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The ttpC Gene Is Contained in Two of Three TonB Systems in the
Human Pathogen Vibrio vulnificus, but Only One Is Active in Iron

Transport and Virulence

Ryan J. Kustusch, Carole J. Kuehl,* and Jorge H. Crosa

Department of Molecular Microbiology and Immunology, Oregon Health and Science University, Portland, Oregon, USA

The TonB system of proteins is required for the energy-dependent active transport of iron-bound substrates across the outer
membrane of Gram-negative bacteria. We have identified three TonB systems within the human pathogen Vibrio vulnificus. The
TonB1 system contains the TonB1, ExbD1, and ExbB1 proteins, whereas both the TtpC2-TonB2 and TtpC3-TonB3 systems con-
tain an additional fourth protein, TtpC. Here we report that TtpC3, although highly related to TtpC2, is inactive in iron trans-
port, whereas TtpC2 is essential for the function of the TtpC2-TonB2 system in V. vulnificus. This protein, together with TonB2,
is absolutely required for both the uptake of endogenously produced iron-bound siderophores as well as siderophores produced
from other organisms. Through complementation we show that V. vulnificus is capable of using different TtpC2 proteins from
other Vibrio species to drive the uptake of multiple siderophores. We have also determined that aerobactin, a common bacterial
siderophore involved in virulence of enteric bacteria, can only be brought into the cell using the TtpC2-TonB2 system, indicating
an important evolutionary adaptation of TtpC2 and TonB2. Furthermore, in the absence of TonB1, TtpC2 is essential for a fully
virulent phenotype as demonstrated using 50% lethal dose (LD5,) experiments in mice.

ibrio vulnificus is an opportunistic marine pathogen that is

capable of causing fatal septicemia in both humans and eels
(19, 37). Human infections are generally caused by ingestion of
contaminated seafood or through open wounds that come in con-
tact with contaminated seawater (33, 49). Primary sepsis is often
associated with diseases that are linked to elevated iron levels,
including cirrhosis, hemochromatosis, and thalassemia (19).

Iron is an essential element that is required for the survival of
almost all living organisms. Iron is highly versatile, ranging in
processes from signaling to metabolism, and can act as both an
electron donor and acceptor (12). Even though it is the fourth
most abundant element in the Earth’s crust, it remains a major
challenge to obtain by many microorganisms. Iron forms insolu-
ble ferric hydroxides when exposed to aerobic conditions (12). In
addition, microbes that colonize mammalian hosts are con-
fronted with high-affinity iron-binding proteins such as transfer-
rin and lactoferrin, which only exacerbate iron limitation inside
the host environment (9). Microorganisms have evolved specific
iron-sequestering systems that focus around siderophores, which
are low-molecular-weight high-affinity iron-chelating molecules,
and the cell surface receptors responsible for binding these mole-
cules (1, 11, 24).

In Gram-negative bacteria, the outer membrane (OM) protein
receptors are responsible for binding an assortment of minerals
and nutrients, including iron-bound siderophores. The inner
membrane (IM) is the site of respiration that results in the gener-
ation of energy in the forms of the proton motive force (PMF) and
adenosine triphosphate (ATP). The PMF energy is transduced to
the OM receptors by the TonB system of proteins, thus activating
them to a structure that recognizes the iron-siderophore complex
(7,12, 42).

The TonB system has been extensively studied in Escherichia
coli, where it has been shown to consist of three integral inner
membrane proteins: TonB, ExbB, and ExbD (5, 6, 8). Both ExbB
and ExbD have been shown to promote conformational changes
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in TonB by transferring energy from the PMF, thereby allowing
TonB to span the periplasm and make contact with TonB-depen-
dent OM receptors (16, 21, 25, 28-32, 40, 43, 50). All members of
the Vibrionaceae have two very similar TonB systems, the TonB1
and TtpC2-TonB2 systems, and in the case of a smaller subset of
organisms in this family, a third TonB system, TtpC3-TonB3.
Both the TtpC2-TonB2 and TtpC3-TonB3 systems contain an
additional protein, TtpC (2, 26, 27, 48, 52).

TtpC is highly conserved in all pathogenic Vibrio species ana-
lyzed to date (26, 27, 48). This protein is 45 kDa in size and con-
tains three transmembrane domains with its carboxy terminus
anchored in the IM and its amino-terminal region in the
periplasm (26, 48; our unpublished results). Cross-linking exper-
iments in V. anguillarum have shown that TtpC (herein named
TtpC2 to differentiate it from TtpC3 found in the TtpC3-TonB3
system) is capable of forming complexes with other members of
the TtpC-TonB2 system and potentially outer membrane receptor
proteins (48). TtpC is an essential component of the TtpC-TonB2
system in both V. cholerae and V. anguillarum (25, 48). Although
TtpC can be found in all Vibrio species as well as many aquatic
bacteria, little is known about its function within the TtpC-TonB2
system.

In this study, we demonstrate that TtpC2 is essential for the
TtpC2-TonB2 system in V. vulnificus and that TtpC3 cannot re-
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TABLE 1 Bacterial strains and plasmids used in this study

TonB Systems in the Human Pathogen Vibrio vulnificus

Reference or

Strain or plasmid Genotype or relevant characteristic” source
Strains
V. vulnificus
CMCP6 Wild type J. Rhee
AA-14 AvenB 2
AA-6 AtonBl1 2
AA-7 AtonB2 2
VSRK301 AttpC2 This study
AA-8 AtonB3 2
VSRK198 AttpC3 This study
AA-9 AtonBI AtonB2 2
VSRK357 AtonBI AttpC2 This study
AA-10 AtonB1 AtonB3 2
VSRK199 AtonBI AttpC3 This study
AA-11 AtonB2 AtonB3 2
VSRK275 AttpC2 AttpC3 This study
AA-12 AtonBI1 AtonB2 AtonB3 AlacZ 2
VSRK202 AtonBI AtonB2 AttpC3 This study
VSRK304 AtonB1 AttpC2 AttpC3 This study
AA-16 AtonBI AtonB2 AtonB3 AvenB 2
VSRK283 AtonBI AttpC2 AttpC3 AvenB This study
V. parahaemolyticus
RIMD Wild type T. Honda
E. coli
S17-1 Npir Npir lysogen; thi pro hsdR hsdM* recA RP4-2 Tc:Mu Km::Tn7; Tp" Sm” 46
Plasmids
pCR2.1 TA cloning vector; Km" Amp® Invitrogen
pMMB208 Broad-host-range expression vector; Cm" Ptac 36
pDM4 Suicide vector with oriR6K; Cm" sacB 35
pRK2013 Helper plasmid; Km* 15
ptonBI V. vulnificus CMCP6 tonBI cloned into pMMB208 2
ptonB2 V. vulnificus CMCP6 tonB2 cloned into pMMB208 2
pttpC2(Vvul) V. vulnificus CMCP6 ttpC2 cloned into pMMB208 This study
pttpC2(Vcho) V. cholerae CA401 ttpC2 cloned into pMMB208 This study
pttpC2(Vpara) V. parahaemolyticus RIMD ttpC2 cloned into pMMB208 This study
pttpC2(Valg) V. alginolyticus 12GO01 ttpC2 cloned into pMMB208 This study
pttpC2(Vang) V. anguillarum 775 ttpC2 cloned into pMMB208 This study

“ Amp*, ampicillin resistant; Cm", chloramphenicol resistant; Km", kanamycin resistant; Sm", streptomycin resistant; Tp", trimethoprim resistant.

place it. In addition, the TtpC2 proteins from other Vibrio species
can complement a AttpC2 mutation and function as part of the
TtpC2-TonB2 system of V. vulnificus, underlying the importance
and ubiquity of this protein. We also present data showing the
ability of this protein to intervene in the uptake of endogenous
and heterologous siderophores. Finally, through virulence assays,
we show that TtpC2 is crucial for a fully virulent phenotype in V.
vulnificus infections.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are listed in Table 1. V. vulnificus was
routinely grown in tryptic soy broth with the addition of 10 g/liter of NaCl
for a total of 1.5% NaCl (TSBS) or in minimal CM9 media (1X M9 salts is
60 g Na,HPO,, 30 g KH,PO,, 50 g NaCl, 10 g NH,Cl per liter [pH 7.2]),
0.2% Casamino Acids, 0.5% glucose, 10 uM CaCl,, 100 pM MgSO,) (10).
E. coli was routinely grown in LB broth. Antibiotics were used at the
following final concentrations: 10 pg/ml chloramphenicol (Cm) for V.
vulnificus and 30 pg/ml Cm for E. coli when appropriate. Thiosulfate-
citrate-bile salts-sucrose agar (TCBS) (Becton, Dickinson) was used as the
selective medium for V. vulnificus during conjugations.
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Sequence identity. The percentage of identity was found through the
align function of the BLASTp interface (3). V. vulnificus strain CMCP6
(accession number PRJNA62909) was used for the BLAST analysis against
V. parahaemolyticus strain RIMD (accession number PRJNA57969), V.
alginolyticus strain 12G01 (accession number PRINA54241), V. cholerae
strain CA401 (accession number AF047974.1), V. anguillarum strain 775
(accession number PRJNA68057), and E. coli K-12 (accession number
PRJNA57779).

Construction and complementation of V. vulnificus mutants. In-
frame deletions of the entire coding sequences of genes were generated
using splicing by overlap extension (SOE) PCR (22, 45). Upstream and
downstream regions (approximately 700 bp) flanking each gene were am-
plified with specific primers. The two 700-bp fragments with overlapping
primer ends were spliced using SOE PCR with the two outside primers.
The amplified fragment was cloned into the pCR2.1 vector (Invitrogen,
Carlsbad, CA), digested with appropriate restriction enzymes, and sub-
cloned into the suicide vector pDM4, which was previously digested with
the same restriction enzymes. E. coli S17-1 Apir transformed with the
pDM4 (35) derivatives was conjugated with V. vulnificus, and exconju-
gants were selected on TCBS agar with 2 pug/ml Cm. For the excision of the
suicide vector, clones were incubated in the absence of Cm and plated on
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TSAS plates (TSBS with 1.5% agar) containing 15% sucrose. Those colo-
nies that grew on these plates were screened for Cm sensitivity, and dele-
tions within the genes of interest were confirmed by PCR.

Complementation of deleted genes was achieved by amplifying each
gene of interest by PCR with primers containing restriction sites. The
fragments were cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA),
sequenced, and then subcloned into pMMB208 (36) under the control of
the Ptac promoter. This promoter is under the control of the lacl gene
harbored in the vector. The constructs were transformed into V. vulnificus
strains by triparental conjugation with the plasmid helper pRK2013 (15).
In order to induce transcription of the cloned genes, 1 mM isopropyl-p-
thiogalactopyranoside (IPTG) was added to the solid and/or broth me-
dium.

CAS assays. Overnight cultures were diluted to an optical density at
600 nm (ODy,) of 0.02 into 25 ml of CM9 media and incubated at 37°C
to an ODg, of 0.5 (~3 h). Cells were normalized to an ODg, of 0.51in 1
ml of CM9 media. Cells were then centrifuged, and 0.5 ml of supernatant
was used in the chrome azurol S (CAS) assay. A ratio of 1:1 of cell super-
natant to CAS solution (600 uM hexadecyltrimethylammonium bromide
[HDTMA], 150 uM FeCl;, 150 wM CAS) was mixed and placed into
0.2-cm cuvettes, and the ODg;, was read using a spectrophotometer at 20
min after mixing. The assay was normalized to the wild type (WT), and the
final values were inverted to show a positive change for ease of reading.

Bioassays. Bacteria were grown overnight in TSBS with the appropri-
ate antibiotics and diluted 1/400 into TSAS containing 100 wg/ml ethyl-
enediamine-di-(o-hydroxyphenylacetic) acid (EDDA) or CM9 minimal
media containing 30 p.g/ml of EDDA. In these experiments, bacterial cells
were included in the agar and, upon solidification, plates were spot inoc-
ulated with different iron sources. After incubation of the plates at 37°C,
halos of bacterial growth surrounding the locations of the spots indicated
positive results. In these experiments, ferric ammonium citrate (FAC),
which does not require active transport, was included to confirm that the
strain inoculated in the agar was viable. The purified compounds spotted
on top of the bioassay plates to determine the functionality of the different
TonB cluster of genes in V. vulnificus were as follows: 1 mg/ml iron-free
vibriobactin (EMC Microcollections, Germany), 1 mg/ml iron-free an-
guibactin (our laboratory), 1 mg/ml iron-free aerobactin, 1 mg/ml iron-
free enterobactin, 1 mg/ml iron-free ferrioxamine (all three from EMC
Microcollections, Germany), and 500 pg/ml FAC (Sigma). Each bioassay
plate was spotted with 2 pl of each indicated iron source. To test vibrio-
ferrin, WT V. parahaemolyticus was streaked onto the plate. Vulnibactin
and the hydroxamate siderophore, both from V. vulnificus, were tested by
streaking either WT or the AvenB strain onto the bioassay plate. Halo
growth around these streaks indicates that the strain within the plate can
use the siderophore being produced by the streaked strain.

Virulence experiments. Overnight cultures were diluted to an ODg,
0f 0.02 into 25 ml of TSBS and incubated at 37°C to an OD, of 0.5. Cells
were pelleted and washed twice in phosphate-buffered saline (PBS). Cells
were diluted to an ODy, of 1.0 and serially diluted in PBS. Five 4- to
6-week-old CD1 mice (Charles River Laboratories) per dilution were in-
jected intraperitoneally with 0.1 ml of the strain of interest. Three serial
dilutions for each strain were evaluated. Mortality was monitored for 48 h
postinfection, and 50% lethal dose (LDs) calculations were determined
by the Reed-Muench method (44).

Radioactive >*Fe uptake assays. Overnight cultures grown in TSBS
with Cm were subcultured to an OD, of 0.02 into 20 ml of CM9 with 1
mM IPTG plus Cm and grown at 37°C to an ODg, of 0.3. Cells were
pelleted and washed once with M9 salts plus 100 wM nitrilotriacetic acid
(NTA). Cells were then diluted to an ODy, of 0.3 in a total of 8 ml and
placed into 50-ml conical tubes. Cells were shaken at 37°C for 2 h to
deplete iron. To label the siderophore, **FeCl, (2 mCi; Perkin-Elmer, Life
Sciences Inc., Boston, MA) was diluted 1:10 in 0.5 M HCl and 1 pl was
added to 48 wl H,O along with 1 ul of 5.3 mM desferrioxamine G (EMC
Microcollections, Germany). The labeling was performed at 37°C for 15
min. Ten microliters of 1 M potassium cyanide (KCN) was added to the
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appropriate cultures 10 min before the addition of [**Fe]ferrioxamine to
act as a negative control. At time zero, 1.87 ul (18.7 pmol [>*Fe]ferriox-
amine) was added to 8 ml of culture and allowed to continue shaking at
37°C. One milliliter of cells was removed at the appropriate times and
passed over a 0.45-pm surfactant-free hydroanalysis mixed cellulose ester
Triton-free (HATF) filter (Millipore, Billerica, MA). To measure
[°°Fe]ferrioxamine internalization rather than binding, the ferrioxam-
ine receptor was quenched by washing twice with 10 ml of 0.1 M LiCl.
Filters were dried, and the amount of °>Fe was determined by scintil-
lation counting. Two biological replicates were done for each strain.

RESULTS

V. vulnificus contains two TtpC proteins associated with the
TtpC2-TonB2 and TtpC3-TonB3 systems. The bacterium V. vul-
nificus contains three TonB systems (2) (Fig. 1A). The TonB1 sys-
tem consists of three genes, tonB1, exbB1, and exbD1, and was first
elucidated in V. cholerae (17, 20). The TonB1 system is present in
all members of the Vibrionaceae examined. The TonB1 system of
V. vulnificus, as well as every other member of the Vibrionaceae, is
associated with genes needed for heme uptake (Fig. 1A). Unlike E.
coli, the TonB1 system of the Vibrionaceae contains all three genes
in one operon (Fig. 1A and C). In this study, we show the homol-
ogy of the V. vulnificus TonB1 system of proteins, TonB1, ExbB1,
and ExbD1, with that of other Vibrio TonB1 systems (Fig. 1A).
The TonB1 protein of V. vulnificus is on average ~40% identical
to TonB1 proteins from other members of the Vibrionaceae; how-
ever, the percentages of identity of both the ExbB1 and ExbD1
proteins are much higher (around 75%). This higher level of iden-
tity is also seen in the heme utilization proteins, HutB, HutC, and
HutD (Fig. 1A). Comparing the different TonB systems of as-
sorted Vibrio species to the E. coli TonB system, we found that the
TonB1 system had the highest degree of identity with an average of
only ~25% for any given protein (Fig. 1C and data not shown).

All of the vibrios examined thus far contain a second TonB
system termed the TtpC2-TonB2 system. This is unlike E. coli that
contains only a single TonB system. The TtpC2-TonB2 system has
shown uptake specificity to certain iron-bound substrates in both
V. anguillarum and V. cholerae (26, 48). Unlike the TonB1 system,
the TtpC2-TonB2 system consists of four proteins: TonB2,
ExbD2, ExbB2, and TtpC2 (25, 26, 50; unpublished data) (Fig.
1A). In addition, the Vibrionaceae have two genes surrounding the
TtpC2-TonB2 system. These include a hypothetical protein with a
domain of unknown function (DUF3450) and a protein that con-
tains a tetratricopeptide repeat (TPR) domain that can be in-
volved in protein-protein interactions (Fig. 1A). The role, if any,
that these two additional genes play in the TtpC2-TonB2 system is
currently being investigated. The percentages of identity of the V.
vulnificus TtpC2-TonB2 system and these two additional proteins
are compared to four other Vibrio species in Fig. 1A. Similar to
TonB1, the TonB2 protein of V. vulnificus has about 45% identity
with the other TonB2 proteins in the TtpC2-TonB2 system.
ExbD2 shares the largest amount of identity between the members
of the Vibrionaceae evaluated here, with the identity close to 85%.
Both TtpC2 and ExbB2 of V. vulnificus share about 60% identity to
the corresponding proteins from other Vibrio species.

A few Vibrio species, including V. vulnificus, V. parahaemolyti-
cus, and V. alginolyticus, contain a third TonB system, TtpC3-
TonB3 (2, 26, 27). This system also contains the fourth essential
protein TtpC. In this study, we show the TtpC3-TonB3 system
and its organization (Fig. 1A). The highest percentage of identity
between Vibrio species was seen with the TtpC3-TonB3 system,
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V. parahaemolyticus

TonB1 System V. alginolyticus

TonB Systems in the Human Pathogen Vibrio vulnificus

/ |/
39 80 74 75 74 66
36 80 74 72 75 65

Homology V. cholerae 37 73 65 62 67 62
V. anguillarum 38 79 71 61 73 59
D
—| DUF3450 TtpC2 ExbB2 @4 TonB2 M1
I
V. parahaemolyticus 51 58 61 86 42 36
TtpC2-TonB2 V. alginolyticus 51 60 60 86 43 36
System Homology V. cholerae 55 58 68 86 47 35
V. anguillarum 49 58 62 85 46 38
B A
5 TPR
—|_om Receptor DUF34J>| TtpC3 ExbB3 TonB3 b dmin
V }
V. parahaemolyticus 31 84 86 89 89 85 70
TtpC3-TonB3 V. alginolyticus 80 81 88 89 90 87 71
System Homology V. cholerae NA NA NA NA NA NA NA
V. anguillarum NA NA NA NA NA NA NA
B. A
345 TPR
TtpC2-TonB2 —' DUF34Q>| TtpC ExbB Ton K
Vs }
TtpCS-TonBS V. vulnificus 30 37 40 57 27 26
V. parahaemolyticus 36 39 41 53 24 24
System Homology i ticus 37 40 42 53 24 24
TonB NN M—{?ﬂ:‘ ‘%ﬂ:l
E. coli TonB System .
vs Vibrio TonB1 V. vulnificus ) 24 22 22
System Homolo V. parahaemolyticus 24 25 24
yste 9y v alginolyticus 26 24 23
V. cholerae 27 24 24
V. anguillarum 28 23 24

FIG 1 The TonB systems of V. vulnificus and their homology to other bacterial species. (A) The three TonB systems of V. vulnificus are depicted. The percentages
of identity of the V. vulnificus proteins to the V. parahaemolyticus, V. alginolyticus, V. cholerae, and V. anguillarum proteins are shown. The percentage of identity
is listed below each protein being compared. NA represents the lack of that system in the bacterium. (B) The TtpC2-TonB2 system of V. vulnificus, V.
parahaemolyticus, and V. alginolyticus is compared to the TtpC3-TonB3 system from the same species. The percentage of identity is listed below each protein
being compared. (C) The TonB system of E. coli is compared against the TonB1 systems of V. vulnificus, V. parahaemolyticus, V. alginolyticus, V. cholerae, and V.
anguillarum. The percentage of identity is listed below each protein being compared.

close to ~85% (Fig. 1A). Overall, this system appears very similar
to the TtpC2-TonB2 system in its general grouping and orienta-
tion, with the exception of one gene. Unlike the TtpC2-TonB2
system, the TtpC3-TonB3 system contains an OM receptor pro-
tein upstream of DUF3450. When the OM receptor of V. vulnificus
is compared to that of V. alginolyticus, the percentage of identity is
very similar to other proteins in this operon. On the other hand,
the OM receptor protein of V. parahaemolyticus shows a very low
percentage of identity (only 31% compared to V. vulnificus).

To characterize the TtpC2-TonB2 and TtpC3-TonB3 systems,
each was compared against each other in three different Vibrio
species (Fig. 1B). In V. vulnificus, these two systems appear to be
very different from each other with identity ranging from 27% to
57%. This amount of identity was also true in both V. parahaemo-
Iyticusand V. alginolyticus. ExbD3 remained consistently higher in
identity, as was seen in other comparisons. It should be noted that
the level of TtpC2 to TtpC3 identity was low (around 40%).

The V. vulnificus TtpC2 protein is essential for the TtpC2-
TonB2 system in mediating transport of endogenous sidero-
phores. Bioassays were used to investigate the essentiality of ttpC2
within the TtpC2-TonB2 system for the uptake of the endogenous
siderophores, vulnibactin and the uncharacterized hydroxamate
compound (47), in V. vulnificus. We began by testing an assort-
ment of mutants that were deleted in different TonB systems (Ta-
ble 2). This large assortment of mutants allowed us to test not only
the role played by TtpC2 in the TtpC2-TonB2 system but also to
test the ability of each of the three TonB systems to use these two
siderophores.
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We previously demonstrated that both the TonB1 and TtpC2-
TonB2 systems were capable of mediating vulnibactin uptake (2),
but it was unknown which TonB system was responsible for me-
diating the uptake of the hydroxamate siderophore. Additionally,

TABLE 2 TtpC2 is an essential component of the TtpC2-TonB2 system
in mediating the uptake of endogenous siderophores in V. vulnificus

Growth on indicated iron source”

V. vulnificus strain or genotype FAC  Vulnibactin ~ Hydroxamate
WT + + +
AtonBl1 + + +
AtonB2 + + +
AttpC2 + + +
AtonB3 + + +
AtonBI1 AtonB2 + - -
AtonBI AttpC2 + -

AtonBI1 AtonB3 + + +
AtonB2 AtonB3 + + +
AtonBI AtonB2 AtonB3 + - -
AtonBI AttpC2 AttpC3/pMMB208  + - -
AtonBI AttpC2 + + +

AttpC3/pttpC2(Vvul)

“ Growth was determined by the presence of a halo (+) or lack thereof (—) around the
iron source indicated. FAC, which does not require active transport, was added as a
positive control to confirm that the strain imbedded within the plate was viable. Two
microliters of FAC was spotted (500 pg/ml). Wild-type V. vulnificus was streaked onto
the plate, and the halo of growth was monitored around the streak. A V. vulnificus
AvenB mutant strain that is deficient in the production of vulnibactin was streaked onto
the plate, and the halo of growth was monitored around the streak.
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3.5

2.5

1.5 4

Relative abundance of vulnibactin

0.5

WT  AtonB1 AtonB2 AttpC2 AttpC3 AtonB1 AtonB1 AtonB71 AtonB2 AttpC2 AtonB1 AtonB1 AvenB AtonB1 AtonB1

AtonB2 AttpC2 AttpC3 AtonB3 AttpC3 AtonB2 AttpC2

AtonB2 AttpC2
AttpC3  AttpC3
AvenB AvenB

AttpC3  AttpC3

FIG 2 TtpC2 within the TtpC2-TonB2 system is essential for vulnibactin uptake. Liquid chrome azurol S (CAS) assays were used to determine the relative
production of V. vulnificus native siderophore vulnibactin. Supernatant from log phase cultures grown in minimal media were mixed with CAS solution ata 1:1
ratio. The ODg;, was determined after 20 min of incubation at room temperature. Samples were normalized to WT.

we previously investigated only tonB2 within the TtpC2-TonB2
system and not t#pC2. As shown in Table 2, single mutant strains
that were deleted for either tonB1 or ttpC2 were capable of using
both native siderophores. When the AtonBI AttpC2 double mu-
tant was tested, both native siderophores could no longer be ac-
quired by V. vulnificus, indicating that both siderophores could
use either the TonB1 system or the TtpC2-TonB2 system. In ad-
dition, these data demonstrate that TtpC3 cannot be used in place
of TtpC2 since TtpC3 is still produced by these strains. We also
created mutants that were deleted for tonB2 instead of ttpC2 and
tested their ability to use the two endogenous siderophores. As
shown in Table 2, all of these mutations showed the same results as
when ##pC2 was deleted. Once again, a AtonBl AtonB2 double
mutant was not capable of using these siderophores as iron
sources. Both siderophores were also unable to be used when all
three TonB systems were deleted. We tested the AtonBI AttpC2
AttpC3 triple deletion strain with a complementing plasmid ex-
pressing TtpC2. In this complemented strain, both native sidero-
phores could once again be used as iron sources (Table 2).

We further analyzed these mutants through the use of chrome
azurol S (CAS) assays. This colorimetric method can be used to
detect the secretion of iron-bound siderophores. The endogenous
siderophores of V. vulnificus are secreted in iron-depleted condi-
tions. If the cells contain a functional TonB system capable of
mediating the uptake of these iron-bound siderophores, they will
be brought back into the cell. By testing different TonB mutants,
one can assess if that particular TonB system can be used to power
the uptake of each of these siderophores. Vibrio vulnificus will
continue to produce and secrete siderophores until it has arrived
at the optimal iron level. If a TonB system is nonfunctional and
these siderophores cannot be brought back into the cell, an accu-
mulation of siderophores builds up in the medium. By harvesting
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the supernatant from these cultures and mixing it with the CAS
reagents, one can determine through a color change if a sidero-
phore is unable to be brought back into the cell.

The results from these experiments are shown in Fig. 2. Both
the TonB1 and TtpC2-TonB2 systems are used for the uptake of
endogenous siderophores, confirming our bioassay results. Single
and/or double mutations that allow either the TonB1 system or
the TtpC2-TonB2 system to still function show the same amount
of siderophore production as WT. Only when genes in both the
TonB1 and TtpC2-TonB2 systems are deleted do we see an in-
crease in relative production of siderophores. It is important to
point out that the same result is seen independently of whether
tonB2 or ttpC2 is deleted, once again confirming the essentiality of
TtpC2 in the TtpC2-TonB2 system. By analyzing a AvenB mutant
that does not produce vulnibactin, as well as this mutation in
conjunction with other TonB system deletions, we have deter-
mined that vulnibactin and not the hydroxamate siderophore is
the primary siderophore secreted under conditions of iron limi-
tation (Fig. 2).

The V. vulnificus TtpC2 protein is essential for the TtpC2-
TonB2 system in mediating transport of exogenous sidero-
phores. In order to better survive in the various environments and
hosts that V. vulnificus inhabits, it has gained the ability to use
many different iron sources, including the use of exogenous sid-
erophores, i.e., siderophores produced by other bacterial and fun-
gal species (2, 4). In order to assess which siderophores V. vulni-
ficus can use, and specifically which TonB system is responsible for
their uptake, we performed bioassays. Table 3 shows which sid-
erophores can be used by V. vulnificus and, specifically, which
TonB system is utilized. Vibriobactin, a siderophore produced by
V. cholerae (18), was able to be used by V. vulnificus through both
the TonB1 and TtpC2-TonB2 systems. Single mutants either in
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TABLE 3 TtpC2 is an essential component of the TtpC2-TonB2 system in mediating the uptake of exogenous siderophores in V. vulnificus

Growth on indicated iron source”

V. vulnificus strain or genotype FAC Vibriobactin Vibrioferrin Ferrioxamine Aerobactin Enterobactin Anguibactin
WT + + + + + T _
AtonBI + + + + + + —
AtonB2 + + + + - + —
AttpC2 + + + + — + _
AtonB3 + + + + + + _
AttpC3 + + + + + + -
AtonB1 AtonB2 + - - - - - _
AtonBI AttpC2 + - - - - - _
AtonBI AtonB3 + + + + + + -
AtonBI AttpC3 + + + + + + _
AtonB2 AtonB3 + + + + - + _
AtonBI AtonB2 AtonB3 + - - - - - —
AtonBI AttpC2 AttpC3 + - - _
AtonBI AttpC2 AttpC3 AvenB/pMMB208 + - - _
AtonBI AttpC2 AttpC3 AvenB/ptonBl + + + + - + —
AtonBI AtonB2 AttpC3 AvenB/ptonB2 + + + + + + -
AtonBI1 AttpC2 AttpC3 AvenB/pttpC2(Vvul) + + + + + + —

@ Growth was determined by the presence of a halo (+) or lack thereof (—) around the iron source indicated. Two microliters of each iron source was spotted on the surface of the
plates in the following concentrations: FAC, 500 wg/ml; vibriobactin, 1.0 mg/ml; anguibactin, 1.0 mg/ml; aerobactin, 1.0 mg/ml; enterobactin, 1.0 mg/ml; and ferrioxamine, 1.0
mg/ml. Wild-type V. parahaemolyticus producing vibrioferrin was streaked onto the plate, and the halo of growth was monitored around the streak.

the TonB1, TtpC2-TonB2, or TtpC3-TonB3 system were still ca-
pable of using vibriobactin. Only when a double mutant in fonB1
with either tonB2 or ttpC2 was used could vibriobactin no longer
be taken into the cell. Triple mutants in all three TonB systems, as
well as quadruple mutants that were deleted for vulnibactin pro-
duction, were also unable to use vibriobactin. This indicates that
vulnibactin production and transport do not affect the outcome of
vibriobactin uptake. Complementation of a quadruple mutant
with tonBl, ttpC2, or tonB2 restored the uptake of exogenous
vibriobactin (Table 3). Similar results were seen for the sidero-
phores vibrioferrin, enterobactin, and ferrioxamine produced by
V. parahaemolyticus, E. coli, and Streptomyces species (14, 41, 52,
54). This is the first reported case of V. vulnificus utilizing both
vibriobactin and enterobactin. Previous studies have shown that
ferrioxamine can be utilized by V. vulnificus (4); however, our
results are the first report indicating which TonB system is used
for its uptake. We also show that aerobactin can be taken up by V.
vulnificus (Table 3). Unlike the other siderophores tested, ttpC2 or
tonB2 single mutants resulted in the loss of aerobactin uptake,
indicating that aerobactin can only be transported using the en-
ergy provided by the TtpC2-TonB2 system and not by the TonB1
or TtpC3-TonB3 system.

Although bioassays are a highly sensitive method for detecting
different iron sources, they are only capable of giving an endpoint
reading. To determine if the assorted V. vulnificus mutant strains
were capable of operating in iron transport, the kinetics of iron
uptake using radioactive [>°Fe]ferrioxamine was evaluated. Vul-
nibactin is a catecholate siderophore, whereas ferrioxamine pos-
sesses hydroxamate groups for binding the iron atom. In our
study, we have been unable to perform radioactive >*Fe transport
assays with catecholate siderophores, i.e., enterobactin and vibrio-
bactin in members of the Vibrionaceae. For this reason we used
[*°Fe]ferrioxamine in our uptake studies.

The V. vulnificus AtonB1 AttpC2 AttpC3 AvenB and AtonBI
AtonB2 AtonB3 AvenB mutants were each evaluated with and
without complementing plasmids expressing TtpC2 and TonB2,
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respectively. Cultures were grown in minimal media containing
nitrilotriacetate (NTA) to remove any excess iron, and then [>Fe]
ferrioxamine was added. Samples of the cells were removed at
10-min intervals, and the amount of iron taken into the cell was
determined by scintillation counting (Fig. 3). When either of these
strains was complemented with an empty vector, we saw no up-
take of [*°Fe]ferrioxamine (Fig. 3, open symbols). When these
strains were complemented with the missing component of the
TtpC2-TonB2 system, both strains were capable of bringing [*Fe]
ferrioxamine into the cell that was mediated by the TtpC2-TonB2
system (Fig. 3, black symbols). Additionally, a duplicate set of
complemented strains was treated with potassium cyanide (KCN)
to stop cellular respiration and cease the production of the PMF.
When KCN was added, all [*°Fe]ferrioxamine uptake was pre-
vented (Fig. 3, gray symbols), indicating a necessity to have the
PMF generated. These results demonstrate that TtpC2 is essential
in the TtpC2-TonB2 system in the mediation of the uptake of
[*°Fe]ferrioxamine and that the generation of the PMF is neces-
sary.

Complementation of a V. vulnificus AttpC2 mutant can be
accomplished by using other TtpC2 proteins from members of
the Vibrionaceae. We have previously demonstrated that the
TonB2 protein of V. anguillarum can be substituted in a AfonB2
strain of V. cholerae to restore the function of the TtpC2-TonB2
system (48). To initiate experiments to determine the role of
TtpC2 in the TtpC2-TonB2 system, TtpC2 proteins from other
Vibrio species were substituted into a V. vulnificus AtonBI AttpC2
AttpC3 AvenB mutant. Complementing plasmids were moved
into this strain, and bioassays were utilized to determine which
siderophores V. vulnificus was able to use. The results of this study
are shown in Table 4. The complementing TtpC2 proteins from V.
cholerae, V. parahaemolyticus, V. alginolyticus, and V. anguillarum
yielded the same results as when complementing with V. vulnificus
TtpC2, demonstrating that siderophores previously utilized by the
V. vulnificus TtpC2-TonB2 system can still be used when TtpC2
proteins from other Vibrio species are substituted. Both anguibac-
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FIG 3 TtpC2 is essential for a functional TtpC2-TonB2 system in the uptake of radioactive [*°Fe]ferrioxamine. Ferrioxamine uptake assays were performed as
described in Materials and Methods. The strains with the following genotypes were used: AtonB1 AttpC2 AttpC3 AvenB with pMMB208 (empty vector),
pPMMB208-ttpC2, and pMMB208-ttpC2 + KCN; AtonBI AtonB2 AtonB3 AvenB with pMMB208 (empty vector), pMMB208-tonB2, and pMMB208-tonB2 +
KCN. Samples were removed at the times indicated, and the amount of [*°Fe]ferrioxamine brought into the cells was determined by scintillation counting. This

is a representative experiment that was done in triplicate.

tin and ferrichrome were still unable to be utilized by V. vulnificus,
indicating that V. vulnificus most likely does not contain an OM
receptor for these siderophores.

TtpC2 is required for full virulence of V. vulnificus. To deter-
mine if TtpC2 is essential in the TtpC2-TonB2 system for viru-
lence, LD, studies were conducted in the mouse model. We have
previously demonstrated that both the TonB1 and TtpC2-TonB2
systems are essential for full virulence in V. vulnificus. In our pre-

vious study, we deleted both fonBI and tonB2 and saw an increase
in LDs, values (2). In this study, we specifically determined if
TtpC2 and TtpC3 were needed for virulence. When only the
TonB1 system (AttpC2 AttpC3) or the TtpC2-TonB2 system
(AtonBI AttpC3) was functional, we found that the LDs, values
were approximately the same as WT (Table 5). When both
the TonBl and TtpC2-TonB2 systems were nonfunctional
(AtonBI1 AttpC2 AttpC3), we saw a one-log increase in the LDs,

TABLE 4 Complementation of t#pC2 from other Vibrio species restores the TtpC2-TonB2-mediated uptake of various iron sources”

TtpC from other Vibrio species containing the indicated complementing plasmid

Iron source® pPMMB208 pttpC2(Vvul) pttpC2(Vcho) pttpC2(Vpar) pttpC2(Valg) pttpC2(Vang)
FAC + + + + + +
Vulnibactin - + + + + +
Hydroxamate - + + + + +
Vibriobactin - + + + + +
Vibrioferrin - + + + + +
Aerobactin - + + + + +
Anguibactin - - - - - -
Enterobactin® - + + + + +
Ferrichrome - - - - - -
Ferrioxamine - + + + + +

“The embedded strain VSRK283 (AtonB1 AttpC2 AttpC3 AvenB) contained the complementing plasmid pMMB208 expressing TtpC2 from the Vibrio species containing the

plasmids listed at the top of the table.

b Growth was determined by the presence of a halo (+) or lack thereof (—) around the iron source indicated. Two microliters of each iron source was spotted on the surface of the
plates in the following concentrations: FAC, 500 pg/ml; vibriobactin, 1.0 mg/ml; aerobactin, 1.0 mg/ml; anguibactin, 1.0 mg/ml; enterobactin, 1.0 mg/ml; ferrichrome, 1.0 mg/ml;
and ferrioxamine, 1.0 mg/ml. Wild-type V. vulnificus and V. parahaemolyticus producing vulnibactin and vibrioferrin, respectively, were streaked onto the plate, and the halo of
growth was monitored around the streak. A V. vulnificus AvenB mutant was streaked onto the plate to test for growth around the hydroxamate siderophore.

¢ Growth around enterobactin was only seen when the imbedded strain being tested was grown in a minimal medium CM9 plate and not in a rich medium TSAS plate.
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TABLE 5 Virulence of V. vulnificus strains in the mouse model using
LDS()

V. vulnificus strain or genotype LD,,*

Wild type 1.47 X 10°
AtonBI AttpC2 AttpC3 4.22 X 10°
AtonBI1 AttpC3 4.22 X 10°
AttpC2 AttpC3 3.16 X 10°

“ Five animals per dilution were inoculated by intraperitoneal injection with the
indicated strains, and mortality was recorded at 48 h. LD,s were calculated as
described in Materials and Methods.

values. From these experiments, we conclude that not only are
both the TonB1 and TtpC2-TonB2 systems needed for full viru-
lence but that ttpC2 within the TtpC2-TonB2 system is essential
for this trait.

DISCUSSION

V. vulnificus can cause severe septic infections in individuals with
abnormally large amounts of iron in their blood (19, 23). A high
concentration of iron has been shown to be a key virulence factor
in many bacterial infections, including V. vulnificus (12, 53). With
the production of two siderophores, vulnibactin and a hydroxam-
ate-type compound (39, 47), V. vulnificus is poised to be a serious
human pathogen (47). One of the methods used by bacteria to
internalize iron is through the use of siderophores whose com-
plexes with ferric iron can be internalized by first interacting with
an OM receptor protein. Since there is no energy in the OM, the
TonB systems are responsible for harnessing the energy generated
by the PMF in the IM and transferring it to the cognate OM re-
ceptors, thereby activating their ability to bind iron-carrying sid-
erophores (7, 12, 43). Unlike the single well-studied TonB system
in E. coli, V. vulnificus contains three TonB systems (2, 27).

Initial in silico work led us to discover that V. vulnificus con-
tains two ttpC genes, one associated with the TtpC2-TonB2 sys-
tem and another with what we have termed the TtpC3-TonB3
system (2, 27). In both V. cholerae and V. anguillarum, TtpC2 has
been shown to be essential for the function of the TtpC2-TonB2
system (26, 48). In this study, we have demonstrated that TtpC2 is
an essential component of the TtpC2-TonB2 system in V. vulnifi-
cus, whereas TtpC3 is nonfunctional for this system. Although the
TtpC2-TonB2 and TtpC3-TonB3 systems have the same four
genes and similar surrounding DNA, the two systems are remark-
able different. The TtpC2-TonB2 system is present in all members
of the Vibrionaceae, whereas the TtpC3-TonB3 system is only
present in a small subset of Vibrio species as well as a limited
number of other bacteria (26, 27). Here we show that on average
the TtpC2-TonB2 system shares around 50% homology with
TtpC2-TonB2 systems in other vibrios. In contrast, the TtpC3-
TonB3 system is much more highly conserved with an average
identity close to 90%. When we compared the TtpC2-TonB2 sys-
tem to the TtpC3-TonB3 system, we found that their amino acid
sequence identity was extremely low (only about 30%), indicating
that they are extremely different at the amino acid level, although
they appear similar when comparing gene length, grouping, and
orientation.

In this study, the essentiality of TtpC for iron transport in V.
vulnificus was determined using nutritional bioassays, CAS assays,
and [*°Fe]ferrioxamine uptake assays. Our results indicate that
either the TonB1 system or the TtpC2-TonB2 system can be used
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to energize the endogenous siderophore vulnibactin for iron
transport in V. vulnificus. In addition, we show that TtpC3 cannot
complement a AttpC2 mutation to create a functional TtpC2-
TonB2 system. Our previous studies have shown that the TtpC3-
TonB3 system of V. vulnificus cannot be used for the uptake of
vulnibactin under the same conditions utilized in this study and
that the #tpC3-tonB3 operon is only expressed in serum (2). Thus,
TtpC3 is very different from TtpC2 and cannot substitute when
TtpC2 islost. Our results also show that strains deficient in TtpC2
or TonB2 but complemented with either TtpC2 or TonB2 had the
same kinetics for the uptake of [**Fe]ferrioxamine, indicating that
both TtpC2 and TonB2 are essential components of the TtpC2-
TonB2 system. Furthermore, we have replaced V. vulnificus TtpC2
with TtpC proteins from other Vibrio species and showed that
they can function in the uptake of both endogenous as well as
exogenous siderophores.

In addition to vulnibactin, V. vulnificus produces a recently
identified hydroxamate-type siderophore (47). This hydroxamate
siderophore was tested on bioassay plates to determine which
TonB system is used for its uptake. Similar to vulnibactin, the
hydroxamate siderophore can be taken into the cell using either
the TonB1 system or the TtpC2-TonB2 system. This is the first
report indicating which TonB systems can be utilized for growth
when the hydroxamate siderophore is used. Another important
conclusion from these experiments is that vulnibactin is the dom-
inant siderophore produced and/or has a much higher affinity for
iron than the hydroxamate siderophore under the conditions we
tested. The hydroxamate siderophore may be the dominant sid-
erophore produced under different environmental and growth
conditions. Changes in temperature, salt concentrations, or even
growth in hosts (eels or humans) might increase the production of
this siderophore.

Our results in this study using exogenously produced sidero-
phores have not only confirmed the essentiality of #pC2 in the
TtpC2-TonB2 system but have also uncovered siderophores that
were previously unknown to be used by V. vulnificus. It has previ-
ously been shown that V. vulnificus can grow using the hydroxam-
ate siderophores ferrioxamine and aerobactin (4, 51). It was un-
known, however, which TonB system was used for their uptake.
Here we have shown that both the TonB1 and TtpC2-TonB2 sys-
tems can be utilized for ferrioxamine uptake. In addition, we have
shown that aerobactin can only be used by V. vulnificus through
the TtpC2-TonB2 system. This specificity for the TtpC2-TonB2
system is also found in both V. cholerae and V. anguillarum for the
transport of enterobactin and anguibactin, respectively (48). An-
guibactin has been shown to be the most important virulence
factor for V. anguillarum, further solidifying the importance of the
TtpC2-TonB2 system (10). In a human host, the ability to inter-
nalize aerobactin could become crucial in a V. vulnificus infection
since this siderophore is produced by both pathogenic and non-
pathogenic E. coli strains in the intestine and could result in a
single or combined bacterial infection (13, 38). In this study, we
have also demonstrated for the first time that both vibrioferrin
and enterobactin, produced by V. parahaemolyticus and E. coli,
respectively, can be used by V. vulnificus. A previous report had
claimed that vibrioferrin was unable to be utilized by V. vulnificus
(4). In our study, this is not the case; in fact, vibrioferrin can be
used by either the TonB1 system or the TtpC2-TonB2 system.
Surprisingly, enterobactin was only utilized by V. vulnificus when
bioassays were conducted in minimal media with minimal EDDA
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compared to TSAS media with excess EDDA. In V. vulnificus,
enterobactin can be used by either the TonBl system or the
TtpC2-TonB2 system. In contrast, enterobactin can only be
brought into cells using the TtpC2-TonB2 system in both V. chol-
erae and V. anguillarum.

We still do not know whether TtpC2 or TonB2 makes contact
with the OM receptor. Our previous study in V. anguillarum using
heteronuclear single quantum correlation (HSQC) approaches,
showed that TonB2 cannot interact with the amino terminal end
of the FatA receptor for anguibactin, suggesting that it does not
interact with this receptor (34). It is possible that both TtpC2 as
well as TonB2 are needed in order to make contact with the OM
receptor. Experiments designed to address this possibility are un-
der way.

Previous studies have shown that the TonB systems are impor-
tant in virulence for V. vulnificus (2). Here we have shown that
either the TonB1 system or the TtpC2-TonB2 system is vital for a
fully virulent phenotype in a mouse model. A log difference is seen
when both the TonB1 and TtpC2-TonB2 systems are deleted com-
pared to WT. LD, values are comparable when testing the WT
strain against strains that have only one of the two TonB systems
still functional. In conclusion, both the TtpC2 and TonB2 pro-
teins are essential for iron transport of many siderophores by V.
vulnificus and both the TonB1 and the TtpC2-TonB2 systems are
essential for the pathogenesis of the disease caused by this human
pathogen.
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