligand groups, which are in
most cases catecholates, hydroxamates or a-hydroxycarboxylates
[3]. Mixed-types are accordingly classified when at least two dif-
ferent ligand types are integrated into one siderophore molecule.
In Gram-negative bacteria, the Fe(III)–siderophore-complexes are
transported to the periplasm through specific outer membrane
receptors and are subsequently captured by periplasmic binding
proteins that potentially interact with the receptor-associated
TonB component [4–6]. In Gram-positive bacteria, the substrate
binding proteins are usually directly tethered to the cytoplasmic
membrane through a diacylglycerol anchor that is covalently at-
tached to a cysteine residue located in the lipobox of their signal
peptides [7,8]. In both Gram-negatives and Gram-positives, the
binding proteins transfer their ligands to cytoplasmic membrane
ABC-type transporters by forming transient electrostatic interac-
tions with their permease components [9,10]. Many bacteria pos-
sess uptake systems not only for their endogenous siderophores
but also for exogenous siderophores (‘‘xenosiderophores’’) pro-
duced by other microorganisms. The utilization of xenosidero-
phores is a critical advantage in the permanent battle for iron
and explains why bacterial genomes very often encode more sider-
ophore uptake systems than siderophore biosynthesis pathways
[11]. Xenosiderophore utilization was shown to enhance the
growth of microbial isolates from different environmental habitats
[11–13], and to alter patterns of gene expression and morphologi-
cal differentiation during bacterial development [14].

The Gram-positive soil-dwelling bacterium Bacillus subtilis uses
its endogenous siderophore bacillibactin for high-affinity iron up-
take by the FeuABC system [15,16]. In addition, it has several fur-
ther iron-regulated uptake systems for the utilization of exogenous
siderophores of varying structural classes (Fig. 1). The regulation
and potential substrate spectra of these transporters have been pri-
marily addressed by genetic and transcriptome studies [17–19],
however, a systematic biochemical characterization of their cog-
nate substrate binding proteins has not been carried out.

Recently it was found that the FpiA (YclQ) binding protein of B.
subtilis is associated with the uptake of petrobactin that is pro-
duced by Bacillus anthracis and Bacillus cereus, demonstrating the
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Fig. 1. (A) Chemical structures of ferric siderophores that can be utilized by B. subtilis. Bacillibactin is the endogenously produced triscatecholate siderophore, while
petrobactin is known to be utilized as an exogenously derived siderophore by this bacterium. Ferrichrome, ferric arthrobactin, ferrioxamine E and ferric dicitrate are
potentially also utilized as xenosiderophores. The iron coordinating groups are shown in green. One representative siderophore producer for each derivative is indicated. (B)
Schematic representation of B. subtilis gene clusters which code for ABC-type transporters that are putatively involved in xenosiderophore uptake. The nucleotide binding
domains (NBDs) are shown in grey, the transmembrane domains (TMDs) in orange and the substrate binding proteins (SBPs) in blue.
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possible cross-utilization of xenosiderophores between pathogenic
and non-pathogenic Bacillus species [20,21]. Further, bacterial sid-
erophore transport systems can be utilized for the uptake of
eukaryote-derived iron-chelating compounds such as plant sidero-
phores or neuroendocrine catecholamines [2,22]. Thus, the
enhancing of knowledge on the acquisition strategies of xenosider-
ophores is crucial to better understand the iron-related physiology
and developmental aspects in microbial communities.

In the present study we have analyzed the xenosiderophore-
binding proteins YfiY, YxeB, FhuD and YfmC of B. subtilis with
respect to their overall structural features, their substrate specific-
ities and affinities. In particular, we have determined the dissocia-
tion constants and folding stabilities of the four binding proteins in
response to various xenosiderophores. Their essential physiologi-
cal role is underpinned by supplementation assays in iron-limited
media that revealed strong growth defects of the binding protein
deletion mutants.

2. Materials and methods

2.1. Bacterial strains, growth media and DNA manipulations

The bacterial strains used in this study are listed in Table S1.
Antibiotics for selection of B. subtilis strains were used at the fol-
lowing concentrations: chloramphenicol (10 lg ml�1), erythromy-
cin (2 lg ml�1), kanamycin (10 lg ml�1), spectinomycin
(200 lg ml�1). Antibiotics for selection of plasmid-containing Esch-
erichia coli strains were used at the following concentrations:
ampicillin (100 lg ml�1), kanamycin (50 lg ml�1). Strains in liquid
culture were grown under agitation (250 r.p.m.) at 37 �C. For
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standard growth, lysogeny broth (LB) medium was used. For
growth during iron depletion, standard minimal medium (0.5%
glucose) without citrate and iron salt was used (Belitsky minimal
medium without citrate, BOC) [23]. Stock solutions were stored
in polyethylene tubes and cultures were grown in polycarbonate
flasks to avoid iron contamination during growth. Chromosomal
or plasmid DNA was isolated, manipulated and transformed
according to standard protocols [24].

2.2. Mutant constructions

Deletion mutants were constructed following the PCR synthesis
method of marker cassettes with long flanking homology regions
[25]. The primers used are listed in Table S2. Hereby the target
gene was replaced by a resistance marker to facilitate mutant
selection. Oligonucleotide primers were used to amplify �1-kb
DNA segments upstream and downstream of the gene(s) to be de-
leted using high-fidelity PhusionTM DNA polymerase. These two
DNA segments containing 30-ends complementary to a desired
antibiotic resistance cassette were mixed with linearized plasmids
serving as templates for the fusion with the cassette of choice. The
obtained hybrid PCR products were used for transformation of B.
subtilis 168, and transformants were selected on antibiotic-con-
taining LB plates.

2.3. Cloning, overexpression and purification of yfiY, yxeB, fhuD and
yfmC

The genes yfiY, yxeB, fhuD and yfmC were amplified from B. sub-
tilis 168 chromosomal DNA with primers listed in Table S3. All the
genes were amplified without signal peptide sequences to obtain
the mature variants of recombinant proteins. The genes yfiY and
yxeB were cloned into pASK-IBA3 providing a C-terminal Strep-
tag II, while fhuD and yfmC were cloned as His6-tag fusions into
pET28(a)+ due to their low expression in pASK-IBA3. The correct
sequences of all plasmid inserts were confirmed by DNA sequenc-
ing (GATC Biotech), and the constructs were transformed into E. coli
BL21(DE3) for protein overproduction. Recombinant YfiY-Strep-tag
II and YxeB-Strep-tag II were overproduced by inducing the cul-
tures at OD600 of 0.7 with 0.2 lg/mL anhydrotetracycline for 4 h
at 30 �C. FhuD-His6 and yfmC-His6 were overproduced by inducing
the cultures at OD600 of 0.7 with 0.5 mM isopropyl-b-D-thiogalacto-
pyranoside for 4 h at 30 �C. Cells were disrupted by using a French
Press (French Pressure Cell Press 5.1, SLM Aminco) at 1000 psi, cell
debris was removed by centrifugation (20,000g for 1 h at 4 �C), and
the filtered protein crude extracts were loaded either on a Strep-
Tactin-Sepharose-column (IBA) for purification of YfiY and YxeB,
or on a Ni2+-nitrilotriacetic acid (Ni2+-NTA) column (Qiagen) in
the case of FhuD and YfmC. Strep-tagged proteins were eluted in
Table 1
Effects of different iron sources on Bacillus subtilis growth in iron-limited media.

Supplement (10 lM) Strains of Bacillus subtilis 168

Wild-type DyfiY

ddH2O �b �
FeCl3 ++ ++
Ferrioxamine E +++ +++
Ferrichrome +++ +++
Fe(III)-arthrobactin +++ +
Fe(III)-aerobactin ++ +
Fe(III)-bacillibactin +++ +++
Fe(III)-dicitrate +++ ++

a BSU9716 is the quadruple mutant DfhuDDyfiYDyxeBDyfmC.
b Growth effects of different iron sources were classified as follows: (�) no growth or
c Not determined.
100 mM Tris–HCl, pH 8.0, 150 mM NaCl, 2.5 mM D-desthiobiotin
at a flow rate of 1 ml min�1, and His-tagged proteins were eluted
by using a linear gradient (0–100%) of buffer B (50 mM HEPES,
pH 7.0, 150 mM NaCl, 250 mM imidazole in the case of YfmC,
and 50 mM HEPES, pH 8.0, 150 mM NaCl, 250 mM imidazole in
the case of FhuD) at a flow rate of 1.5 ml min�1 over 30 min. The
eluted proteins were further purified by gel filtration (HiLoad col-
umn 26/60, Superdex G75) using buffer G (50 mM Tris–HCl, pH 8.0,
100 mM NaCl) at a flow rate of 0.8 ml min�1. The pure fractions
were dialysed and concentrated using Amicon Ultra-15 Centrifugal
Filter Units (Millipore) with a 10,000 molecular weight cut-off. The
protein concentrations were determined photometrically by using
Bradford reagent [26].

2.4. In silico structure prediction

Protein structure predictions were done by using the I-TASSER
server for protein 3D structure prediction [27,28]. Protein se-
quences were obtained from the Universal Protein Resource
Knowledgebase UniProt (UniProt IDs YfiY: O31567; YxeB:
P54941; FhuD: P37580; YfmC: O34348), and were used without
their signal peptides for in silico folding. Appropriate structural
templates were chosen by the program based on primary sequence
comparison. The output parameters of the obtained structural
models are provided in the legend of Fig. S1.

2.5. Siderophores

Siderophores used in this study were obtained from EMC Micro-
collections GmbH, Tübingen, or were isolated from bacteria as in
the case of bacillibactin [29]. Ferric dicitrate was prepared accord-
ing to published protocols [30]. Briefly, a citric acid to FeCl3 mole
ratio of 10:1 was dissolved in ddH2O and adjusted to pH 9.0 with
25% (w/w) aqueous ammonia. All iron-charged stock solutions
were freshly prepared before every experiment.

2.6. Iron-limited growth experiments

B. subtilis strains were grown in 4 ml BOC medium at 37 �C over
night. 200 lL of BOC plus 50 lM 2,20-bipyridyl were inoculated
with the overnight culture at an OD600 of 0.01 in a 96-well
round-bottom microtiter plate. 10 lM of iron-charged sidero-
phores, FeCl3 or ddH2O as a control were added. Growth was mon-
itored by determining the OD600 using a Tecan Rainbow microplate
reader. For each condition, triplicates were prepared. After 2 h the
OD600 was measured and after that every hour, and the average
values of the triplicate series were plotted against the time of
growth. Final optical densities were determined after eight hours
of growth and used for a comparative evaluation shown in Table 1.
DyxeB DfhuD DyfmC BSU9716a

� � � �
++ ++ ++ ++
� +++ +++ �
+++ + ++ �
++ +++ ++ �
++ n.d. c n.d. �
+++ +++ +++ +++
+++ +++ + +

very weak growth; (+) weak growth; (++) good growth; (+++) very good growth.



Fig. 2. CD spectroscopy of xenosiderophore binding proteins YfmC, YxeB, YfiY, and
FhuD in the far-UV region. The control curve was monitored in 5 mM K2HPO4/
KH2PO4, pH 7.0. [h]MRW is the mean residue ellipticity. The proportions of secondary
structure elements were extracted from the spectra by using a concentration-
independent deconvolution method [41], and the percentages of the secondary
structure compositions are summarized in Table S4.
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2.7. Circular dichroism spectroscopy

CD spectroscopy was carried out in 0.2 cm path length cuvettes
in 5 mM K2HPO4/KH2PO4 buffer pH 7.0 by using a J-810 Spectropo-
larimeter (JASCO). If necessary, buffer exchange was done with Hi-
Trap Desalting column (GE Healthcare) prior to analysis. Secondary
structure analysis was done by scans in the far-UV region between
190 and 300 nm with protein concentrations of 10 lM at 5 �C.
Three spectral accumulations were performed by using a band-
width of 1 nm, a response of 1 s, and a data pitch of 0.2 nm. For
the recording of denaturation curves, 10 lM of ferric siderophores
were added to the protein solutions, which were incubated for
10 min and then measured in a range from 5 to 95 �C by using a
temperature slope of 1 �C min�1 and a data pitch of 0.2 �C. The
monitored wavelength was 209 nm with a bandwidth of 1 nm
and a response of 1 s. Data plotting and melting point (Tm) calcula-
tions by Boltzmann sigmoid regression analysis were done with
Origin 7 Software (OriginLab Corporation).

2.8. Fluorescence spectroscopy

For the measurement of intrinsic tryptophan/tyrosine fluores-
cence a FP-6500 spectrofluorometer (JASCO) was used. Experi-
ments were carried out at 20 �C (constant temperature), using an
excitation and emission bandwidth of 5 nm each, and a response
of 0.5 s. For each measurement series, a protein solution of 1 lM
for YfiY, FhuD and YfmC and 100 nM for YxeB in 50 mM Tris–
HCl, pH 8.0, 100 mM NaCl was placed in a 1 � 1 cm2 cuvette, and
titrated stepwise with a freshly prepared ligand stock solution.
Fluorescence was measured upon sample excitation at 280 nm
with a data pitch of 0.5 nm. Quenching data of normalized fluores-
cence emission maxima were used for plotting and binding con-
stant calculation according to the Law of Mass Action [22].

3. Results and discussion

3.1. Production and basic structural analysis of xenosiderophore
binding proteins

B. subtilis substrate binding proteins YfiY, YxeB, FhuD and YfmC
were recombinantly produced and purified in their mature forms
with yields of 5 mg to 15 mg per liter of bacterial culture. To esti-
mate the folding efficiency as well as the content of secondary
structure elements, the proteins were analyzed by circular dichro-
ism (CD) spectroscopy in the far-UV region (Fig. 2). The deconvolu-
tion of the spectra revealed that all proteins were efficiently folded
with dominating proportions of a-helical elements at a 1.5- to 3.0-
fold higher abundance compared with the estimated percentages
of b-sheet elements (Table S4). The correct folding of the binding
proteins was expected due to previous crystallographic studies of
the heterologously produced structural homologs FeuA and FpiA
(YclQ) in their non-lipidated forms, which were furthermore not
affected in ligand binding since the attachment site of the lipid an-
chor is not located in close vicinity to the ligand binding pocket
[9,16,20,21]. For a comparison of tertiary structures, B. subtilis
FhuD (PDB No. 3G9Q), the YfiY homolog of B. cereus (PDB No.
3TNY), as well as structural predictions for B. subtilis YxeB and
YfmC were used as shown in Fig. S1. All structures show the char-
acteristic fold of type III periplasmic binding proteins which adopt
bilobate overall structures with two distinct globular domains of
mixed a-helix and b-sheet elements, which are separated by a
deep binding cleft and connected via a long domain-spanning a-
helical element [7]. The observed lengths of the domain-spanning
a-helices vary between 22 and 28 amino acids among the four
xenosiderophore SBPs. In comparison, the globular domains of
the FeuA binding protein that is essential for endogenous ferric
bacillibactin uptake are connected by a 22 amino acid long a-helix
[23].

The electrostatic environments of the investigated xenosidero-
phore binding pockets reflect very well the chemical nature of their
potential ligands (Fig. S2). Generally, hydroxamate-type sidero-
phores prefer neutral as well as hydrophobic binding pockets
[31,32], while citrate-hydroxamates, catecholates and a-hydroxy-
carboxylates prefer binding pockets that show an increasing basi-
city in order to compensate for the increasing negative charges of
the deprotonated iron-ligand complexes [16,33]. YfiY is predicted
to bind ferric citrate-hydroxamates such as ferric arthrobactin or
schizokinen which possess citrate-linked and non-substituted 1-
amino-5-(N-acetyl-N-hydroxy)amino pentane or 1-amino-3-(N-
acetyl-N-hydroxy)amino propane side chains, respectively, and
hence bear single negative charges in their iron-complexed states
[34]. Its binding pocket consists of both hydrophobic and basic res-
idues and hence reflects the chemical nature of these mixed-type
siderophores. The binding pockets of YxeB and FhuD are domi-
nated by hydrophobic regions, which is in agreement with the pre-
ferred binding of neutrally charged ferric hydroxamate
siderophores. In contrast, the binding pocket of the predicted YfmC
structure consists mainly of basic residues, which indicates the
binding of highly negatively charged ligands such as ferric carbox-
ylates, a feature which has recently been described for the binding
of staphyloferrin A to the Staphylococcus aureus HtsA protein [35].

The structural investigation was further combined with primary
sequence analysis in order to identify possible conserved residues
that can take part in the interaction with the ABC-type permease
components during substrate transfer. A global sequence align-
ment of the previously characterized B. subtilis SBPs FeuA and FpiA
together with the four presently characterized proteins revealed
the overall conservation of acidic moieties which are located on
opposing sides of the two globular domains (Figs. S1 and S3). These
residues are recognized to be essential for the formation of electro-
static interactions with the transporter permeases, which has re-
cently been shown for the FeuABC uptake system [9]. The
interacting residues E90/E221 of the mature FeuA protein align
with the likewise oriented residues D90/E222 of mature FpiA,
E86/E222 of mature FhuD, E90/E226 of mature YfiY, as well as
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E85/E221 and E89/E219 of the mature YxeB and YfmC proteins that
were analyzed by structural modeling, respectively. The interact-
ing basic residues in the permease components were found to be
mainly arginines based on a sequence alignment with E. coli BtuC
(Fig. S4). BtuC is the permease component of the BtuC2D2-F vitamin
B12 transporter [10], whose complex structure indicates by struc-
tural and sequence comparison that all essential basic residues
for electrostatic interaction with the SBPs are conserved in the sid-
erophore transporter permeases of B. subtilis as well. These findings
suggest a highly conserved mechanism for ligand uptake during
ABC-dependent transport that includes both endogenously and
exogenously derived siderophores.

3.2. Characterization of xenosiderophore specificities and binding
affinities by fluorescence titration spectroscopy

The purified binding proteins were used in binding affinity as-
says together with different iron-charged siderophores to deter-
mine their substrate spectra and the corresponding dissociation
constants of the formed protein–ligand complexes (Fig. 3 and
Fig. S5). The determined dissociation constants (KD’s) are listed in
Table S5. Generally, each of the four analyzed SBPs showed a high
substrate specificity toward one particular ferric xenosiderophore
species. The dissociation constants of the specific protein–ligand
interactions were within the mid-nanomolar range, whereas all
further interactions, even with siderophore ligands of the same
structural class, were at least 25-fold weaker. All protein/ferric sid-
erophore binding stoichiometries were found at a 1:1 mole ratio
according to the observed titration equivalent points.
Fig. 3. Fluorescence titration analysis of binding proteins YfiY, YxeB, FhuD and YfmC with
the law of mass action to determine binding stoichiometries and dissociation constants
YfiY was found to bind the mixed-type siderophore ferric
arthrobactin specifically with a KD of 55 nM. Remarkably, the affin-
ity toward a structural homolog, the carboxylate/hydroxamate fer-
ric aerobactin (KD of >6 lM), was found to be more than 100-fold
lower. Aerobactin is produced by pathogenic E. coli strains [36]
and differs from arthrobactin by the attachment of carboxyl groups
to the symmetrical side chains of the molecule. Although its iron
binding mode is expected to be the same as for arthrobactin, the
overall electrostatic surface potential of the deprotonated complex
is more negative due to two additional charges arising from the
carboxyl substituents, which also confer a higher bulkiness to its
overall structure. The investigation of the YfiY binding pocket sug-
gests in this context that its tight shape and its moderately posi-
tively charged environment seems to be primarily responsible for
the less effective recognition of ferric aerobactin and further
iron-ligand complexes with bigger radi or with increased negative
net charges (Fig. S2). The titration of the binding protein YxeB re-
vealed the highest ligand binding affinity (KD of 11 nM) toward
the hydroxamate siderophore ferrioxamine E. As in the case of YfiY,
the binding to another xenosiderophore of the same structural
class (here ferrichrome with a KD of >1 lM) was at least 100-fold
lower.

Ferrichrome on the other hand was found to be a specific sider-
ophore ligand of FhuD (KD of 43 nM), which has been suggested
previously [17]. A comparison of the YxeB and FhuD binding pock-
ets indicates again a specificity of complex recognition primarily
by size exclusion, since the ligand pocket of YxeB is shaped to al-
low a binding of the spheric ferrioxamine E complex, but appears
to discriminate against high-affinity binding of non-spheric sidero-
their high-affinity ferric xenosiderophore ligands. The data were fitted according to
(see Table S5).
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phores such as ferrichrome, which in contrast preferably interacts
with the ovally-shaped ligand pocket of FhuD (Fig. S2). The utiliza-
tion of two different binding proteins for ferrioxamine-type and
ferrichrome-type siderophores in B. subtilis differs from the situa-
tion in B. cereus, whose YxeB protein shows similar sequence iden-
tities (38% and 37%) to the B. subtilis YxeB and FhuD orthologs,
respectively, and has furthermore comparable affinities toward
both ferrioxamine B (KD of 18 nM) and ferrichrome (KD of 30 nM)
[37].

Further notable differences can be observed between the affin-
ities of Bacillus FhuD-like binding proteins and the E. coli FhuD
ortholog. The latter possesses a rather shallow binding pocket that
is responsible for the binding of a diverse set of ferric hydroxa-
mates and ferric citrate-hydroxamates with KD’s between 0.3 lM
and 79 lM [31,38]. Hence, E. coli FhuD seems to sacrifice a high
ligand affinity for a greater ligand diversity. The recognition of a
broader substrate spectrum with low affinities is possible in the
Gram-negative periplasm, since specific ligand transport with
higher affinities occurs at the level of the outer membrane recep-
tors. This is in clear contrast to the situation in Gram-positive bac-
teria, where high-affinity substrate recognition has to occur at the
level of the binding proteins that are attached to the cytoplasmic
membrane.

The fourth B. subtilis xenosiderophore binding protein, YfmC,
was found to capture specifically ferric dicitrate with a remarkably
low KD of 20 nM. The specificity of ferric complex recognition was
supported by the 25-fold weaker binding of citrate alone, and is in
agreement with the highly positively charged environment of the
YfmC binding pocket that has to compensate for five negative
charges of fully deprotonated ligand. Recently, a distinct SBP of
Bacillus cereus was identified that binds a trimeric ferric citrate
complex with a KD of 2.6 nM [39]. This affinity is still one order
of magnitude higher than that observed for B. subtilis YfmC and fer-
ric dicitrate, and illustrates how altered binding specificities can
enhance the uptake of increased ferric complex stoichiometries
in the battle for iron.

In summary the specific ligand interactions that were observed
for the B. subtilis xenosiderophore binding proteins were in the
same affinity range that was found for endogenous ferric bacillib-
actin binding by FeuA (KD of 27 nM) [22]. Hence, the uptake of
endogenous and exogenous ferric siderophores seems to occur at
a similar hierarchical level of cell surface-provided binding affini-
ties in this model bacterium.

3.3. Characterization of ligand-specific protein folding stabilities by
circular dichroism spectroscopy

In order to confirm the observed binding specificities of the
protein–ligand titration studies, further experiments were carried
out to detect possible effects of the ferric siderophore ligands on
the overall thermostabilities of the binding proteins. For this pur-
pose, protein melting curves were recorded by CD spectroscopy
using an a-helical peak signal at 209 nm that was characteristic
for the secondary structure profiles of the four SBPs (Figs. 2 and
S6). The resulting melting temperature (Tm) shifts of the proteins
without versus with ferric siderophore ligands are summarized in
Table S6. The binding of the high-affinity ferric siderophores that
were provided at a 1:1 ligand-to-protein mole ratio significantly
increased the melting points of their cognate SBPs. The most
prominent shift was observed for YxeB in the presence of ferriox-
amine E, which increased the Tm of its protein partner by 7.4 �C.
This stabilization is comparable to the Tm increase of FeuA by
7.8 �C in the presence of its native ligand ferric bacillibactin
[16]. Hence, the strongest protein-xenosiderophore interaction
observed among the four SBPs led to a similar stabilization effect
that is found during ferric triscatecholate binding at the cell sur-
face, underlining the robustness of ferric xenosiderophore uptake
in B. subtilis.

The effect of further specific protein/ferric siderophore interac-
tions resulted in slightly minor but distinct increases of melting
temperatures, and the hierarchy of stability among these com-
plexes was fully in line with the observed hierarchy of the corre-
sponding protein–ligand affinities. The interaction of YfmC with
ferric dicitrate gave a notable shift of 4.7 �C in contrast to 2.7 �C ob-
tained for monocitrate, and hence confirms the specific binding of
ferric dicitrate. All further non-specific xenosiderophore interac-
tions with KD values above 1 lM resulted in non-significant Tm

shifts <1 �C.

3.4. Growth analysis of deletion mutants affected in ferric
xenosiderophore uptake

In order to characterize the physiological role of the YfiY, YxeB,
FhuD and YfmC binding proteins, their genes were deleted and the
resulting single mutant strains were analyzed according to their
ability to grow under iron limitation with or without different fer-
ric siderophore iron sources (Figs. S7–S10). The results are summa-
rized in Table 1 and are in good agreement with previous
siderophore transport characterizations in B. subtilis [17,18].

According to the identified specific protein–ligand interactions,
a diminished growth was observed when the mutant strains were
supplemented with those ferric siderophores that would prefera-
bly interact with the absent binding protein. The most specific up-
take was observed for ferrioxamine E, which was strictly
dependent on the presence of YxeB, indicating again that the un-
ique macrocyclic structure of ferrioxamine E essentially needs
the spheric shape of the YxeB binding pocket for a proper cell sur-
face recognition.

While all single mutants were significantly affected if their spe-
cific siderophore ligands were provided as the sole iron sources, a
quadruple deletion mutant (strain BSU9716; see Table S1) lacking
all four binding proteins showed the most severe growth pheno-
type. This suggests that the uptake of ferric arthrobactin, ferri-
chrome, ferric dicitrate and probably further structural
derivatives is still possible at a lower efficiency through the
remaining xenosiderophore transport systems. Generally weaker
growth was observed with carboxylate-substituted ferric aerobac-
tin as the sole iron source, which is in agreement with the observed
protein–ligand binding as well as with previous growth studies
[17]. In contrast, a generally enhanced growth in the presence of
ferric dicitrate could result from the fact that B. subtilis expresses
a multitude of transporters for metal-associated citrate uptake at
any growth rate [40], which may partially compensate for iron-reg-
ulated ferric citrate uptake.

Interestingly, most of the unspecific ferric siderophore interac-
tions were relatively strong with YxeB as a binding partner (see
Table S5), which suggests that YxeB might play a crucial role not
only in high-affinity uptake of ferrioxamine ligands but also in
low-affinity uptake of further xenosiderophore compounds. An
alternative binding partner for ferric arthrobactin on the other
hand was identified to be YfmC due to its relatively low KD of
�0.5 lM, which is reasonable due to the citrate-based scaffold of
arthrobactin. Hence, ligand crosstalk between different xenosider-
ophore uptake systems might be an advantageous strategy in order
to exhaust the existing transport capacities to a maximum, espe-
cially in the presence of various types of xenosiderophores in the
native habitat. In comparison, the uptake of the endogenous trisca-
techolate siderophore ferric bacillibactin was not affected by any of
the xenosiderophore transport mutants including the full knock-
out strain, underscoring its specific uptake by the FeuABC trans-
porter [9,15]. On the other hand, this uptake system seems not
to cross-interact with ferric hydroxamate or carboxylate uptake



Fig. 4. Schematic summary of iron-regulated ABC transporter systems for exogenous and endogenous ferric siderophore uptake in B. subtilis. Uptake systems with
biochemically characterized ligand binding properties are shown on the left-hand side of the dashed line, whereas uptake systems whose binding proteins were characterized
during this study are shown on the right-hand side. The binding proteins are depicted with their membrane lipid-anchors (shown in red), and their specific binding ligand(s)
are indicated. The associated membrane permeases and nucleotide binding components are shown as rectangles. The endogenous triscatecholate siderophore bacillibactin is
shown as a circle with three triangles, and the hydrolysis of its ferric complex into catecholate monomers by the BesA hydrolase is indicated [15]. The hydroxamate-type or
carboxylate-type xenosiderophores are depicted as single triangles, and a possible conversion of xenosiderophore-bound ferric iron (red dot) by proposed intracellular ferric
siderophore reductase(s) (‘‘R ?’’) and its subsequent release as ferrous iron (blue dots) is indicated. This non-destructive release process may allow the re-utilization of
xenosiderophores in contrast to the degradative pathway of bacillibactin-mediated iron acquisition.
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as indicated by the poor growth of strain BSU9716 in the presence
of these siderophore species.

In conclusion we have investigated the substrate specificities,
affinities and physiological roles of the xenosiderophore binding
proteins YfiY, YxeB, FhuD and YfmC and showed that these SBPs
bind their cognate ligands with affinities in the lower nanomolar
range and possess increased folding stabilities in their presence.
Mutational growth studies confirmed the specificities of the cor-
responding xenosiderophore transport systems and demonstrated
that the utilization of xenosiderophores is a critical strategy for
iron acquisition in the soil-dwelling model bacterium B. subtilis.
By this process, B. subtilis is capable to utilize a variety of sider-
ophore iron sources which originate from different soil bacteria
such as Streptomyces, Bradyrhizobium and Arthrobacter, or from
fungal species like Ustilago, Aspergillus, Penicillium and Neurospora
[18,34]. A summary of the currently known and characterized
ferric siderophore transport systems in B. subtilis is shown in
Fig. 4.
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