Biometals (2007) 20:393-403
DOI 10.1007/s10534-007-9084-9

Characterization of ferric-anguibactin transport in Vibrio

anguillarum

Claudia S. Lopez - Jorge H. Crosa

Received: 14 January 2007/ Accepted: 15 January 2007/ Published online: 8 February 2007

© Springer Science+Business Media B.V. 2007

Abstract The fish pathogen Vibrio anguillarum
is the causative agent of a fatal hemorrhagic
septicemia in salmonid fish. Many serotype O1
strains harbors a 65 Kbp plasmid (pJM1 encoding
an iron sequestering system essential for viru-
lence. The genes involved in the biosynthesis of
the indigenous siderophore anguibactin are en-
coded by both the pJM1 plasmid and the chro-
mosome, while those involved in the transport of
the ferric-siderophore complex, including the
outer membrane receptor, are plasmid-encoded.
This work describes the role of specific amino
acid residues of the outer membrane receptor
FatA in the mechanism of transport of ferric-
anguibactin. FatA modeling indicated that this
protein has a 22 stranded B-barrel blocked by the
plug domain, the latter being formed by residues
51-154. Deletion of the plug domain resulted in a
receptor unable to act as an open channel for the
transport of the ferric anguibactin complex.
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Introduction

The ability of bacteria to cause disease depends
on many parameters that work in concert to
establish the pathogen in the vertebrate host. One
of these factors is their ability to compete with the
host organism for iron. This ion is essential for
nearly all living microorganisms. However, in
biological fluids it exists only as a complex with
iron binding proteins, making it unavailable for
bacterial use unless they possess a specific uptake
system (Bullen and Griffiths 1999). Thus, invasive
microorganisms must depend on their ability to
use the complexed iron in order to grow and
propagate within the host. Some microorganisms
possess outer membrane receptors able to recog-
nize iron-complexes of either transferrin or lac-
toferrin (McKenna et al. 1988; Nau et al. 1992;
Simonson et al. 1982). However, most microor-
ganism obtain iron using siderophores. These
small molecular weight, high-affinity iron-binding
compounds are divided into three groups distin-
guished by the chemical structure of the metal-
binding functionality (Raymond and Dertz 2004):
hydroxamates, such as ferrichrome which was the
first siderophore to be identified (Neilands 1952);
catechols, such as enterobactin found in E. coli
and in other members of the Enterobacteriaceae;
and hydroxycarboxylates, such as staphyloferrin
and rizhoferrin (Pollack and Neilands 1970;
Thieken and Winkelmann 1992). It is noteworthy
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that several siderophores have been implicated
in the virulence of bacteria such as Yersinia pestis,
V. cholerae, V. vulnificus and Pseudomonas aeru-
ginosa (Haag et al. 1993; Lamont et al. 2002;
Litwin et al. 1996).

The fish pathogen V. anguillarum requires an
active iron uptake mechanism mediated by the
siderophore anguibactin (Crosa 1980). This
peptide siderophore, w-N-hydroxy- o-N-[[2"-(2”,
3”-dihydroxyphenyl) thiazolin-4’-yl] carboxyl]
histamine, is composed of one molecule of
2,3-dihydroxybenzoic acid (DHBA), one of
L-cysteine and one of N-hydroxy-histamine (Jalal
et al. 1989). In the analysis of potential virulence
factors in V. anguillarum a correlation between
the presence of the 65 Kbp low-copy number
plasmid pJM1, and bacterial virulence was dis-
covered: the strains harboring the plasmid were
107 fold more virulent than those in which the
pJM1 plasmid was eliminated (Crosa 1980). Later
it was found that the secreted anguibactin sidero-
phore is transported into the cell cytosol via a
specific transport system encoded on the pJM1
plasmid (Actis et al. 1985, 1988, 1995) (Fig. 1A).
This was the first demonstration that a plasmid
provides the bacteria with an iron-sequestering
system crucial in overcoming nutritional immu-
nity, one of the non-specific defense mechanisms
employed by the host.

Results

Synthesis and transport of the siderophore
anguibactin in V. anguillarum

Anguibactin is synthesized via a nonribosomal
peptide synthetase mechanism with an assembly
line organization of different catalytic and car-
rier protein domains whose placement and
function determine the number and sequence
of the amino- and carboxylic acids incorporated
into the peptide product (Crosa and Walsh
2002). In V. anguillarum we have identified
several genes encoding nonribosomal peptide
synthetases harbored by the pJM1 plasmid such
as: angB/G (Welch et al. 2000), angM (Di
Lorenzo et al. 2004), angN and angR (Werthei-
mer et al. 1999). Additionally we have also
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Fig. 1 (A) Schematic representation of the V. anguillarum
775 pJM1 plasmid and the ITB operon. (B) Scheme of the
ferric-anguibactin transport components and their local-
izations in the cellular envelope

identified the chromosomally encoded aroC
gene that encodes for the isochorysmate syn-
thetase, essential in DHBA biosynthesis (Chen
et al. 1994).

Recently, we identified a novel cluster of genes in
the chromosomal DNA of V. anguillarum 775 that
shows homology to genes harbored by the pJM1
plasmid (Alice et al. 2005). We have also identified
a functional chromosomal angA gene which codifies
the only enzyme with a 2,3-dihydro-2,3-dihydroxy-
benzoate dehydrogenase activity, since the one
present in the plasmid is non-functional due to a
frame-shift mutation (Alice et al. 2005).

Interestingly, this chromosomal cluster differs
from that of the pJM1 plasmid due to the absence
of the repeated sequences found in the plasmid
cluster. This finding, in combination with the abun-
dant genes coding for other transposases in the
pIJM1 plasmid, would suggest that transposition
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events might have occurred in the plasmid
resulting in genetic rearrangements.

Transport of the ferric-anguibactin complex
from the outer membrane to the cytoplasmic
milieu is mediated by the iron transport-biosyn-
thesis (ITB) operon encoded in the pJM1 plas-
mid. The ITB operon encodes the genes involved
in this specific transport, fatDCBA, as well as two
siderophore biosynthetic genes, angR and angT
(Fig. 1A). This operon is also bracketed by the
ISV-A1l and ISV-A2 insertion sequences, which
are highly related to the insertion sequences
found flanking various thermostable direct hem-
olysin genes in V. parahaemolyticus, V. mimicus,
and non-O1 serotype V. cholerae (Di Lorenzo
et al. 2003).

We have demonstrated that in V. anguillarum,
as it is the case for other vibrio species, there
are two TonB systems (TonB1 and TonB2).
These systems are redundant with respect to the
transport of heme and ferrichrome. However,
only TonB2 can transport anguibactin, enterob-
actin and vanchrobactin, a chromosomally med-
iated siderophore produced by certain strains of
V. anguillarum (Stork et al. 2004). This redundant
function of the TonB proteins has also been
observed in V. cholerae (Mey and Payne 2001;
Seliger et al. 2001). The tonBl, exbBl, and exbD1
cluster in the V. anguillarum 775 strain includes
the heme transport genes huvBCD and, is regu-
lated by the iron concentration in a Fur depen-
dent manner (Mourino et al. 2006). This tonB1
cluster shows between 48-72% homology to the
V. cholerae tonBl cluster. The V. anguillarum
tonB2 cluster also shares between 62-87% homol-
ogy to the V. cholerae tonB2 cluster and is also
regulated by the Fur protein.

Virulence experiments using V. anguillarum
mutants defective in each system indicated that
the fonB2 mutant strain is severely attenuated in
virulence (more than 100-fold) in rainbow trout.
However, a tonBl mutant strain only showed a
10-fold decrease in virulence (Stork et al. 2004).
As expected from these results, the double tonB1
tonB2 mutant was more attenuated in virulence
than the single fonB2 mutant strain, suggesting
that in the latter strain the ability to transport
heme through TonB1 was still important for
virulence.

Structural similarities of ferric-siderophore
outer membrane receptors

To date the crystal structures of several outer
membrane receptors are available including the
E. coli receptors FecA, FepA, FhuA and BtuB,
and FpvA and FptA from Pseudomonas aerugin-
osa (Buchanan et al. 1999; Chimento et al. 2003;
Cobessi et al. 2005a, b; Ferguson et al. 1998,
2000). In all of the cases, these receptors consist
of 22 stranded B-barrels with a pore of approxi-
mately 35-40 A. The first three-dimensional struc-
ture obtained showed that the B-barrel is blocked
by a globular domain, which is known as plug,
hatch or cork domain (Chimento et al. 2005). In
this manuscript we will use the term plug domain.
This domain consists of approximately 150 amino-
acid residues structurally organized as a four-
stranded mixed f sheet and shows the highest
homology within several outer membrane recep-
tors; however, reduced sequence conservation in
the B-strands of the B-barrel is observed aside
from certain residues located in the periplasmic
turns (Chimento et al. 2005; van der Helm 2004).
No homologies are observed in extracellular loops
due to their involvement in specific recognition of
different ferric-siderophore complexes.

In the case of FecA, the apo and holo form of
the receptor indicated that upon binding of the
diferric-dicitrate complex there are structural
changes in loops 7 and 8 and minor changes in
the loops 4, 5 and 9 (Ferguson et al. 2002).
Interestingly, the ligand binding also triggers
conformational changes in the plug domain
(Ferguson et al. 2002; Yue et al. 2003). Since
the latter structural changes are extended to the
periplasmic side of the B-barrel, that they
might be responsible for the interaction of the
receptor with the TonB protein and they might
also regulate the opening of a putative transient
channel or permeation path (Shultis et al. 2006;
van der Helm 2004; van der Helm et al. 2002).
Similar observations were also made for FhuA
(Locher et al. 1998). However, despite the exis-
tence of crystal structures for many outer
membrane receptors, it is still not clear how the
ferric-siderophore complexes pass through them.

We do not have as yet the crystal structure of
the V. anguillarum outer membrane receptor
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FatA, and therefore we modeled it based on the
FhuA structure (Ferguson et al. 1998; Locher
et al. 1998). As is the case for the receptors
mentioned above, our model also presents a 22-
stranded B-barrel and a plug domain containing a
4-stranded beta sheet (Fig. 2) (Lopez et al. 2007).
As expected the sequence alignment of several
receptors indicate that all the conserved amino-
acid residues, mostly located in the plug domain,
including those of FatA, are located below the
binding sites of the different ligands.

Iron transport across the V. anguillarum
membrane

>SFe-anguibactin transport kinetics (Fig. 3) dem-
onstrate that FatA is the only outer membrane
receptor able to transport the indigenous sidero-
phore anguibactin in V. anguillarum. FatB is the
specific periplasmic binding lipoprotein and Fat-
DC are the cytoplasmic membrane permeases
involved in this transport (Fig. 1B) (Actis et al.
1988, 1995). Moreover, we also confirmed that
5Fe-anguibactin transport is only mediated by
the TonB2 system. As controls the wild type 775
strain and the fonBI mutant are also shown
(Fig. 3). We have recently determined the disso-
ciation constant of ferric anguibactin for this
receptor and demonstrated that the binding of
>Fe-anguibactin to FatA is unaffected by the
absence of TonB2, indicating that the latter
protein is not essential for the binding of the

Fig. 2 Molecular
modeling of the outer
membrane receptor FatA.
Representation of the
beta barrel model of FatA
viewed from one side and
form the periplasmic side.
For clarity some of the
periplasmic loops were
removed from the left
figure to show the plug
domain

Side view
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ferric-siderophore complex to the receptor
(Lopez et al. 2007). Moreover, the absence of
the FatA outer membrane protein receptor in
V. anguillarum caused a significant overproduc-
tion of the siderophore anguibactin as expected
from a receptor which does not have a N-terminal
regulatory domain such as FecA in E. coli and
FpvA in P. aeruginosa.

Excision of the plug domain in FatA

Removal of the plug domain in the E. coli
ferrichrome receptor FhuA resulted in an outer
membrane protein with an open channel (Braun
et al. 2002). Cells expressing this truncated
receptor show increased sensitivity towards
antibiotics (Braun et al. 2002). Similarly, in
Serratia marcescens expression of the hemo-
phore receptor HasR 8-barrel increases the
specific diffusion of heme in a passive way
(Letoffe et al. 2005).

Based on sequence analysis and molecular
modeling we propose that the putative plug
domain of FatA will be included within residues
51-154 of the N-terminal domain. Therefore, to
check if the V. anguillarum FatA receptor
presents characteristics comparable to those of
the other receptors we decided to delete this
putative plug domain. The western blot analysis
indicated that the FatA A51-154 mutant receptor
is properly located in the outer membrane
(Fig. 4A). However, the “Fe-anguibactin

Bottom view
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Fig. 3 %Fe-anguibactin transport in V. anguillarum cells.
The wild type 775 strain and deletions mutants in the fatA,
tonB1 and tonB2 genes were incubated for 15 min in the
presence of 10 nM *Fe-anguibactin. The complementa-
tion with the wild type fatA gene was performed using the

transport kinetics demonstrated that this trun-
cated version of the receptor is not able to act as
an open channel for the transport of ferric-
anguibactin. A V. anguillarum AfatA AtonBl
AtonB2 mutant, in which the energy transduction
to the outer membrane is abolished, was used as
control for passive diffusion and obtained similar
results (Fig. 4B). These results suggest that the
external loops in this truncated receptor are

Fig. 4 Characterization A 1
of the FatA A51-154 —
mutant. (A) Western blot
of the isolated outer
membrane factions of
several V. anguillarum
mutants. As negative
control the AfatA mutant
harboring the empty
vector is shown in line 1.
(B) 10 nM *°Fe-
anguibactin transport.

7. AtonB2 AtonB1 | pMMB208
8. AfatA AtonB2 AtonB1/ pMMB208

8

low copy number plasmid pMMB208. The results are
shown as percentage of >>Fe-anguibactin accumulation as
compared to the wild type 775 strain. The values represent
the mean + standard deviation of at least three indepen-
dent experiments

protecting the f-barrel from acting as an open
channel in the V. anguillarum outer membrane.

Identification of the quadrupole region of
FatA

It has been described that in the E. coli outer
membrane receptor FepA that the N-terminal
and barrel domains contain a cluster of ten
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residues named the lock region (Chakraborty
et al. 2003). Moreover, four of these conserved
residues form a quadrupole that consists of the
arginine 75 located at the end of strand f3,
glutamic acid 511 located in the strand 14 of the
p-barrel, glutamic acid 567 in strand 16 of the
p-barrel, and arginine 126 located at the end of
the strand 5 of the mixed f sheet ((Chakraborty
et al. 2003) and Fig. 5). It has also been demon-
strated by both structural analysis and biochem-
ical studies, that these specific four residues form
hydrogen bonds with each other. Interestingly,
these residues are structurally conserved in loca-
tion and orientation in other E. coli siderophore
receptors such as FecA (residues R150, R196,
E541 and E587) and FhuA (residues R93, R133,
E522, ES71) (Fig. 5). In addition to these specific
residues, other residues also support this cluster:
some of them are serine or aspartic acid, proline
and phenylalanine or tyrosine. The three dimen-
sional structure of these receptors showed that
the conserved residues of the quadrupole form
two separate points of contact between the
globular domain (plug domain) and the fS-barrel.
These interactions are important for the correct
positioning of the globular domain within the
p-barrel.

Biochemical studies performed in the E. coli
receptor FepA indicated that substitution of
residue E567 for glutamine results in a receptor
mutant with defects in transport when compared
with substitutions in E511 (Chakraborty et al.
2003). However, in the case of the ferrichrome

receptor FhuA, substitutions of the conserved
glutamates E522 and E571 to alanine did not
show any defect in transport (Endriss et al. 2003).
Similar results were obtained when the E541
residue of FecA was substituted with alanine.
Conversely, a substitution of glutamate ES87 in
FecA by alanine resulted in reduced transport
rates as compared to the wild type FecA (Sauter
and Braun 2004). Regarding the other conserved
residues it has been observed in the case of FepA,
that when the conserved R75 was changed to
glutamine the resulting mutant showed a strong
defect in transport, suggesting that it must be
essential for this region. In contrast substitution
of R133 to alanine in the E. coli ferrichrome
receptor FhuA did not show any effect on
transport (Endriss et al. 2003).

Our FatA model, together with the sequence
alignments, suggest that the residues belonging to
the quadrupole would consist of the charged
amino acid residues R95, K130, E505 and ES550
(Fig. 6A) (Lopez et al. 2007). To analyze the role
of these residues in ferric-anguibactin transport
we mutated these residues to alanine and gluta-
mine.

The transport kinetics using >°Fe-anguibactin
indicated that the R95 and K130 residues are both
essential for ferric-anguibactin transport (Lopez
et al. 2007). Interestingly, mutations of these
residues to either alanine or glutamine resulted
in the absence of transport (Fig. 6B). In the case
of the conserved glutamic acid E505 on FatA,
when mutated to alanine or glutamine, no defect

Fig. 5 Sequence FepA  IDIRGMGP---ENTLILIDGKPVSSRNSVRQGWRGERD TRGDTSWVPPEMIERIEVLRGP 128
alignment of sequences PfeA  IDIRGMGP---ENTLILVDGKPVSSRNSVRYGWRGERD SRGDTNWVPADQVERIEVIRGP B 2
. BfeA  VDIRGMGP---ENTLILIDGKPVTSRNAVRYGWNGDRD TRGDTNWVPAEEVERIEVIRGP
har})ormg part. of the lock RumA  VGIRGLPARLSPRSTILLDGIPLAAAPYGQPQLSMSPLSLG--------SISSIDVMRGA 126
region of 19 different FecA  FGIRGLNPRLASRSTVLMDGIPVPFAPYGQPQLSLAPVSLG------—-NMDAIDVVRGG 198
outer membrane receptor FpvA  YYARGFSIN----- NFQYDGIPST-—--—=—-~ ARNVG YSAGNTLSDMAIYDRVEVLKGA 209
proteins. Conserved PupB  YWSRGFAIQ----- NYEVDGVPTS-—--——==- TRLDNYSQS--—-- MAMFDRVEIVRGA 209
residues are shown in PupA  IYSRGSAIN----- IYQFDGVTTY-———————— QDNQTRNMPS TLMDVGLYDRIEIVRGA 210
bold font FhuE  YYSRGFQID----- NYMVDGIPTY--=—————- FESR-WNLGDALSDMALFERVEVVRGA 128
FptA  YYVRGFKVD----- SFELDGVPAL--=—-——=- LGN-- —-TASSPQDMAIYERVEILRGS 124
PbuA  FYSRGFRMSG----QYQYDGVPLD--=--—==- IGSSYVQADSFNSDMAIYDRVEVLRGA 208
FCUA  YRIRGYN-—-———-——— LDGDDIS--———-——- FGGLF GVLPRQIVST SMVERVEVFKGA 157
FhuA  LIIRGFAAEG----QSQNNYLNGLK---————- LQGN- -FYNDAVIDP YMLERAEIMRGP 135
FOXA  VALRGFHG-G----DVNNTFLDGLR--—-————— LLSDGGSYNVLQVDPWFLERIDVIKGP 129
FyuA  ISLRGVSSAQDF YNPAVTLYVDGVP———-—-———m——— QLSTNTIQALTDVQSVELLRGP 114
AleB  QTLRGRGML-—---- VLLDGIPLN-————————— TNRD SARNLANIDPALVERVEVLRGS 215
IutA  MNVRGRPLV-—-——- VLVDGVRLN--———————— SSRTDSRQLDSIDPFNMHHIEVIFGA 110
ViuA  PTIRGIDGSGPSVGGLASFAGTSPRLNMSIDG-RSLTY SEIAFGPRSLWDMQQVEIYLGP 128
FatA  FKIRGFS——-——————- SDIGDVM-——-—————— FNGLYGIAPY YRSSPEMYQRIDVLKGP 132
* % . .k
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Fig. 6 (A) Schematic A
representation of the
FatA beta barrel viewed
from the top. The
extracellular loops were
removed from this
scheme. The plug domain
is shown with secondary
structure. Residues of the
lock region and the
conserved glycines of the
35-66 loop are also
shown. (B) Percentage of
3>Fe-anguibactin
transport in the wild type

@ Lock region B barrel

O Lock region plug
domain

' ES05 @ Channel region plug

domain

. . 120
and site directed mutants
of the lock region. The
values re 100
present the
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deviation of at least three 80
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transport
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wt E550Q ES5S50A ES05Q ES05A R95A

in transport was observed, suggesting that this
residue is not as essential as those mentioned
above. However, mutation of residue E550 sup-
ports its essential role during ferric-anguibactin
transport (Fig. 6B) (Lopez et al. 2007). Thus
substitutions of glutamic acids with glutamines
would be permissive for the formation of hydro-
gen bonds. It is therefore possible that these
hydrogen bonds are replacing the salt bridges
present in the wild type FatA receptor. Never-
theless, a substitution of these residues by an
alanine, would not result in the formation of
hydrogen bonds.

The biochemical results obtained for the V. an-
guillarum FatA receptor together with those
obtained with the E. coli receptors FepA, FhuA
and FecA suggest that the quadrupole region of
outer membrane receptors have differences
regarding their role during the transport process.
While some of the results imply that the transport
mechanism is comparable for both V. anguillarum
and E. coli receptors, others suggest that only
some of the residues of the quadrupole region are

R95Q KI30A KI130Q
Mutated amino acid residue

essential for the transport of a specific ferric-
siderophore complex. As suggested by Shultis
et al. (Shultis et al. 2006), these differences might
be related not only to the chemical properties of
the different ferric-siderophore complexes but
also to their molecular size.

Is a transient channel created during ferric-
siderophore transport?

As mentioned above, several studies have been
performed to elucidate the mechanism of trans-
port in ferric-siderophore outer membrane recep-
tors. However, it is still a matter of controversy
how the ferric-siderophore complexes are being
transported through the lumen of these receptors
since the N-terminal plug domain is located
within the lumen of the receptors. To date two
theories are being evaluated. In one of them it has
been postulated that the plug domain should
remain within the beta-barrel. Therefore, during
ferric siderophore transport the plug is rear-
ranged due to allosteric transitions in such a
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way that resulted in the opening of a channel or
permeation pathway through which the complex
permeates into the periplasm (Ferguson et al.
2002). On the other hand it has also been
postulated that the plug domain should be com-
pletely removed from the barrel during the
passage of the ferric-siderophore complex. Re-
cent reports concerning the three dimensional
structure of the E. coli TonB protein in complex
with the cobalamine receptor BtuB (Shultis et al.
2006) and the ferrichrome receptor FhuA (Paw-
elek et al. 2006) suggest that a conformational
change or localized unfolding of the plug should
happen to open a permeation path. There are two
studies in FhuA that would indicate that a partial
unfolding of the plug during transport through
outer membrane receptors. These studies were
performed using >°Fe-ferrichrome transport
kinetics (Endriss et al. 2003) as well as using a
ferrichrome analogue >°Fe-ferricrocin transports
together with cross-linking assays of engineered
cysteines (Eisenhauer et al. 2005). In both publi-
cations the authors suggest that fixation of the
plug domain to the beta-barrel prevents the
allosteric movements of the globular domain
and therefore this domain is not displaced from
the beta-barrel while the ferric-siderophore com-
plex is transported.

In the case of the E. coli enterobactin receptor
FepA it was suggested that some conserved
glycines located within the B5-6 loop of the
plug domain play an important structural role,
which may be crucial for the formation of the
transient channel previously mentioned (G127 i
and G134 i + 7) (Chakraborty et al. 2003). These
conclusions were based on biochemical results
obtained by using *’Fe-enterobactin transport
kinetics. A double G127A/G134A mutant shows
a 12-fold increase in the K,; value without
affecting binding suggesting that a hinge motion
around these two glycines is important for the
formation of the transient channel (Chakraborty
et al. 2003). On the other hand, and more
recently, Ma et al (2007) demonstrated in FepA
by determining the susceptibility of engineered
cysteine residues to modification by fluorescein
maleimide during Fe-enterobactin transport, that
the transport mechanism would be more consis-
tent with a model in which the plug domain is
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removed from the beta-barrel. In the latter case it
was speculated that the fluorophore used in the
assays might not be fully accessible to interact
with some of the engineered cysteines due to its
size (427 Da) or as suggested from the same
authors, an unexpected conformational change or
steric factors within the barrel might prevent the
interaction of specific cysteine residues with the
fluorescein maleimide. Whether the differences
observed concerning the mechanism of transport
through FepA are due to the type of techniques
used in the different studies remains to be
answered. The removal of the plug domain during
the TonB-dependent transport is unlikely to
occur because of the large amount of intramolec-
ular polar contacts with the beta-barrel, according
with Faraldo-Gomez et al. (2003); however, the
extensive solvation of the barrel-plug interface
might offer a solution to this problem.

In the case of FatA we propose that a confor-
mational change within the beta-barrel should
occur during transport to facilitate the opening of
a transient channel. Therefore, we decided to
study several site directed mutants in which
specific glycine residues located in the 35-66 loop
of the plug domain of FatA (G131 i, G138 i + 7
and G143) were mutated to alanine ((Lopez et al.
2007) and Fig. 6A). If these glycine residues are
important during ferric-anguibactin transport, an
alanine substitution would make this structural
rearrangement more difficult or even impossible.
To test our hypothesis, single, double and triple
mutants were constructed to examine the contri-
bution of each residue to ferric-anguibactin
transport. Single mutations in the conserved
glycines of FatA did not affect transport. Fur-
thermore, as shown in Fig. 7 double mutations
either did not affect transport (G131A/G138A
and G138A/G143A) or abolished it (G131A/
G143A). As expected, the triple mutant also
showed a defect in transport. From our point of
view, these biochemical results on FatA are
consistent with the model in which the conserved
glycines located in the f5-$6 loop allowed the
rotation of these strands to form a transient
channel. Moreover, since a glycine to alanine
mutation will only result in small local changes in
the structure it is unlikely that the mutation could
obstruct the removal of the plug domain. How-
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Fig. 7 Percentage of 120
35Fe-anguibactin
transport in the wild type
and site directed mutants
of the conserved glycines.
The values represent the
mean + standard
deviation of at least three
independent experiments
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ever, whether a partial removal of the plug occurs
during ferric-anguibactin transport, remains to be
elucidated.

Conclusion.

Based on sequence alignments and structural
homologies we have demonstrated the existence
of highly conserved amino-acid residues of FatA as
compared with other outer membrane receptors,
being some of them essential for ferric-anguibactin
transport such as R95, K130 and E550. Among
these residues, we established that they form two
separate points of contact between the plug domain
(R95 and K130) and the beta barrel (E505 and
ES550). Interestingly, although they are structurally
conserved in location and orientation as compared
to the E. coli receptors FepA, FecA, FhuA and
BtuB, their importance is dissimilar possible due to
the type of siderophore being transported.
Regarding the mechanism of transport, two
different theories explain the passage of the ferric-
siderophore complexes through the outer mem-
brane receptors. Both theories are in agreement
with various biochemical data obtained using site
directed mutagenesis in FepA, FecA and FhuA.
In the case of FatA, the biochemical data obtained
with site directed mutations of conserved glycines
residues located in the f5-f6 loop of the plug
domain, suggest the existence of a conformational
change or partial unfolding of the plug during
ferric-anguibactin transport. It remains to be
investigated whether the differences concerning

100
\ oSN

Mutated amino acid residue

the mechanism of ferric-siderophore transport
observed in the studies performed with several
other outer membrane receptors are due to the
size and/or chemical properties of each ferric-
siderophore complex.

Acknowledgments This work was supported by grants
AI19018 and GM64600 from the National Institutes of
Health to JHC.

References

Actis LA, Potter SA, Crosa JH (1985) Iron-regulated
outer membrane protein OM2 of Vibrio anguillarum
is encoded by virulence plasmid pJM1. J Bacteriol
161:736-742

Actis LA, Tolmasky ME, Farrell DH, Crosa JH (1988)
Genetic and molecular characterization of essential
components of the Vibrio anguillarum plasmid-med-
iated iron-transport system. J Biol Chem 263:2853—
2860

Actis LA, Tolmasky ME, Crosa LM, Crosa JH (1995)
Characterization and regulation of the expression of
FatB, an iron transport protein encoded by the pJM1
virulence plasmid. Mol Microbiol 17:197-204

Alice AF, Lopez CS, Crosa JH (2005) Plasmid- and
chromosome-encoded redundant and specific func-
tions are involved in biosynthesis of the siderophore
anguibactin in Vibrio anguillarum 775: a case of
chance and necessity? J Bacteriol 187:2209-2214

Braun M, Killmann H, Maier E, Benz R, Braun V (2002)
Diffusion through channel derivatives of the Escher-
ichia coli FhuA transport protein. Eur J Biochem
269:4948-4959

Buchanan SK, Smith BS, Venkatramani L, Xia D, Esser L,
Palnitkar M, Chakraborty R, van der Helm D,
Deisenhofer J (1999) Crystal structure of the outer
membrane active transporter FepA from Escherichia
coli. Nat Struct Biol 6:56-63

@ Springer



402

Biometals (2007) 20:393-403

Bullen JJ, Griffiths E (1999) Iron binding proteins and host
defense. In: Bullen JJ, Griffiths E (eds) Iron and
Infection, John Wiley and Sons, Ltd, pp 327-368

Chakraborty R, Lemke EA, Cao Z, Klebba PE, van der
Helm D (2003) Identification and mutational studies
of conserved amino acids in the outer membrane
receptor protein, FepA, which affect transport but not
binding of ferric-enterobactin in Escherichia coli.
Biometals 16:507-518

Chen Q, Actis LA, Tolmasky ME, Crosa JH (1994)
Chromosome-mediated 2,3-dihydroxybenzoic acid is a
precursor in the biosynthesis of the plasmid-mediated
siderophore anguibactin in Vibrio anguillarum.
J Bacteriol 176:4226-4234

Chimento DP, Kadner RJ, Wiener MC (2005) Compara-
tive structural analysis of TonB-dependent outer
membrane transporters: implications for the transport
cycle. Proteins 59:240-251

Chimento DP, Mohanty AK, Kadner RJ, Wiener MC
(2003) Crystallization and initial X-ray diffraction of
BtuB, the integral membrane cobalamin transporter
of Escherichia coli. Acta Crystallogr D Biol Crystal-
logr 59:509-511

Cobessi D, Celia H, Pattus F (2005a) Crystal structure at
high resolution of ferric-pyochelin and its membrane
receptor FptA from Pseudomonas aeruginosa. J Mol
Biol 352:893-904

Cobessi D, Celia H, Folschweiller N, Schalk IJ, Abdallah
MA, Pattus F (2005b) The crystal structure of the
pyoverdine outer membrane receptor FpvA from
Pseudomonas aeruginosa at 3.6 angstroms resolution.
J Mol Biol 347:121-134

Crosa JH (1980) A plasmid associated with virulence in
the marine fish pathogen Vibrio anguillarum specifies
an iron-sequestering system. Nature 284:566-568

Crosa JH, Walsh CT (2002) Genetics and assembly line
enzymology of siderophore biosynthesis in bacteria.
Microbiol Mol Biol Rev 66:223-249

Di Lorenzo M, Poppelaars S, Stork M, Nagasawa M,
Tolmasky ME, Crosa JH (2004) A nonribosomal
peptide synthetase with a novel domain organization
is essential for siderophore biosynthesis in Vibrio
anguillarum. J Bacteriol 186:7327-7336

Di Lorenzo M, Stork M, Tolmasky ME, Actis LA, Farrell
D, Welch TJ, Crosa LM, Wertheimer AM, Chen Q,
Salinas P, Waldbeser L, Crosa JH (2003) Complete
sequence of virulence plasmid pJM1 from the marine
fish pathogen Vibrio anguillarum strain 775. J Bacte-
riol 185:5822-5830

Eisenhauer HA, Shames S, Pawelek PD, Coulton JW
(2005) Siderophore transport through Escherichia coli
outer membrane receptor FhuA with disulfide-teth-
ered cork and barrel domains. J Biol Chem
280:30574-30580

Endriss F, Braun M, Killmann H, Braun V (2003) Mutant
analysis of the Escherichia coli FhuA protein reveals
sites of FhuA activity. J Bacteriol 185:4683—4692

Faraldo-Gomez JD, Smith GR, Sansom MS (2003) Molecular
dynamics simulations of the bacterial outer membrane
protein FhuA: a comparative study of the ferrichrome-
free and bound states. Biophys J 85:1406-1420

@ Springer

Ferguson AD, Hofmann E, Coulton JW, Diederichs K,
Welte W (1998) Siderophore-mediated iron transport:
crystal structure of FhuA with bound lipopolysaccha-
ride. Science 282:2215-2220

Ferguson AD, Braun V, Fiedler HP, Coulton JW, Diede-
richs K, Welte W (2000) Crystal structure of the
antibiotic albomycin in complex with the outer
membrane transporter FhuA. Protein Sci 9:956-963

Ferguson AD, Chakraborty R, Smith BS, Esser L, van der
Helm D, Deisenhofer J (2002) Structural basis of
gating by the outer membrane transporter FecA.
Science 295:1715-1719

Haag H, Hantke K, Drechsel H, Stojiljkovic I, Jung G,
Zahner H (1993) Purification of yersiniabactin: a
siderophore and possible virulence factor of Yersinia
enterocolitica. ] Gen Microbiol 139:2159-2165

Jalal M, Hossain D, van der Helm D, Sanders-Loehr J,
Actis LA, Crosa JH (1989) Structure of anguibactin, a
unique plasmid-related bacterial siderophore from the
fish pathogen Vibrio anguillarum. J Am Chem Soc
111:292-296

Lamont IL, Beare PA, Ochsner U, Vasil Al, Vasil ML
(2002) Siderophore-mediated signaling regulates vir-
ulence factor production in Pseudomonas aeruginosa.
Proc Natl Acad Sci USA 99:7072-7077

Letoffe S, Wecker K, Delepierre M, Delepelaire P,
Wandersman C (2005) Activities of the Serratia
marcescens heme receptor HasR and isolated plug
and beta-barrel domains: the beta-barrel forms a
heme-specific channel. J Bacteriol 187:4637-4645

Litwin CM, Rayback TW, Skinner J (1996) Role of
catechol siderophore synthesis in Vibrio vulnificus
virulence. Infect Immun 64:2834-2838

Locher KP, Rees B, Koebnik R, Mitschler A, Moulinier L,
Rosenbusch JP, Moras D (1998) Transmembrane
signaling across the ligand-gated FhuA receptor:
crystal structures of free and ferrichrome-bound states
reveal allosteric changes. Cell 95:771-778

Lopez CS, Alice AF, Chakraborty R, Crosa JH (2007)
Identification of amino acid residues required for
ferric-anguibactin transport in the outer-membrane
receptor FatA of Vibrio anguillarum. Microbiology
153:570-584

Ma L, Kaserer W, Annamalai R, Scott DC, Jin B, Jiang X,
Xiao Q, Maymani H, Massis LM, Ferreira LC,
Newton SM, Klebba PE (2007) Evidence of Ball-
and-chain Transport of Ferric Enterobactin through
FepA. J Biol Chem 282:397-406

McKenna WR, Mickelsen PA, Sparling PF, Dyer DW
(1988) Iron uptake from lactoferrin and transferrin by
Neisseria gonorrhoeae. Infect Immun 56:785-791

Mey AR, Payne SM (2001) Haem utilization in Vibrio
cholerae involves multiple TonB-dependent haem
receptors. Mol Microbiol 42:835-849

Mourino S, Osorio CR, Lemos ML, Crosa JH (2006)
Transcriptional organization and regulation of the
Vibrio anguillarum heme uptake gene cluster. Gene
374:68-76

Nau CD, Biswas G, Tsai J, Paruchuri D, Thompson S,
Sparling P (1992) Gonococcal transferrin binding
protein I is required for transferrin utilization and is



Biometals (2007) 20:393-403

403

homologous to TonB dependent outer membrane
receptors. J Bacteriol 174:5788-5797

Neilands JB (1952) A crystalline organo-iron pigment
from a rust fungus (Ustilago sphaerogena). J Am
Chem Soc 74:4846-4847

Pawelek PD, Croteau N, Ng-Thow-Hing C, Khursigara
CM, Moiseeva N, Allaire M, Coulton JW (2006)
Structure of TonB in complex with FhuA, E. coli
outer membrane receptor. Science 312:1399-1402

Pollack JR, Neilands JB (1970) Enterobactin, an iron
transport compound from Salmonella typhimurium.
Biochem Biophys Res Commun 38:989-992

Raymond KN, Dertz EA (2004) Biochemical and physical
properties of siderophores. In: Mey AR, Payne SM,
Crosa JH (eds) Iron transport in bacteria. ASM Press,
Washington, DC pp 3-16

Sauter A, Braun V (2004) Defined inactive FecA deriv-
atives mutated in functional domains of the outer
membrane transport and signaling protein of Escher-
ichia coli K-12. J Bacteriol 186:5303-5310

Seliger SS, Mey AR, Valle AM, Payne SM (2001) The two
TonB systems of Vibrio cholerae: redundant and
specific functions. Mol Microbiol 39:801-812

Shultis DD, Purdy MD, Banchs CN, Wiener MC (2006)
Outer membrane active transport: structure of the
BtuB:TonB complex. Science 312:1396-1399

Simonson C, Brener D, DeVoe IW (1982) Expression of a
high-affinity mechanism for acquisition of transferrin
iron by Neisseria meningitidis. Infect Immun
36:107-113

Stork M, Di Lorenzo M, Mourino S, Osorio CR, Lemos
ML, Crosa JH (2004) Two tonB systems function in
iron transport in Vibrio anguillarum, but only one is
essential for virulence. Infect Immun 72:7326-7329

Thieken A, Winkelmann G (1992) Rhizoferrin: a com-
plexone type siderophore of the Mucorales and
entomophthorales (Zygomycetes). FEMS Microbiol
Lett 73:37-41

van der Helm D (2004) Structure of outer membrane
receptor proteins. In: Mey AR, Payne SM, Crosa JH
(eds) Iron transport in bacteria. ASM Press, Wash-
ington, DC, pp 51-65

van der Helm D, Chakraborty R, Ferguson AD, Smith BS,
Esser L, Deisenhofer J (2002) Bipartite gating in the
outer membrane protein FecA. Biochem Soc Trans
30:708-710

Welch TJ, Chai S, Crosa JH (2000) The overlapping angB
and angG genes are encoded within the trans-acting
factor region of the virulence plasmid in Vibrio
anguillarum: essential role in siderophore biosynthe-
sis. J Bacteriol 182:6762-6773

Wertheimer AM, Verweij W, Chen Q, Crosa LM, Nagas-
awa M, Tolmasky ME, Actis LA, Crosa JH (1999)
Characterization of the angR gene of Vibrio anguil-
larum: essential role in virulence. Infect Immun
67:6496-6509

Yue WW, Grizot S, Buchanan SK (2003) Structural
evidence for iron-free citrate and ferric citrate binding
to the TonB-dependent outer membrane transporter
FecA. J Mol Biol 332:353-368

@ Springer



	Characterization of ferric-anguibactin transport in Vibrio anguillarum
	Abstract
	Introduction
	Results
	Synthesis and transport of the siderophore anguibactin in V. anguillarum
	Structural similarities of ferric-siderophore outer membrane receptors
	Iron transport across the V. anguillarum membrane
	Excision of the plug domain in FatA
	Identification of the quadrupole region of FatA
	Is a transient channel created during ferric-siderophore transport?

	Conclusion.
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


