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Abstract Vibrio vulnificus, the cause of septicemia
and serious wound infection in humans and fishes,
require iron for its pathogenesis. Hemin uptake
through the outer membrane receptor, HupA, is one
of its many mechanisms by which it acquires iron. We
report here the identification of an additional TonB-
dependent hemin receptor HvtA, that is needed in
conjunction with the HupA protein for optimal hemin
utilization. The HvtA protein is significantly homol-
ogous to other outer membrane hemin receptors and its
expression in trans restored the uptake of hemin and
hemoglobin, the latter to a weaker extent, in a mutant
strain that was defective in both receptors. Quantita-
tive RT-PCR suggested that transcription of the hvtA
gene was iron regulated. The operon containing the
hvtA gene is homologous to the operon in V. cholerae
containing the hemin receptor gene hutR suggesting
a vertical transmission of the hvtA cluster from
V. cholerae to V. vulnificus.
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Introduction

Vibrio vulnificus is a Gram negative halophilic path-
ogen that is a causative agent of diseases like
gastroenteritis, life-threatening septicemia in humans
and eels resulting in rapid mortality rate (Amaro et al.
1995; Gulig et al. 2005). Infection can be acquired
either through consumption of raw seafood or with the
exposure of open wounds to aquatic environments that
contain the pathogen. It is also known to be opportu-
nistic on certain immunocompromised individuals and
those with health conditions such as liver cirrhosis,
hemochromatosis, and beta thalassaemia (Hlady and
Klontz 1996; Morris 1988; Strom and Paranjpye
2000).

Iron, which is not readily available in the environ-
ment or in the normal vertebrate host, has been shown
to be an absolute requirement for this bacterium for its
pathogenesis (Wright et al. 1981). Thus, V. vulnificus
has developed several mechanisms of iron sequestra-
tion either (i) through the biosynthesis and secretion of
small molecular weight compounds like the catechol
vulnibactin and an as yet to be characterized hydroxa-
mate-type siderophore, that are known to have high
affinity for iron and are used to scavenge and transport
iron from the environment inside the cell cytosol
(Litwin et al. 1996; Okujo et al. 1994; Simpson and
Oliver 1983), or (ii) by making use of hemin or hemin-
containing proteins from the host. The latter mecha-
nism includes the transport of hemin via specific outer
membrane receptors in a TonB-dependent manner
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either by acquiring hemin from hemoproteins or from
hemoglobin with the aid of proteases (Litwin and
Byrne 1998; Nishina et al. 1992; Wandersman and
Delepelaire 2004). Many other virulence factors like
the RTX (repeats in toxin) toxin (Lee et al. 2007; Liu
et al. 2007; Liu et al. 2009), capsular polysaccharides
(Smith and Siebeling 2003; Wright et al. 1999),
flagella (Lee et al. 2004; Kim and Rhee 2003),
protease (Kothary and Kreger 1987), and iron-regu-
lated genes (Alice et al. 2008) have also been reported
to play important roles in its pathogenesis.

Several aspects of iron utilization in V. vulnificus
have been studied. Litwin and co-workers (Litwin and
Byrne 1998) demonstrated that the outer membrane
protein, HupA is important for hemin uptake. Expres-
sion of the hupA gene that encodes the receptor protein
is regulated at the transcriptional level by the iron-
binding regulatory protein, Fur and a LysR homo-
logue, HupR (Litwin and Quackenbush 2001). It was
recently reported that expression of the hupA gene in
addition to be iron-regulated, is also up-regulated at
higher temperatures (Oh et al. 2009). Webster et al.
(Webster and Litwin 2000) demonstrated that another
outer membrane protein, VuuA, is responsible for the
uptake of its main siderophore, vulnibactin and is also
regulated by iron levels with the aid of Fur. Mutations
in both receptors have been associated to decreased
virulence in animal models, which further confirmed
the importance of iron uptake in the pathogenesis of
V. vulnificus infections. In this work, we report the
existence in V. vulnificus of an additional iron
regulated TonB-dependent hemin receptor, HvtA,
which is a homologue of the V. cholera hemin receptor
HutR and describe some of its properties.

Materials and methods
Bacterial strains, plasmids, and growth conditions

Strains and plasmids used in this study are listed in
Table 1. Bacteria were routinely grown in Trypticase
soy broth supplemented with 1% NaCl (TSBS) or on
TSAS agar (V. vulnificus), or on LB broth (E. coli)
with appropriate antibiotics: chloramphenicol (2 and
10 pg/ml) for V. vulnificus and kanamycin (50 pg/ml),
and chloramphenicol (30 pg/ml) for E. coli. M9
minimal medium (Crosa 1980) was used for iron-
limiting conditions supplemented with 0.2%
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casaminoacids and 5% NaCl with the iron chela-
tor ethylenediamine-di-(o-hydroxyphenylacetic) acid
(EDDA) at indicated concentrations. Ferric ammo-
nium citrate was added to the medium to obtain
iron-rich growth conditions. Thiosulfate-citrate-bile-
salts-sucrose agar (TCBS) (Preiser Scientific, Louis-
ville, KY) was used for selection of V. vulnificus in
conjugation and complementation experiments.

DNA manipulation and sequence analysis

Plasmid DNA was extracted using the Qiagen mini-
prep kit (Qiagen, Valencia, CA). Genomic DNA was
isolated from the V. vulnificus CMCPO6 strain using the
DNeasy® Blood and Tissue kit (Qiagen, Valencia,
CA). PCR reactions were carried out using a Mycy-
cler® Thermal Cycler as specified by the manufacturer
(Bio-Rad Laboratories, Hercules, CA). Touchdown
PCRs were performed using the Vent Polymerase
(New England Biolabs Inc., Ipswich, MA), using the
following conditions: 95°C for 4 min, 30 cycles of
95°C for 30 s, 63°C for 1 min (temperature of this step
was decreased by 0.3°C at each cycle), and 72°C for
1 min, and an extension step of 72°C for 10 min. DNA
sequencing reactions were carried out by the Oregon
Health and Science University Vollum DNA Sequenc-
ing Core Facility.

Construction of chromosomal mutants

A hvtA (VV21549) deletion mutant in V. vulnificus
was generated by allelic exchange using the pDM4
suicide plasmid (Milton et al. 1996). Upstream and
downstream regions (700-800 bp) flanking the gene
were amplified by specific primers, VV21549-1fwd
and VV21549-3rev and VV21549-4fwd and
VV21549-2rev, respectively (Table 2), and combined
using Splicing by Overlapping Extension (SOE) PCR
by using primers VV21549-1fwd and VV21549-2rev.
The generated PCR product was cloned into the blunt
PCR2.1 vector (Invitrogen, Carlsbad, CA), digested
with Apal and Spel, and subcloned into the suicide
vector pDM4 also linearized with the same restriction
enzymes. The resulting pDM4 derivative was conju-
gated into V. vulnificus according to the procedure
previously reported (Alice et al. 2008). For comple-
mentation, the hvtA gene was amplified by PCR with
primers HvtA250compfwd and HvtA250comprev
(Table 2), containing BamHI and EcoRI restriction
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Table 1 Strains and plasmids used in this study

Strain or plasmid Phenotype

Source of reference

V. Vulnificus strains

CMCP6 Wild type clinical isolate Kim and Rhee (2003)
AA-16 AvenB, AtonBl, AtonB2, AtonB3 Alice et al. (2008)
AA-14 AvenB Alice et al. (2008)
VSSD5 AvenB, AhvtR This study
VSSD25 AvenB, AhupA This study
VSSD40 AvenB, AhvtR, AhupA This study
VSSD91 VSSDA40 harboring pMMB208-hvtR This study
VSSD74 AhvtR, AhupA This study
VSSD61 AvenB, AtonBl1 This study
VSSD62 AvenB, AtonB2 This study
VSSD53 AvenB, AttpC2 This study
VSSD57 AvenB, AtonBl1, AtonB2 This study
VSSD64 AvenB, AtonBl1, AttpC2 This study
VSSD92 VSSD74 harboring pMMB208 This study
VSSD93 VSSD74 harboring pMMB208-hvtR This study
E. Coli strains
TOP10 F~ mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 Invitrogen
recAl araDI139 A(ara-leu)7697 galU galK rpsL (Stt") endAl nupG
S17-12pir Apir lysogen; thi pro hsdR hsdM+ recA RP4-2 Tc:Mu-Km:Tn7(Tp" Sm") Simon et al. (1983)
Plasmids
PCR II Blunt Blunt end cloning vector: Km" Invitrogen
pPCR2.1 TA cloning vector; Amp’, Km" Invitrogen
pDM4 Suicide vector with oriR6K; Cm" sacB Milton et al. (1996)
pRK2013 Helper plasmid; Km" Figurski and Helinski (1979)
pMMB208 Broad-host-range expression vector; Cm" Prac Morales et al. (1991)
phupA pDM4-AhupA Alice et al. (2008)

sites, respectively. The PCR product was cloned into
the pPCR2.1 vector (Invitrogen, Carlsbad, CA), and
subsequently subcloned into the pMMB208 vector
(Morales et al. 1991) linearized with BamHI/EcoRI
restriction enzymes. The generated construct was
transferred to the V. vulnificus VSSD40 strain
(AvenBAhupAAhvtA) via triparental mating using
the helper plasmid pRK2013 (Figurski and Helinski
1979). The cloned gene in pMMB208, which is under
the control of the Prac promoter, was induced by
I mM IPTG (isopropyl-f-p-thiogalactopyranoside)
for bioassay experiments in the solid medium.

Hemin and hemoglobin utilization assays

Growth stimulation assay was performed to detect
the utilization of hemin and hemoglobin by the

V. vulnificus strains. Overnight cultures (50 pl) of
the bacterial strains were mixed with 20 ml of CM9
media containing agar supplemented with 20 uM
EDDA and poured onto petri dishes. After solidifica-
tion, different iron sources, Ferric Ammonium Citrate
(FAC) (Sigma Aldrich, MO), Hemin (Sigma Aldrich,
MO) and Hemoglobin (Sigma Aldrich, MO) were
spotted on the plate and incubated at 37°C, and
appearance of the growth halo was monitored after
12-16 h. For growth analysis, hemin was used as
the sole iron source to test its utilization by the
V. vulnificus strains. Briefly, overnight cultures of the
bacterial strains were inoculated (inoculation ratio
1:200) in iron-depleted CM9 minimal media contain-
ing 5 uM EDDA supplemented with 10 uM hemin (in
10 mM NaOH). Absorbance of the cultures was
measured at Aggp at regular time intervals.
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Table 2 Primers used in

X Primers name
this study

Nucleotide sequence (5'-3')

Construction of mutants
VV21549-1fwd
VV21549-2rev
VV21549-3rev
VV21549-4fwd
1549fwd
1549rev

Complementation
HvtA250compfwd
HvtA250comprev

qRT-PCR
HupAForqRTPCR
HupARevqRTPCR
HvtRForqRTPCR
HvtRRevgRTPCR

GTTCCAGTCACGCTGGCGTAC

CTGCAGCGCTTGCAGATCCGC
GAATTGGTATTTCACGTTGGCCGCTGAGACAGGCGTTAGTTTCAT
ATGAAACTAACGCCTGTCTCAGCGGCCAACGTGAAATACCAATTC
CGAATTTCTCGACCAGCTTGTG

GGCTTTGAGATCCATATTAGGA

GGATCCCCTATCTCAACCTTCAATCGG (underline, BamHI site)
GAATTCCATCAAAGTTATAGTGATGGCC (underline, EcoRI site)

TGATTCAGCATTCACAGGTCG
GTTAGTGTAACCATGTCCCGG
TGATTCGTTTGAGGTAGGGC

CCGTTGAGGTTTTGGTATTGC

RNA isolation and transcript analysis

Total RNA was extracted from the wild type
V. vulnificus CMCP6 strain grown to log phase in
CM9 minimal media (supplemented with either
10 pg/ml FAC, or 5 uM EDDA and 10 pM hemin)
to log phase using the RNeasy® Mini Kit (Qiagen,
Valencia, CA). Following extraction, the total RNA
was subjected to DNase treatment with the TURBO
DNA-free® kit (Ambion, Austin, TX) to remove any
residual DNA. The reverse transcription reaction was
performed using the SuperScript® II Reverse Trans-
criptase with random primers (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. Quan-
titative PCRs were performed using the Power
SYBR® Green PCR Master Mix (Applied Biosystems,
Foster City, CA) to quantify the expressions of hupA
and hvtA genes with primers HupAqQRTPCRfor/Hup
AgRTPCRrev and HvtAqQRTPCRfor/HvtAqRTPCR-
rev (Table 2), respectively.

Outer membrane protein expression

Outer membrane protein fractions from V. vulnificus
cultures were isolated as reported previously with
some modifications (Crosa and Hodges 1981). Briefly,
overnight cultures of the bacterial strains were inoc-
ulated in iron-depleted minimal CM9 media supple-
mented with 5 uM EDDA and 10 pM hemin and
grown at 37°C to early log phase. The cells were then
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harvested, resuspended in 500 pl of Tris-HCI (pH 7.5)
buffer containing protease inhibitors and sonicated.
Cell debris was removed by centrifugation at
8,000 rpm for 15 min and the supernatant was further
centrifuged for 1 h at 4°C at 15,000 rpm to yield the
total membrane proteins as a pellet. The pellet was
then treated with 1.5% sodium lauroyl sarcosinate for
2 h at 4°C and centrifuged for 1 h at 15,000 rpm at
4°C. The pellets containing the outer membrane
proteins were resuspended in 30 pl distilled water.
Samples were then mixed with 2X-SDS loading buffer
and analyzed by SDS-PAGE using Criterion® XT
Precast Gel (10% Bis-Tris) (Bio-Rad Laboratories,
Hercules, CA).

Results

Identification of a second receptor for hemin
uptake in V. vulnificus

To study the hemin uptake system in V. vulnificus, a
deletion of the vulnibactin biosynthesis gene venB
(Litwin et al. 1996) was generated in all of the strains
examined. This mutation allowed the elimination of
the background growth mediated by the native sider-
ophore vulnibactin in iron-restricted media. When
hemin was used as an iron source, no growth
stimulation was observed in the triple tonB mutant
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reporter strain of V. vulnificus, AA-16 (Table 3). In
contrast, the hupA mutant strain (VSSD25) showed a
smaller halo when compared to a positive control
strain (AA-14). These results suggested that there
must be another hemin receptor present in the
organism. A BLAST search of the CMCP6
V. vulnificus genome database with the HupA amino
acid sequence (accession no. AAO07241) yielded an
open reading frame (ORF), VV21549 that corre-
sponded to a still uncharacterized putative hemin
receptor. This ORF was designated hvtA and the
potential encoded protein HvtA. The HvtA protein
showed considerable homology to the original hemin
receptor proteins HutA (45% similarity and 26%
identity) and HutR of V. cholerae (68% similarity and
51% identity) (Mey and Payne 2001) along with other
hemin receptors from other vibrio species. Addition-
ally, the protein sequence was also found to contain
YRAP/NMDL motifs that are 75%/50% identical to
the FRAP/NPNL motifs, respectively, and a conserved
histidine residue located between the two motifs that
are specific for outer membrane proteins to serve as
hemin receptors (Bracken et al. 1999).

A double mutant strain was hence generated in a
venB~ background and tested for hemin and hemo-
globin utilization through bioassay. Both single hupA
and hvtA mutants showed hemin uptake that did not
occur when combined to yield a double mutant. With
hemoglobin, the hupA mutant did not grow whereas
the hvtA mutant did indicating that while both HupA
and HvtA serve as hemin receptors, HupA appears to
be the sole receptor responsible for the transport of
hemoglobin in V. vulnificus. The lack of growth of the

double mutant strain with hemin was restored with the
complementation of the hvtA gene in trans. It was also
interesting to note that in the latter experiment the
over-expression of the hvtA gene cloned into the
pMB208 vector resulted in a weak uptake of hemo-
globin in the complemented double mutant strain,
hinting that HvtA may have a very low affinity for
hemoglobin at high expression levels.

Hemin and hemoglobin uptake depends
on either the TonB1 or TonB2-TtpC2 systems

To determine if hemin and hemoglobin transport was
TtpC2-dependent, a combination of the TonB system
mutants were generated in the venB~ background and
tested with bioassays (Table 4). Mutation in t#pC2
alone showed hemin and hemoglobin utilization as
observed in AtonB1 or AtonB2 control strains, but no
growth halos were detected with the double mutant
AtonB1 AttpC2 strain, where double mutant AfonBl1
AtonB2 and the triple mutant AtonBI AtonBAtonB3
were used as negative control strains. These data
suggest that TtpC2 and TonB 1play important roles in
the transport of hemin and hemoglobin.

Effect of the AvtA mutation on hemin utilization
as sole iron source

To further characterize HvtA, experiments were
performed to compare the growth pattern of the
wild-type strain with those of the mutants in the
presence of hemin as sole iron source. Mutation in
hvtA (VSSDS5) did not alter the growth pattern using

Table 3 Bioassay to test hemin and hemoglobin utilization in V. vulnificus

Strains Iron sources
FAC Hemin Hemoglobin

AvenB, AtonBl, AtonB2, AtonB3 ++ — —

AvenB ++ ++ 4+

AvenB, AhvtA ++ ++ ++

AvenB, AhupA ++ + _

AvenB, AhvtA, AhupA ++ — _

AvenB, AhvtA, AhupA, pMMB208-hvtA ++ + +

++ Strong growth after 18 h, + weak growth after 18 h, — no growth after 18 h. Indicated strains were mixed with CM9 media
containing agar supplemented with 20 uM EDDA (and 1 mM IPTG for the strain containing the pMMB208 plasmid) and poured into
petri dishes. After solidification, different iron sources (FAC, 1 mg/ml; hemin, 10 pM; and hemoglobin, 50 uM) were spotted on the
plates and growth halos around the spots of the reporter strains were monitored after 18 h. FAC was used as a positive control
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Table 4 TonB-dependent hemin and hemoglobin utilization
in V. vulnificus

Strains Iron sources
FAC Hemin Hemoglobin
AvenB, AtonB1 ++ ++ 44
AvenB, AttpC2 ++ ++ 44
AvenB, AtonB2 ++ 4+ ++

AvenB, AtonBl1, AtonB2 ++ — —
AvenB, AtonBl1, AttpC2 ++ — —

++ Strong growth after 18 h, — no growth after 18 h.
Indicated strains were mixed with CM9 media containing agar
supplemented with 40 uM EDDA. After solidification,
different iron sources (FAC, 1 mg/ml; hemin, 10 pM; and
hemoglobin, 50 uM) were spotted on the plates and growth
halos around the spots of the reporter strains were monitored
after 18 h. FAC was used as a positive control

hemin as an iron source as compared to the wild-type
strain (VSSD4). However, growth of the single hupA
mutant strain (VSSD25) was observed although mit-
igated when hemin was provided as the sole iron
source (Fig. 1). Further, the double hupAhvtA mutant
strain (VSSD40) was not able to grow. These results
underscore the fact that both HvtA and HupA by
themselves are responsible for hemin uptake in V.
vulnificus.

1.6 1
1.4 1

1.2

0.8

OD600

0.6 1

0.4

0.2

N .
\ 4 & \

0 A—— =
0 75 135 205 275 350 410
Time (minutes)

Fig. 1 Growth of V. vulnificus strains (circles AvenB, squares
AvenBAhvtR, triangles AvenBAhupA, diamonds AvenBAhvt
RAhupA) in media containing hemin as sole iron sources.
Overnight cultures of strains were inoculated in CM9 minimal
media containing 10 uM of hemin and optical densities were
measured at indicated time points
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Transcription of HvtA is regulated by iron

To test if hvtA transcription was regulated by iron,
wild-type V. vulnificus CMCP6 strain was grown at
37°C in both iron-rich (10 pg/ml FAC) and iron-
depleted media containing hemin as iron source. The
levels of hupA and hutR mRNA in the total RNA
extracted from the cultures were determined using
qRT-PCR. Figure 2 shows a 26-fold increment in the
hvtA mRNA levels under iron-limiting condition,
whereas the hupA transcript was up-regulated to a
even greater extent (116-fold).

HvtA is an outer membrane protein

The presence of terminal phenylalanine and an
arginine residue in the 11th position from the
C-terminus of the HvtA protein sequence suggested
the possibility of its localization in the outer mem-
brane (Struyvé et al. 1991). Besides, the sequence was
also predicted to be in the outer membrane using the
PSORTDb (Yu et al. 2010) and ProtCompB (http://
linux1.softberry.com/berry.phtml?topic=protcompan
&group=programs&subgroup) computational tools
that are commonly used to predict subcellular local-
ization of proteins in Gram-negative bacteria.
Although strongly predicted to be an outer membrane
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= 60+
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S 40+
¥
= 204
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& -

HupA HvtR

Fig. 2 Regulation of hupA and hvtA genes by iron. Wild-type
V. vulnificus strain was grown in iron-rich and iron-depleted
media containing hemin and relative levels of hupA and hvtA
mRNA were analyzed by qRT-PCR (See materials and
methods). The levels of hupA and hvtA transcripts are presented
relative to the amount of transcripts yielded in iron-rich
condition
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protein, in practice it was fairly difficult to detect the
protein in outer membrane fractions when the bacterial
strain was grown under iron-limiting conditions
probably due to its low level of expression. Thus, an
over-expressing strain was used to induce HvtA
expression and determine its localization. Since the
predicted molecular weight of HvtA and HupA are
very similar, a AhupAAhvtA strain was used as the
background strain to avoid confusion in the identifi-
cation of the proteins. The AvtA gene was cloned into
the pMMB208 vector and expressed in this double
mutant. Figure 3 shows that a band of approximately
76.9 kDa, corresponding to the mature HvtA protein
was detected in the outer membrane fraction in the
over-expressed strain, which was not detected in the
negative control (4hupA AhvtA—pMMB208).

Discussion

Virulence in Vibrio vulnificus requires a TonB-
dependent iron-acquisition system, which involves

(1) (2)
100 kDa
75 kDa
— - €—HvtA
—_——
S0 kDa
37 kDa

v Y

Fig. 3 Cellular localization of the HvtA protein. Outer
membrane fractions were isolated from strains AhvtAAhupA,
pMMB208 (lane 1) and AhvtA AhupA, pMMB208-hvtA (lane 2)
after growing them in CM9 minimal media containing 5 pM
EDDA and 10 pM hemin with 1 mM IPTG to log phase.
Samples were analyzed by SDS-PAGE using Criterion®XTP-
recast gel (10% Bis—Tris) for 7 h at 50 V. Precision Plus Protein
Standards (Bio-rad)

siderophore-mediated uptake of iron via specific outer
membrane receptors. Additionally, it has also been
demonstrated previously by various research groups
that this organism utilizes hemoglobin and hemin-
compounds as iron sources for its infection into the
host via the HupA receptor protein (Helms et al. 1984;
Oh et al. 2009). In this study, we report the identifi-
cation of a second iron regulated hemin receptor,
HvtA, in V. vulnificus.

Existence of multiple hemin receptors is not
uncommon in vibrio species. Payne and co-workers
demonstrated the presence of more than one hemin
substrate receptor in V. cholerae. Our detailed analysis
of the hvtA gene showed that it is located in the second
chromosome where it is predicted to be the second
OREF in a putative five-member operon. This operon
is significantly similar to the one in V. cholerae
containing the hutR hemin receptor gene (Mey and
Payne 2001). Additionally, the operon includes a type
IT protease gene, ptrB, upstream of the hvtA gene,
which is highly homologous (63% similar and 46%
identical) to the protease gene that is co-transcribed
with the hutR gene in V. cholerae (Fig. 4). Identifica-
tion of a Fur box upstream of the pfrB gene in the
V. vulnificus chromosome suggested that the expres-
sion of 4vtA may be iron-regulated, which is confirmed
from the results of growth assays and transcriptional
analysis. Whether the hvtA gene is also co-transcribed
along with the other genes in the operon remains to be
determined.

However, by using growth assays we showed that
HupA transports hemin more efficiently than HvtA,
since deletion of hvtA did not impair the ability of
V. vulnificus to utilize hemin to a great extent as
compared to the hupA mutant strain. This observation
may be explained due to the difference in their
transcription levels in iron-limiting condition, which
in turn results in different expression levels of the two
proteins. This is also consistent with the visibility of
the HupA protein in the outer membrane fractions,
whereas HvtA was only visible when over-expressed
from a plasmid in trans.

In this work we also demonstrated that hemin and
hemoglobin uptake mechanisms in the wild type strain
are either TonB1 or TonB2-TtpC2-dependent. In this
vein, the HvtA protein sequence contains a conserved
TonB box (DEVVVSA) found in the N-terminus from
amino acid positions 28-34, which is similar to those
identified in other hemin utilization proteins in various
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ptrB hvtd
V. vulnificus

ptrB hutR
V. cholerae

VV21550

>-‘ VV21551 >‘VV2155};

VCA0065

:>_( VCA0066 >4VCA006E

Fig. 4 Schematic map and comparison of the hvtA in V. vulnificus (top) and hutR in V. cholerae (bottom). Black and white thick arrows
show the ORFs along with their orientations and thin right-angle arrow points to the putative promoter of the two operons

vibrio species including HutA and HutR in V. cholera
(accession nos. AAF95978 and NP232966, respec-
tively), HutA in V. parahaemolyticus (accession no.
NP800392), and HuvA in V. anguillarum (accession
no. CAC28362), suggesting that the HvtA protein is
likely to interact directly with either of these TonB
proteins.

Vibrio vulnificus is an opportunistic pathogen for
both humans and marine organisms that are known to
live in distinct and variant set of conditions. Thus, each
receptor may have evolved and adapted differently to
different hosts and environments and under other
conditions it might be possible that the hvtA gene may
be the dominant hemin uptake receptor.
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