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1. INTRODUCTION

Vibrio vuinificus is a gram-negative halophilic estuarine bacterium,
which can cause fatal and rapidly-progressing septicemia with mortality of
50% or over. This V. wulnificus septicemia is closely associated with the
consumption of raw seafood contaminated with the bacterium in patients
with underlying hepatic diseases, heavy alcohol-drinking habits, or other
immunocompromised conditions. Several putative virulence factors includ-
ing the capsular polysaccharide capsule, lipopolysaccharide, exotoxins in-
cluding hemolysin/cytolysin, protease and RTX toxin, phopholipase, motility,
and iron-assimilation systems have been suggested, but only the capsule
and the iron-assimilation systems of V. vulnificus have been confirmed to
be authentic virulence factors, which is in accordance with the molecular
version of Koch's postulates [1-3].

Host iron levels and bacterial iron-assimilation systems play crucial
roles in the pathogenesis of V. vuinificus infection, which is promoted by
elevated serum iron levels [4-7], and crucially requires the assimilation of
iron from iron-binding proteins such as transferrin and hemoglobin (HG)
by V. vulnificus [8-14]. The iron-assimilation systems of V. vulnificus can
be classified into the two groups (Figure 1): three autologous or heterolo-
gous siderophore-mediated iron-assimilation systems [11-14], and one
heme receptor-mediated iron-assimilation system [15-18]. The siderophore
(especially vulnibactin)}-mediated iron-assimilation system is known to play
an essential role especially in iron assimilation from transferrin and
mouse-lethality by V. wvulnificus. The heme receptor-mediated iron-assim-
ilation system is known to play an important role in iron assimilation from

HG and mouse-lethality by V. vulnificus. Moreover, bacterial iron-uptake
- 3 -



systems are themselves virulence factors in many bacterial pathogens,
and thus promising vaccine targets [19]. Also, iron-chelation is considered
as a prospective therapeutic means of preventing in vivo bacterial growth
[20]. In these regards, it is important that the roles of iron-assimilation
mechanisms and their relating factors in V. vulnificus should be
elucidated.

A metalloprotease (named VvpE) of V. wuinificus has been ex-
tensively studied, and is known to exert a variety of biological effects
[1-3,21-26]. Purified VvpE induces hemorrhagic damage and dermonec-
rosis, enhances vascular permeability and edema, and is lethal to mice
[23-26]. Moreover, VvpE production is known to be affected by a variety
of growth conditions, including temperature, osmolarity, and levels of iron
and oxygen [27], and controlled by the stationary sigma factor RpoS [28],
the LuxS quorum-sensing system [29-31], and the cyclic AMP
(cAMP)-cAMP receptor protein (CRP) complex [29,32].

However, the role of VWpE in the pathogenesis of V. vulnificus in-
fection remains unclear, as VvpE-deficient mutants show comparable or
higher mouse-lethality than the wild type strains [27,33-35]. Nevertheless,
from an evolutional standpoint, it is believed that VvpE is produced be-
cause it is required for the survival of V. vuinificus in different environ-
ments and within human hosts. Accordingly, new paradigms are required
to elucidate the veiled pathogenetic roles of VvpE.

Of the various biological activities of VpE, its roles in facilitating the
iron-assimilation of V. vuinificus via the proteolytic cleavage of heme pro-
teins, transferrins, and lactoferrins have attracted some attention [21,22].

Our previous study demonstrated that VwpE had no direct effect on the

_4_



iron-assimilation of V. vulnificus from transferrin [36,37]. However, the role
of VvpE in facilitating the iron-assimilation of V. vulnificus via the proteo-
lytic cleavage of HG remains to be clarified. The hypothetical role of met-
alloprotease VvpE in facilitating the iron-assimilation of Vibrio vulnificus
from hemoglobin is shown in Figure 2.

One group suggested that VvpE could facilitate the iron-assimilation
of V. wulnificus by releasing heme or iron via the proteolytic cleavage of
HG [22). However, they added purified VvpE to a medium containing HG
as an iron source at the starling point of culture, and used VvpE-deficient
mutants generated by nonspecific chemical mutagenesis. This exogenous
addition of purified VvpE cannot reflect the actual production and role of
VvpE, and the VvpE-deficient mutants generated by chemical mutagenesis
may have harbored multiple nonspecific mutations on various genes other
than the vvpE gene. Moreover, without exception, reports issued to date
have demonstrated that VvpE is produced in the late growth phase
[27-37], by which time most iron in media had already been consumed.
These results about VvpE production strongly suggest that VvpE cannot
facilitate the iron-assimilation of V. vuinificus from HG, which occurs in the
early growth phase.

In this study, we attempted to determine which of the two iron-as-
similation systems, i.e., vulnibactin- and heme receptor-mediated iron-as-
similation systemns, plays more important role in the iron-assimilation of V.
vulnificus from HG, to elucidate the role of VvpE in facilitating the iron-as-
similation of V. vulnificus from HG in accordance with the molecular ver-
sion of Koch's postulates [1], and to elucidate the regulatory mechanism

of vwpE expression by iron or HG. Accordingly, we used (1) a vis-inser-
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tional mutant which does not produce wvulnibactin and a hupA-deletional
mutant which does not express heme receptor in order to determine
which of the two iron-assimilation systems plays more important role in
iron-assimilation from HG by V. wvulnificus, (2) a V. vulnificus vvpE-in
frame deletion mutant and its in frans vvpE-complemented strain in order
to observe the effect of vwpE mutation on the ability of V. vulnificus to
utilize HG and to grow on HG in the absence of exogenous VvpE, and
(3) a chromosomal Pc:lacZ transcriptional reporter strain and a fuxS-de-
leted PwpeilacZ transcriptional reporter strain in order to observe wpE
transcriptions and to elucidate the regulatory mechanism of vvpE tran-
scription by iron or HG. As a result, we found that both wvulnibactin- and
heme receptor-mediated iron-assimilation systems play important roles in
iron-assimilation from HG, that VWpE has no direct effect on V. vulnificus
iron-assimilation from HG although it is the only protease capable of de-
stroying HG, and that iron or HG is rather required for efficient vvpE tran-
scription via unknown transcriptional activator but not the LuxS quo-

rum-sensing system.
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Figure 1. The four hypothetical iron-assimilation systems of Vibrio vulnifi-
cus: (1) vulnibactin (a catechol or phenolate siderophore)-mediated iron-as-
similation system is composed of vulnibactin and its specific outer mem-
brane receptor (VuuA), (2) heme receptor (HupA)-mediated iron-assim-
ilation system can directly bind heme proteins, (3) DesA-mediated iron-as-
similation system can bind a heterologous hydroxamate siderophore defer-
oxamine (ferrioxamine B), and (4) lutA-mediated iron-assimilation system
can bind a E. coli-deriven hydroxamate siderophore aerobactin. Details in

these iron-assimilation systems remains to be clarified (7).
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2. MATERIALS AND METHODS

2.1. Bacterial strains, media, cirrhotic ascites and reagents

Bacterial strains, plasmids and primers used in this study were listed
in Table 1, 2, and 3. Heart Infusion broth (BD, Sparks, MD, USA) con-
taining an additional 2% NaCl (designated normal (NL)-H{) was used as
the basal medium for all experiments in this study. NL-H! broth was de-
ferrated using 8-hydroxyquinoline by the method described by Leong and
Neilands [38]. In brief, NL-HI broth was mixed with an equal volume of
3% (w/v) solution of 8-hydroxyquinoline, which was dissolved in chloro-
form, and vigorously stirred for 2 days. The mixture was allowed to stand
at room temperature to be separated into aqueous and chloroform layers.
The aqueous extracts were mixed and stirred with pure chloroform for
over 2 h in order to remove residual 8-hydroxyquinoline. The residual iron
concentration of deferrated HI (DF-HI) broth was 1.0 pg/dl or less.
Synbase minimal medium was also used in this study [14,39]. lron-limited
Synbase agars was prepared by adding 75 mg/ml EDDA. Cirrhotic ascites
(CA) samples were obtained from five patients with liver cirrhosis as de-
scribed in our previous study [40]. Equal volumes of the five CA samples
were pooled, and this pooled CA was sterilized and freed of human cells
using disposable syringe filters (0.45 pm, Sartorius, Germany), and then
incubated at 65°C for 30 min to inactivate bactericidal factors such as
complement. Human HG (0.5 mg/ml) was added to DF-HI broth or CA,
and when required, ferric chloride (FC, 10 uM) or HG (0.5 mg/ml) was
added to DF-HI broth. Unless noted otherwise, all reagents were pur-

chased from Sigma-Aidrich (St. Louis, MO, USA).
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Table 1. Bacterial strains used in this study.

. . -~ Sources or
Strains Relative characteristics
references
V. vulnificus
MO6-24/0  Wild type strain; clinical isolate J.G. Morris, Jr
CMM2301  MOB6-24/0 with vis-insertional mutation 37
RC110 MOB6-24/0 with hupA-deletional mutant This study
CMM1049  MO6-24/0 with vwpE-deletion mutation 37
CMM1502 CMM1049 complemented by wild type vwpE 37
. . . Kim et al.
CMM2202 CMM2101 with JuxS-deletional mutation (2003)
CMM2101 with PwpkE::lacZ chromosomal
CMM2106 31
reporter
CMM2207 CMM2106 with luxS-deletional mutation 31
CMM2101 with Pyys::lacZ chromosomal .
RC138 This study
reporter
CMM2101 CMM2100 with facZ deletion mutation 31
MOB-24/0 with spontaneous streptomycin
CMM2100 . - 31
resistance
E. coli
D(lac pro) argE(Am) rif nalA recAS56 Apir
SY327 apir  \aC Pro) argE(Am) i P 42
lysogen: Host for suicide vector
thi thr leu tonA lacY supE
SM10 Apir  recA:RP4-2-Tc¢"::Mu Km' Apir lysogen: 42

Conjugation donor

_10_



Table 2. Plasmids used in this study.

. L Sources or
Plasmids Relative characteristics
references
pDM4 Suicide vector with R6K origin:Cm' 41
1.82-kb Smal-Spel fragment containing an
pRC110 in-frame deletion of V. vulnificus hupA gene This study
cloned into pDM4
pQF52 IncP lacZ transcriptional fusion vector; Ap' 43
1075-bp BamHI-Hindlll fragment containing .
pRC130 . . This study
the /uxS promoter region cloned into pQF52
BamHiI-Scal fragment containing Pus::facZ
pRC136 fragment from pRC130 cloned into This study

Bglll-Smal- cut pDM4

_11...



Table 3. Primers used in this study.

. Sources or
Primers Sequences
references
5'-tccceegggtctgactctggttttactcacg-3,
hupA-up-1 This study
Smal overhang
hupA-up-2 5'- gtagtiggttacattcccctaatattgatactttg-3' This study
hupA-down-1 5'- attaggggaatgtaaccaactacaaaaacaaaagc-3' This study
5'- gactagtcaatgttcgccaaagtgageeg-3',
hupA-down-2 This study
Spel overhang
luxS-rep-F 5'- cgggatccgceteategtgtgtitgcagage-3' This study
luxS-rep-R 5'-cccaagcticggtaaaactatctaataatggce-3' This study

_12_



2.2. Construction of hupA-deletion mutant

An in-frame deletion mutant of the V. vulnificus hupA gene was
constructed by crossover PCR using R6K origin suicide vector pDM4 [41]
(Figures 3 and 4). Two pairs of PCR primers (hupA-up-1/ hupA-up-2 and
hupA-down-1/ hupA-down-2) were used for the PCR amplification of the V.
vulnificus hupA gene. The two PCR products were used as the template for the
second PCR amplification using the PCR primers, hupA-up-1 (with Smal
overhang) and hupA-down-2 (with Spel overhang). The 1.82-kb Smal-Spel
fragment with deleted hupA gene was cloned into pDM4. The resulting plasmid
pRC110 was transformed into E. coli SY327 Apir and SM10 Apir [42], and
subsequently transferred to V. wulnificus MOG6-24/0 by conjugation.
Transconjugants were selected on TCBS agar containing chioramphenicol, and
stable transconjugants were spread onto NL-HI agars containing 10% sucrose
to allow the second homologous recombination to occur. The resulting

mutation in the V. vulnificus hupA gene (RC110) was confirmed by PCR.

...13_



l PCR l " v o CSEERERE o v
Smal — n Spel
N 2’ Confirmation by PCR RC110
Cross over PCR
X
Smal EEEEEEETEE Spel &
~ 1\
Second crossover
MO6-24/0 . ) )
pDM4 oA
{Suicide vector) Fod \ [
maﬁon

: First crossover

pRC110
Mﬁc!‘j;:

Figure 3. Construction of Vibrio vulnificus hupA deletion mutant. PCR;
po;ymerase chain reaction, cm”, chloramphenicol-resistant; Cm?®, chlor-

amphenicol-sensitive, ORF, open reading frame; Chr', chromosome.
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Cm®

‘v CmF
pRC110 : z o
13 kb 2 Deleted hupA Deleted hupA
o5 : v
Wild type s I IF no selection pressure (Amp) R
Trorec :
——— hupA ORF ———

First crossover
: Plasmid Chr” crossover

Cm® : ¥
: Second crossover
: s Intrache’ cressover

RC110

1.8 kb deleted hupA

Figure 4. Genetic organization of Vibrio vulnificus hupA deletion mutant.

Cm", chloramphenicol resistance; ORF, open reading frame; Chr

chromosome.
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2.3. Construction of Pixs:JacZ chromosomal reporter strain

A Pus:lacZ transcriptional fusion was constructed by wusing a
broad-host-range vector containing promoterless lacZ gene (pQF52) [43] and
R6K origin suicide vector (pDM4) [41] (Figures 5 and 6). A 1075-bp
BamHI-Hindill fragment containing the promoter region of the /uxS gene was
amplified using PCR primers, luxS-rep-F with BamHl overhang and luxS-rep-R
with Hindlll overhang, and subcloned into pQF52 (named pRC130). A
BamHl-Scal fragment containing Pu.s:lacZ fragment from pRC130 was
subsequently subcloned into Bglll-Smal-cut pDM4 (pRC136). The resuiting
plasmid pRC136 was transformed into £. coli SY327 Apir and SM10 Apir [42],
and transferred to CMM2101 by conjugation. Transconjugants were selected
on TCBS agar containing 2 pg/ml chloramphenicol. Stable transconjugants

were also confirmed by B-galactosidase assay [44] and named RC138.

_16_



Confirmation by PCR and
b«galactosidﬁse assay

RC138  [cmsnr
.' \ \

CMM2101 -
pRC130 (ARET=Sn) )‘W

o~

pDM4

SO, -y

Figure 5. Construction of Vibrio vuinificus Pu.s::lacZ transcriptional reporter
strain. AmpR, ampicillin resistance, cm”, chloramphenicol resistance; ORF,

open reading frame; Chr', chromosome.
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PisnslacZ - PruxsilacZ
/
y &

i o \ Cm® , ! "
Wild type I Pi.s xS ORF
fas  TEERN Confirmation by p-galactosidase
| Merozygotic P, ¢::facZ
Single (Firs) crossover : transcriptional reporter [RC138]

: Plasmid-Chy’ recombination

Cm®

Figure 6. Genetic organization of Vibrio vulnificus P.s lacZ transcriptional

reporter strain. cm”, chloramphenicol resistance; ORF, open reading

frame; Chr', chromosome.
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2.4. Bioassay for HG utilization

V. vulnificus strains grown in NL-HI broth overnight were inoculated in
NL-HI broth containing 100 pM dipyridyl, an iron chelator, in order to
adapt them to iron-limited conditions and to reduce intraceliular iron stor-
age, and cultured with vigorous shaking (220 rpm) at 37°C overnight.
These preconditioned V. vulnificus strains were spread on the surface of
iron-limited Synbase agars using 0.5% semisolid top agar at 1 x 10*
cfu/m! and paper discs containing various amount of HG were placed on
the agar surfaces, as described in our previous study [14]. Bacterial
growths around discs were determined after incubating the agar plates at

37°C for 24 h.

2.5. Culture conditions, and the measurement of bacterial growth
and $-galactosidase activity

V. wulnificus strains grown in NL-HI broth overnight were inoculated in
NL-HI broth containing 100 pM dipyridyl, an iron chelator, in order to
adapt them to iron-limited conditions and to reduce intracellular iron stor-
age, and cultured with vigorous shaking (220 rpm) at 37°C overnight.
These preconditioned V. wulnificus strains were then inoculated into test
media or CA at 1 x 10° cfu/m!, and cultured with vigorous shaking (220
rpm) at 37°C for 24 h. During culture, culture aliquots were removed to
measure bacterial growth and f-galactosidase activity. Bacterial growth
was determined by measuring the ODgy values of culture aliquots.
B-Galactosidase activity in culture aliquots was measured using the iller

method [44].
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2.6. Measurement of caseinolytic activity and zymography

Culture aliquots were centrifuged at 10,000 rpm for 5 min to obtained
culture supernatants. To observe total protease production, caseinolytic ac-
fivities in culture supernatanis were measured using a previously de-
scribed method [27,30]. To observe protease profile, zymography was per-
formed as described previously {45]. In brief, equal volumes (20 ul) of
culture supernatants were electrophoresed on 12% SDS-polyacrylamide gel
containing 0.3% skim milk or HG. The gels were then incubated in re-
naturation buffer containing 2.5% Triton X-100 at room temperature for 1
h to remove SDS and subsequently in developing buffer containing dithio-
threitol and CaCl, at 4°C overnight, and finally they were stained with

Coomassie blue.

2.7. Observation of HG aggregates and SDS-PAGE

In order to grossly or microscopically observe insoluble HG ag-
gregates formed during culture, we used culture aliquots obtained after
culturing for 6 h in DF-HI or in DF-HI containing HG or FC. Culture ali-
quots (100 pl) were dropped onto filter paper and photographed. To fur-
ther observe HG aggregates under a microscope, culture aliquots (100 pl)
were smeared and fixed to slide glass, and stained with crystal violet for
1 min. The stained slides were observed in the presence of immersion oil
at a magnification of 1,000 x and photographed.

In order to observe the disappearance or the proteolytic cleavage of
intact HG molecules remaining in culture supernatants, culture aliquots ob-
tained at appropriate times from cultures in DF-HI containing HG were
centrifuged at 10,000 rpm for 5 min to remove HG aggregates, and then

_20_



20 ul of culture supernatants were mixed with SDS-sample buffer, heated
for 5 min, and electrophoresed on a 6% stacking and 15% running gel.

Gels were stained with Coomassie blue.
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3. RESULTS

3.1. Both wvulnibactin- and heme receptor-mediated iron-assim-
ilation systems play important roles in iron-assimilation from HG
by V. vulnificus

In order to determine which of the two iron-assimilation systems, vul-
nibactin- and heme receptor-mediated iron-assimilation systems, plays a
more important role in iron-assimilation from HG by V. vulnificus, we com-
pared the growths of the two V. vulnificus isogenic mutant strains, RC110
CMM2301 (visA-insertional mutant) and (hupA-deletion mutant), on
iron-limited Synbase agars (Figure 7). The growths of the two strains
were observed only around paper discs containing HG and stimulated
dose-dependently around paper discs containing various amount of HG.
However, the growth-enhancing zones of CMM2301 and RC110 strains
around paper discs containing small amounts of HG (2 and 10 pg) were
smaller than those of the wild type strain MO6-24/0 although no notice-
able difference in the growths of the three strains was not observed
around paper discs containing a large amount of HG (100 pg) These re-
sults indicate that both iron-assimilation systems equally play important

roles in iron-assimilation from HG by V. vulnificus.
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CMM2301 (Vis-)
._‘,. T, 3

MO6-24/0 (Vis+. HupA#) [:

RC110 (HupA-)

Figure 7. Utilization of HG by V. vulnificus as an iron source. The
MO6-24/0, CMM2301 (vis-insertional mutant) and RC110 (hupA-deletional
mutant) strains grown in HIl broth containing 100 pM dipyridyl overnight
were spread at about 1 x 10° cfu/ml on the surfaces of iron-limited
Synbase agars using top agars, and then paper discs containing 30 ul of
HG solutions (a, PBS; b, 2 ug HG; ¢, 10 ug HG; d, 100 ng HG). were
placed on the agar surfaces. The plates were incubated at 37°C

overnight.
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3.2. VvpE was the only protease capable of destroying HG

In order to compare total protease activity, the three strains,
MO6-24/0 wild type strain, vvpE-deletion mutant (CMM1049) strain, and in
trans vvpE-complemented (CMM1502) strain, were cultured in NL-H! broth.
No differences were observed between the growths of the three strains
(Figure 8A). In culture supernatants, CMM1049 strain exhibited far less
proteolytic activity than the wild type strain, whereas CMM1502 strain had
a proteolytic activity comparable to that of the wild type strain (Figure
8B). In order to observe protease profile, zymography was conducted us-
ing Skim milk or HG as protease substrates (Figure 8C). On zymograms
using Skim milk, MO6-24/0 wild type strain showed a major proteolytic
band and at least two minor proteolytic bands. In contrast, CMM1409
strain showed only the minor proteolytic bands and not the major proteo-
lytic band, and CMM1502 strain produced the same proteolytic bands as
the wild type strain. On zymograms using HG, both MO6-24/0 and
CMM1502 strains showed only a proteolytic band, whereas CMM1049
strain did not. These results indicates that; (i) VvpE is a major protease
produced by V. wvulnificus, (i) VvpE is the only protease capable of de-
stroying HG, and (iii) minor proteases are not involved in the proteolytic
destruction of HG. Thus, the roles of minor proteases were not further

considered in this study.
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Figure 8. The growths (A), total protease activities (B) and protease pro-
files (C) of MO6-24/0 wild type strain, vvpE-deletion mutant CMM1049
strain and in trans vvpE-complemented CMM1502 strain in normal Hi
broth. Bacterial growth was monitored by measuring the ODgoo value of
cuiture aliquots obtained at the indicated times. Culture supernatants were
obtained by centrifuging culture aliquots at 10,000 rpm for 5 min. Total
protease activities in culture supernatants were measured using azocasein
as a substrate. Protease profiles in the culture supernatants were ob-
served by zymography. Equal volumes (20 ul) of the culture supernatants
were electrophoresed on SDS-gel containing 0.3% Skim milk or hemoglo-

bin, and the gels were finally stained with Coomassie blue.



3.3. vvpE ftranscription, but not extracellular VvpE production,
was stimulated by HG, but this occurred only in the late growth

phase

In order to observe vvpE transcription, the chromosomal Pwvp:lacZ
reporter strain (CMM2106) was cultured in DF-HI broth only or in DF-HI
containing 0.5 mg/ml HG or 10 pM FC, and its growth was found to be
stimulated by HG or FC (Figure 9A). Transcription of wpE was also
stimulated by HG or FC (Figure 9B). Accordingly, vwpE transcription ap-
peared to be stimulated by heme or inorganic iron rather than globin.
However, it was evident that all these vvpE transcriptions occurred only
during the late exponential or stationary growth phases. These results in-
dicate; (i) that vvpE transcription begins after V. vulnificus growth has pla-
teaued, and thus its final product VvpE cannot facilitate the iron-assim-
ilation of V. wulnificus via the proteolytic cleavage of HG, and (ii) that iron
is (equired for efficient vwpE transcription, rather than VvpE being required
for efficient iron-assimilation of V. vulnificus from HG.

Although vvpE franscription was stimulated by HG or FC, ex-
tracellular VvpE production was not stimulated by either of them (Figures
9B and 10D, or 12B and 13D). This discrepancy suggests that ex-
tracellular VvpE production is additionally controlled by unknown post-
transcriptional events. Nevertheless, these results indicate that V. vuinificus
is able to utilize HG as an iron source for its growth without the ex-

tracellular production of VvpE.
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Figure 9. Transcription of the vvpE gene in deferrated (DF)-HI broth con-
taining phosphate-buffered saline (PBS), 0.5 mg/ml of hemoglobin (HG) or
10 uM of ferric chloride (FC). The growth (A) of chromosomal PvvpE.lacZ
reporter CMM2106 strain was monitored by ODsoe of culture aliquots at
the indicated times. p-Galactosidase activity (B) in the culture aliquots was

measured by the Miller method [44].
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3.4. The vwwpE mutation did not affect the growth of V. vulnificus

in DF-HI broth containing HG as an iron source

The three strains, MO6-24/0 wild type strain, vvpE-deleted mutant
(CMM1049) strain and in frans vvpE-complemented (CMM1502) strain,
were cultured in DF-H! broth or DF-HI broth containing 0.5 mg/ml HG.
The growths of all three strains were stimulated by HG, but without no-
ticeable inter-strain differences (Figures 10A and 10B). In contrast, ex-
tracellular VvpE productions by the three strains were not stimulated by
HG (Figures 10C and 10D). These results indicate that V. vulnificus is
able to utilize HG and to grow on HG without the assistance of VvpE,

the final product of the wpE gene.
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Figure 10. Growths (A and B) and total protease productions (C and D)
by MO6-24/0 wild type strain, vwpE-deleted CMM1049 strain and in trans
vvpE-complemented CMM1502 in deferrated (DF) HI broth containing
phosphate-buffered saline (PBS) and 0.5 mg/ml of hemogiobin (HG).
Bacterial growths were measured by ODsoo Of culture aliquots at the in-
dicated times. Culture supernatants were obtained by centrifuging culture
aliquots at 10,000 rpm for 5 min. Total protease activities in culture su-

pernatants were measured using azocasein as a substrate.
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3.5. HG was not destroyed but aggregated to insoluble forms
during culture

Interestingly, bizarre insoluble aggregates were observed in ex-
ponential growth phase culture fluids. These aggregates were observed
only during culture in DF-HI broth containing HG, but not in DF-HI only or
in DF-H! broth containing FC (Figure 11A), regardless of vwpE mutation or
complementation (data not shown). By microscopy, these insoluble ag-
gregates appeared to be formed from HG, and not from V. wulnificus
cells; typical comma-shaped V. vulnificus cells, and small and large HG
aggregates were observed simultaneously (Figure 11B). These findings
suggested that HG was not destroyed but rather that it aggregated during
cuiture. Accordingly, in order to observe whether or not HG molecules
were destroyed, SDS-PAGE was conducted using culture supernatants in
which insoluble aggregates were removed by centrifugation. Residual HG
molecules were separated into the four forms with molecular sizes of
about 16, 17, 35 and 70 kDa (Figure 11C), and none of these HG mole-
cules were destroyed, but rather they gradually disappeared. Moreover,
this disappearance of HG was observed regardless of vvpE mutation or
complementation. Overall, these results also indicate that V. wvulnificus is

able to utilize HG and to grow on HG without the proteolytic cleavage of

HG.
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Figure 11. Nonspecific aggregation (A and B) and disappearance (C) of
hemoglobin during culture. MO6-24/0 wild type strain, vvpE-deleted
CMM1049 strain, and in trans vvpE-complemented CMM1502 strain were
cultured in deferrated (DF) HI broth containing phosphate-buffered saline
(PBS) and 0.5 mg/mi” of hemoglobin (HG) and 10 pM ferric chloride (FC).
Culture aliquots were obtained at 6 h. (A) 100 ml of culture aliquots were
dropped onto filter paper. (B) 100 pl of culture aliquot containing HG ag-
gregates was smeared on slide glass, stained with crystal violet for 1
min, and then observed under a microscope (1,000 X). Typical com-
ma-shaped V. wvulnificus cells (a), small forms (b) and large (c) HG ag-
gregates occurred simuitaneously. (C) 20 pl of the culture supernatants
were electrophoresed on 15% SDS-gels. The arrows indicate the four HG

forms (about 16, 17, 35 and 70 kDa).
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3.6. The wpE mutation did not affect the growth of V. vulnificus

in CA containing HG as an iron source

In order to determine the role of VvpE in a human ex vivo back-
ground, we used CA obtained from liver cirrhosis patients, who are known
to be highly susceptible to V. vulnificus infection [2,3]. The four strains,
MOG6-24/0 wild type strain, vvpE-deleted mutant (CMM1049) strain, in
trans  vvpE-complemented (CMM1502) strain, and vvpE-reporter
(CMM2106) strain, were cultured in CA or CA containing 0.5 mg/ml HG.
The growths of the four strains were stimulated by adding HG to CA. It
was found that neither vwpE mutation nor vvpE complementation affected
the growth of V. wulnificus in CA or CA containing HG (Figures 12A and
13AB). Transcription of wpE in the CA background was also stimulated
by HG (Figure 12B), as in DF-HI broth (Figure 9B), but this occurred dur-
ing the late growth phase when V. vulnificus growth had already
plateaued. Moreover, although wvpE transcription was stimulated by HG,
no protease activity was detected in culture supernatants (Figures 13CD).
These results indicate that the discrepancy between wwpE transcription
and extracellular VvpE production is also present in the CA background.
Nevertheless, these results clearly indicate that V. vuinificus is also able
to utilize HG and to grow on HG without the assistance of VvpE in a hu-

man ex vivo background.
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Figure 12. Transcription of the vvpE gene in cirrhotic ascites (CA) con-
taining phosphate-buffered saline (PBS) or 0.5 mg/mi of hemoglobin (HG)

(A) The growth of chromosomal PvvpE:lacZ reporter CMM2106 strain was

monitored by

[-Galactosidase activity in culture aliquots was measured by the Miller

method [44].
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Figure 13. Growths (A and B) and total protease productions (C and D)
by M0O6-24/0 wild type strain, vvpE-deleted CMM1049 strain, and in trans
vwpE-complemented CMM1502 in cirrhotic ascites (CA) containing
phosphate-buffered saline (PBS) and 0.5 mg/ml of hemoglobin (HG).
Bacterial growths were measured by ODsoe of culture aliquots at the
indicated times. Cuiture supernatants were obtained by centrifuging culture
aliquots at 10,000 rpm for 5 min. Total protease activities in culture

supernatants were measured using azocasein as a substrate.
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3.7. lron or HG up-regulates luxS expression

In order to determine the effect of iron or HG on the transcription
of the IuxS gene encoding an enzyme for the synthesis of a
quorum-sensing molecule, autoinducer-2, we cultured the chromosomal
Puxs::lacZ transcriptional reporter strain (RC138) in DF-H! broths containing
PBS as a control, and containing 10 pM FC or 0.5 mg/mi of HG as an
iron-source (Figure 14). The growth of RC 138 strain wés stimulated by
the addition of FC or HG. The expression level of the /uxS gene was
stimulated by the addition of FC or HG and consistent with its growth
level. No noticeable difference was observed between the two iron
sources, FC and HG. These results indicate that iron stimulates the
expression of the LuxS quorum-sensing system by facilitating V. vufnificus

growth.
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Figure 14. Effect of iron or hemoglobin on the expression of the [uxS
gene. V. vulnificus RC138 strain (Pu.s:-lacZ) grown in HI broth containing
100 uM dipyridy!l overnight was inoculated into DF-HI broths containing
PBS as a control, and containing 10 uM FC or 0.5 mg/ml HG as an iron
source, at about 1 x 10° cfu/ml, and then cultured with vigorous shaking
(220 rpm) at 37°C for 24 h. At the indicated times, culture aliquots were
withdrawn to measure bacterial growth (A) and [-galactosidase activity
(B). Bacterial growth was monitored by measuring the ODgo value and

[-galactosidase activity was measured by the Miller method [44].
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3.8. Effect of the /JuxS mutation on the iron- or HG-induced vvpE

expression

In order to determine the effect of the JuxS mutation on the iron-
or HG-regulated vvpE expression, we used the two transcriptional reporter
strains, PwpelacZ reporter (CMM2106) and /luxS-deleted PueilacZ
reporter (CMM2207) strains. We cultured the two reporter strains in DF-HI
broths containing PBS as a control, and containing 10 pM FC or 0.5
mg/ml HG as an iron source (Figure 15). The growths of the two strains
were stimulated by the addition of FC or HG. The wpE expression levels
were also stimulated by the addition of FC or HG. No noticeable
difference was observed between the two iron sources, FC and HG.
However, interestingly, the vvpE expression levels were not decreased
but slightly increased by the /uxS mutation. These resulis indicate that
iron stimulates vvpE expression via unknown transcription regulator (s) but

not via the LuxS quorum-sensing system.
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Figure 15. Effect of the luxS mutation on the iron- or HG-induced vvpE
expression. V. vulnificus CMM2106 (PwpelacZ; A and C) and CMM2207
(luxS-deleted P.,elacZ; B and D) strains grown in Hl broth containing
100 puM dipyridyl overnight was inoculated into DF-HI broths containing
PBS as a control, and containing 10 pM FC or 0.5 mg/ml HG as an iron
source, at about 1 x 10° cfu/ml, and then cultured with vigours shaking
(220 rpm) at 37°C for 24 h. At the indicated times, culture aliquots were
withdrawn to measure bacterial growth (A and B) and p-galactosidase
activity (C and D). Bacterial growth was monitored by measuring the
ODsoo value and B-galactosidase activity was measured by the Miller

method [44].
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4. DISCUSSION

4.1. Both the vulnibactin- and heme recceptor-mediated iron-as-
similation systems are involved in iron-assimilation from HG by

V. vuinificus

In this study, when we compared the roles of the vulnibactin- and
heme receptor-mediated iron-assimilation systems in the iron-assimilation
of V. wvulnificus from HG (Figure 7), both iron-assimilation systems played
important roles in iron-assimilation from HG by V. wulnificus. This findings
were consistent with results of other researchers [11,13,15). Litwin et al
reported that the mutation of the vuuA gene encoding vulnibactin-specific
receptor resulted in the loss of the ability of V. vulnificus to utilize HG as
well as transferrin-bound iron. In addition, they also reported that the mu-
tation of the hupA gene resulted in the loss of the ability to utilize only
HG, but not transferrin-bound iron. Moreover, vulnibactin was found to be
essentially required for the iron-assimilation of V. wvulnificus from holo-
transferrin in our previous study [37]. Taken together, the ability of V. vul-
nificus to utilize transferrin-bound iron appears to be dependent on the
vulnibactin-mediated iron-assimilation system, but the ability to utilize HG

to be dependent on both iron-assimilation systems.

4.2. VvpE can cleave HG but has no direct effect on the
iron-assimilation of V. vulnificus from HG

According to our results, VvpE is a major protease produced by V.
vulnificus and the only protease capable of destroying HG (Figure 8).

Other researchers have also observed that purified VvpE is capable of
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destroying HG [22]. However, this fact alone is insufficient to prove that
VvpE facilitates the iron-assimilation and growth of V. vuhificus via the
proteolytic cleavage of HG. In order for VvpE to facilitate iron-assimilation
of V. vulnificus from HG, VvpE must be produced robustly during the ex-
ponential growth phase when V. vuinificus consumes most of the iron re-
quired for its active growth, especially under iron-limited conditions con-
faining HG as an iron source. Pseudomonas aeruginosa proteases are
known to facilitate iron-assimilation from iron-binding proteins, such as HG
and transferrin, via their proteolytic cleavage [46-49]. P. aeruginosa pro-
duces proteases in the early growth phase, and thus, these proteases
can facilitate the pyoverdin-mediated iron-assimilation of P. aeruginosa via
the proteolytic cleavage of supplemented iron-binding proteins. In a pre-
vious study, we found that.a Bacillus subtilis clinical strain produces pro-
teases concomitantly with the production of siderophores in the early
growth phase, and thus, is able to facilitate siderophore-mediate iron-as-
similation from transferrin [50]. In contrast, almost all reports to date have
shown that V. wulnificus produces proteases only in the late exponential
or stationary growth phases [26-31,33,35-37], and especially in iron-suffi-
cient conditions rather than in iron-limited conditions [24-26,30,31,33,
35-37,39,40]. For these reasons, we previously concluded that VvpE did
not facilitate the iron-assimilation of V. vulnificus via the proteolytic cleav-
age of transferrin [36,37]. The findings of the above reports strongly sug-
gest that VvpE cannot facilitate the iron-assimilation of V. vulnificus via
the proteolytic cleavage of HG even though only VvpE appears to have
the ability to destroy HG.

Nishina et al. first suggested that VvpE can facilitate the iron-assim-
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ilation of V. wulnificus via the proteolytic cleavage of HG [22]. However,
they added purified VvpE to a HG-containing medium at the start of
culture. We believe that this exogenous addition of purified VvpE is un-
likely to reflect the actual production and role of VvpE. Accordingly, we
considered it necessary to determine whether or not VvpE can facilitate
the iron-assimilation of V. wvuinificus in the presence of HG as an
iron-source, but in the absence of exogenous VvpE.

In the present study, vvpE transcription was stimulated by HG or in-
organic iron (FC), rather than globin. However, this transcription obviously
occurred only in the late growth phase when most of the iron in media
had already been consumed and bacterial growth had already plateaued
(Figure 9). Our previous work also revealed that vvpE transcription is
stimulated by various iron sources, and that it occurred during the late
growth phase [36]. Without exception, reports to date have shown that
vvpE ftranscription occurs only in the late exponential or stationary growth
phases {26-31,33,35-37]. In addition, it was recently reported that iron was
required for efficient VvpE production [51,52]. Accordingly, our resuits in-
dicate; (1) that because vvpE transcription occurs after the growth of V.
vulnificus has already plateaued, its final product VvpE cannot facilitate
iron-assimilation by V. wuinificus via the proteolytic cleavage of HG, and
(2) that iron is required for efficient vvpE transcription.

Moreover, vvpE transcription, but not extracellular VvpE production,
was stimulated in DF-HI containing HG or FC as an iron source (Figures
2, 3, 5 and 6). A similar discrepancy was also observed in DF-HI con-
taining holotransferrin or FC as iron source in our previous work [26].

This discrepancy suggests that extracellular VvpE production is additionally
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controlled by unknown posttranscriptional events. Moreover, another dis-
crepancy also remains to be clarified, as Simpson and Ofliver [18] re-
ported thaf extracellular protease production by V. vulnificus is stimulated
by HG or heme, but not by inorganic iron or globin. We do not know the
reason for this difference between the findings of the two research
groups. Nevertheless, the fact that extracellular VvpE production was not
stimulated in iron-limited conditions also supports our opinion, namely that
VvpE cannot facilitate the iron-assimilation of V. vulinificus via the proteo-
lytic cleavage of HG. In contrast, P. aeruginosa proteases are more ro-
bustly produced under iron-limited conditions than under iron-sufficient con-
ditions, and thus, these proteases facilitate the pyoverdin-mediated iron-as-
similation of P. aeruginosa via the proteolytic cleavage of iron-binding pro-
teins such as HG and transferrin, even under iron-limited conditions such
as in the human body [46-49].

In order to confirm our opinion that V. vulnificus can assimilate iron
from HG without the assistance of VvpE, the three strains, M06-24/0 wild
type strain, vvpE-deleted mutant (CMM1049) strain and in frans
vvpE-complemented (CMM1502) strain, were cultured in DF-HI broth or
DF-HI broth containing 0.5 mg/m! HG. The growths of all three strains
were stimulated by HG, without noticeable differences, whereas ex-
tracellular VvpE productions by these three strains were not stimulated by
HG (Figure 10). These results indicate that V. vulnificus is able to utilize
HG and to grow on HG without the assistance of VvpE. Simpson and
Oliver {18] reported that all V. vulnificus protease-deficient mutants, gen-
erated by chemical or transposon mutagenesis, were able to utilize HG as

an iron source. On the other hand, Nishina et al. {22] reported that all V.
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vulnificus protease-deficient mutants, generated by chemical mutagenesis,
were unable to ulilize HG as an iron source. This difference may be
caused by non-specific mutagenesis. Protease-deficient mutants generated
by chemical or transposon mutagenesis may have multiple nonspecific
mutations and exhibit unexpected phenotypic changes. In contrast, in the
CMM1049 strain used in the present study, only the vwpE gene was spe-
cifically mutated by site-directed mutagenesis. Accordingly, we believe that
our results are more confirmative than the results reported by the two
other research groups.

Interestingly, we found that insoluble HG aggregates were formed
during culture in DF-H!I broth containing HG, regardiess of vvpE mutation
or complementation (data not shown), and that this occurred concomitantly
with the disappearance of intact HG molecules (Figure 11). Moreover, no
cleaved HG products were observed. These findings indicate that HG is
not destroyed but rather that it aggregated during culture. HG molecules
appear to be denatured and aggregated due to their loss of heme or
iron, or by metabolites other than VvpE generated by V. vulnificus during
culture. Accordingly, this finding also supports our opinion that VpE does
not facilitate the iron-assimilation of V. vulnificus via the proteolytic cleav-
age of HG.

Finally, we determined the role of VvpE in a CA background, a hu-
man ex vivo system, and results obtained in the DF-HI background were
also reproducibly obtained in this background (Figures 12 and 12).
Accordingly, these findings also indicate that V. vulnificus is able to utilize
HG and to grow on HG regardless of VvpE production even in a CA

background.

...48—



43. lron stimulates wpE expression via unknown transcriptional
regulators but not via the LuxS quorum-sensing system

According to our results, the expressions of the /uxS and wpE
genes were increased by the addition of FC or HG, but the /JuxS mutation
did not affect the FC- or HG-induced vvpE expression. These results in-
dicate that iron stimulates vvpE expression via unknown transcriptional
regulator (s) but not via the LuxS quorum-sensing system.

Quorum-sensing is the cell-density-dependent regulation of gene ex-
pression by bacteria using the accumulation of small molecules called au-
toinducers to affect gene expression. V. vulnificus possesses the fuxS
gene involved in autoinducer-2 production, as well as the JuxR (also
called SmcR) gene encoding the regulator that senses the autoinducer
[53). Shao and Hor reproted that the mutation of the LuxR or SmcR gene
decreased VvpE production [30]. Also, Jeong et al. réported that SmcR
was required for full expression of vvpE by working synergistically with
CRP and RpoS [29]. Consistently with these results, Kim ef al. showed
that the mutation of the /uxS gene decreased vvpE expression [31].
However, this regulation was observed only in normal HI broth [31] or
Luria-Bertani broth [29,30,52], In addition, Kawase et al. most recently re-
proted that wpE was upregulated with the /luxS expression during growth
of V. vulnificus in Luria-Bertani broth, but in serum, vvpE expression was
related to amounts of iron, not /luxS expression. These findings indicate
that the iron-induced vvpE expression occurred regardless of the LuxS
quorum-sensing system in serum containing iron, and are consisteni with
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results in the present study.

RpoS and cAMP-CRP complex are known as transcriptional activa-
tors capable of upregulating vvpE expression other than the LuxS quo-
rum-sensing system [28,29,32]. More recently, the expressions of the two
transcriptional activators have been known to be regulated by iron levels
[54,55]. Lee et al. reported that the mutation of the rpoS gene down
regulated the expression of the fur gene encoding Fur protein, which reg-
ulates ferric uptake by bacteria [54]. Choi et al. reproted that the mutation
of the crp gene downregulated V. vulnificus vulnibactin-mediated iron-as-
similation system [55]. However, no reporis are available on the roles of
RpoS and CRP in regulating the iron-induced vvpE expression. Further

studies on these regulations are necessary.
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5. CONCLUSION

In this study, we determined which of the two iron-assimilation sys-
tems, i.e., vulnibactin- and heme receptor-mediated iron-assimilation sys-
tems, plays more important role in the iron-assimilation of V. vulinificus
from HG, elucidated the role of VvpE in facilitating the iron-assimilation of
V. vulnificus from HG in accordance with the molecular version of Koch's
postulates, and attempted to elucidate the mechanism of wpE expression
induced by iron or HG.

Results obtained in the present study are as follows. The growths of
both a V. wulnificus vulnibactin-deficient mutant and a heme re-
ceptor-deficient mutant were impaired in ironlimited media containing HG
as an iron source, indicating that both iron-uptake systems play significant
roles in V. vulnificus iron-assimilation from human HG. Of the proteases
produced by V. vulnificus, VvpE was found to be a major protease as
well as the only protease capable of destroying HG. However, VvpE ex-
pressions at both the transcriptional and protein levels were suppressed in
iron-limited media. Only wpE transcription, and not extracellular VwpE pro-
duction, was reactivated when HG or inorganic iron was added to
iron-limited media, but vvpE transcription obviously occurred only in the
late growth phase when V. vulificus had already consumed most iron for
growth. Moreover, neither vwpE mutation nor in trans wvpE com-
plementation affected the ability of V. wulnificus to assimilate iron or to
grow in iron-limited media containing HG or in cirrhotic ascites containing
HG. Moreover, HG added into iron-limited media was not destroyed but
gradually aggregated as insoluble forms during culture, and this HG ag-

gregation occurred regardless of vvpE mutation or complementation. Iron
- 51 -



or HG up-regulated /uxS transcription, but /uxS mutation did not down-reg-
ulate the iron-induced vvpE transcription.,

Overall, our results indicate that VvpE is not required for efficient
iron-assimilation from HG by V. wulnificus, on the contrary, HG or iron is
required for efficient vvpE transcription via unknown transcriptional regu-
lators but not the LuxS gquorum-sensing system. In addition, a discrepancy
exists between vvpE transcription and extracellular VvpE production in
iron-limited media containing inorganic iron or HG as an iron source,
which suggests that unknown posttranscriptional events are additionally in-
volved in the extracellfular production of VvpE. Subsequent studies on the
unknown transcriptional regulators and posttranscriptional events are

necessary.
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ABSTRACT

Vibrio vulnificus Metalloprotease VvpE Has No
Direct Effect on lron-assimilation from Human
Hemoglobin

Sun, Hui-Yu
Advisor: Shin, Sung-Heui, M.D. & Ph.D.
Department of Medicine,

Graduate School of Chosun University

We attempted to determine whether or not Vibrio vuinificus metal-
loprotease VvpE can promote iron-assimilation via the proteolytic cleavage
of human hemoglobin (HG). The growths of both a V. wulnificus wvulni-
bactin-deficient mutant and a heme receptor-deficient mutant were im-
paired in ironlimited media containing HG as an iron source, indicating
that both iron-uptake systems play significant roles in V. vulnificus iron-as-
similation from human HG. Of the proteases produced by V. vuinificus,
VvpE was found to be a major protease as well as the only protease ca-
pable of destroying HG. However, VVvpE expressions at both the transcrip-
tional and protein levels were suppressed in iron-limited media. Only wpE
transcription, and not extracellular VvpE production, was reactivated when
HG or inorganic iron was added to iron-limited media, but wwpE tran-
scription obviously occurred only in the late growth phase when V. vulnifi-
cus had already consumed most iron for growth. Moreover, neither wpE
mutation nor in trans vvpE complementation affected the ability of V. vul-
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nificus to assimilate iron or to grow in iron-limited media containing HG or
in cirrhotic ascites containing HG. Moreover, HG added into iron-limited
media was not destroyed but gradually aggregated as insoluble forms dur-
ing culture, and this HG aggregation occurred regardless of vvpE mutation
or complementation. lron or HG up-regulated /uxS transcription, but /uxS
mutation did not downreguiate vvpE transcription. These results indicate
that VvpE is not required for efficient iron-assimilation from HG by V. vul-
nificus, on the contrary, HG or iron is required for efficient wpE tran-
scription via unknown transcriptional regulators but not the LuxS quo-
rum-sensing system. In addition, a discrepancy exists between vvpE tran-
scription and extracellular VvpE production in iron-limited media containing
inorganic iron or HG as an iron source, which suggests that unknown
posttranscriptional events are additionally involved in the extracellular pro-

duction of VvpE.

Key words: Vibrio vulnificus, Metalloprotease, Hemoglobin, Iron,

Quorum-sensing
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