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ABSTRACT

Regulation of Vibrio vulnificus Hemolysin/Cytolysin
Production by Iron
Jun-Young Lee
(Directed by Jae-Won You, M.D. & Ph.D.)
Departement of Medicine

Chosun University Medical School

Vibrio vulnificus is a gram-negative estuarine bacterium that opportun-
istically causes fatal septicemia in susceptible patients. Elevation of serum
and tissue iron is the most reliable predisposing factor to V. vulnificus
septicemia. Hemolysin/cytolysin (VvhA) is known to be the most potent
exotoxin produced by V. wvulnificus. However, VVhA is controversially more
profoundly produced in iron-sufficient media than in iron-deficient media
despite the presence of a putative Fur box in the regulatory region of the
vwhA gene, which encodes for VvhA. Accordingly, we attempted to de-
termine the differential regulatory effect of iron on transcription of the
vwhA gene and extracellular secretion of VvhA. Transcription of the vvhA
gene was repressed in a dose-dependent manner by iron, and de-re-
pressed by mutation of the fur gene, which encodes for a transcription re-
pressor (Fur) regulating expression of a variety of genes in response to
intracellular iron level. In contrast, extracellular secretion of VvhA in a
dose-dependent manner by iron and by mutation of the fur gene.

Extracellular secretion of VvhA was decreased by mutation of the pilD



gene, which encodes type IV leader peptidase/N-methyltransferase asso-
ciated with the type Il general secretion system, and the decreased VvhA
secretion was recovered by in trans-complementation of the wild type pilD
gene. Transcription of the pilD gene was increased in a dose-dependent
manner by iron and mutation of the fur gene. These results indicate that
iron represses transcription of the vwhA gene via the transcription repress-
or Fur, but rather triggers extracellular secretion of VvhA via the facili-
tation of the expression of the type Il general secretion system, and that
elevated serum and tissue iron can eventually deteriorates pathophysio-
logical changes in V. vulnificus septicemia patients by facilitating the ex-

tracellular secretion of VVhA.

Key words: Vibrio vulnificus, Hemolysin/cytolysin, Iron, Fur, Type Il general

secretion system
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W F v B o (Vibrio vunificus)> F2438H7] 9F =& dEF
JoE ste 394 " dwolth FE Askru Aqtei el A 2s
o el e AR A A BT E I A A Eo] 50%7t He
HdFS Lot Park et al., 1991; Tacket et al., 1984; Chuang et al.,
1992]. HEF HlEg ool A9 MiteES AFHAT T TAs= LA
H 2 2] @ & F(primary V. vulnificus septicemia) 723 &3t Q3
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4sk & 24A17F ool 22 A (cellulitis), &3 (bullag), & & WHecchymosis)
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] £ukA 3] d S (secondary septicemia)C. & 87| = ok HARY Zet
Ae HZS AP HREHEL QA AXNE FaFE AV Ag A5

AR E Aorsloiof 3l A= AtHStrome & Paranjpye, 2000].

|3 4 /A 83l A~ (hemolysin/cytolysin; VvhA), RTX =2, THElE3|g 4
(metalloprotease), 21#] 23] & 4 (phospholipase A2), d &5 7] E(iron-up-
take  systems), @Yt} A|(capsular  polysaccharide), A A thdA
(lipopolysaccharide) & o121 7}A =¥ <lx}=(virulence factors)o] HEF H
vEled HEd F83 9L ste ASR geEAH UdtHGulig et al,
2005; Strome & Paranjpye, 2000; Linkous & Oliver, 1999].

W5 vlEg TS Aldz¥ol vj/jd H 4714 (siderophore-medi-

ated iron-uptake system)® 3 FE&AE FF HFT7|H(heme re-



ceptor-mediated iron-uptake system) T & 71A XA AFF7IAES
7FA 1 9l o H[Litwin & Calderwood, 1993; Webster & Litwin, 2000; Litwin
& Byrne, 1998; Litwin et al., 1995; Tanabe et al., 2005; Aso et al., 2002],
olgl g AFFVIHES HEF VBT F¥o wy Byl ve F
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< 9935t tiLitwin & Calderwood, 1993; Webster & Litwin,
2000; Litwin & Byrne, 1998; Litwin et al., 1995]. &1} o]2]3lt t}%& w1
A3y dFF7IdEe] SATAE 78t HEF vlEe TS €3 &
© 24 U Hsoot Asd A FE FEE ot HEF v
vl we F2 dMAF 2=(hemochromatosis), 7123 438 5 4l
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Bullen et al., 1991; Hor et al, 2000]. d& 3 A7 g8 AFH
(iron-overloaded mice)”} I EZF wiBZ T 7} WAd FERAUE &
214 S tHWright et al., 1981; Hor et al., 1999]. H &5 B L7 3
H X 3% (iron-saturation) 7} 30% Weld A dHAAME FAT + o)
g4 HIEE AANHOE 50% o Ho R FsAT BF

[Aso et al., 2002]. 4sd HEsEv AFEE A UolA HEF vlEgT9
AES AL FE 9 Oori[Hor et al., 2000], 2 g
=92 F sl SR Ese] ABikE S7RAXITHShin et al., 2005;
Kim et al., 2006].

AL ZF vlEZ o] Aiste oI5 T 7MY AHE 542 4

d3E 89 AN7a b2 HNEXER gygAZd 5 AdHGray & Kreger, 1985
& 1987; Rhee et al., 1994; Lee et al., 2004]. SER oA, =427 E=
Aoz FAld SEAANELNLE FAHE Holdes HEF vlEE



s FAEE Wt B AT 94 e B Ades Bt
[Gray & Kreger, 1987; Rhee et al., 1994; Park et al., 1996]. I3 %= =
T3k, SEAAEE AL BAEH T g A4e ool A7]H
o] gt} st SEL/MELNAE dostste FAAK (el whA)E &
23 Al Edde] #FE AER AF FAEE W Edwo] A7)
A BE ofAwFol HlE AL AHE =L F U= TF

7] wj&o]t}HFan et al., 2001; Wright & Morris, 1991]. 2]} 2& gk A
AE D gGA B3 Yl ARt SEAMEL A HAEsE 5 <
oA ZEla At Al Wold EH kAl Ak EtiLee et al, 2004; Choi
et al, 2005]. gt SHL/MEGINAE ofF 2 YozE IS o|¢A
4 g doH, ddFE xS tdYgs AMEES 34T 5 UdoH[Lee et
al., 2004; Kook et al., 1996], T FHAFIZHTNF-a)& H]|E3 FAFA Alo]
E 7k (proinflammatory cytokines)e] EH|E ZFZAIZ 4 ¢lil[Park et al.,
1996 & 1998], #}213}E(superoxide anion)S FA4AIA NI ALY A
3 1 AHapoptosis)E F'24E T UTHKwon et al., 2001]. ¥Rt} §HA
IAEG3AE ABashA] Zsle 2dWo] #5785 438 AF9 A3l
FoJ5 S wol= 2Fzre] &d(congestion) A7 o] HTIE AAS H
oA & HHH, FEAAELALE it AT FE TS Ho
= A Ee dAY"st 28, 29 &4, AMEze AL 9 g2 T Ag
A Fdel 27AE HEtHFan et al, 2000]. ©g% ATAHRE THA
o= #Fsidie W, §E/HMELNLE 28 BF e AAFE(mouse le-
AAle FEQAE opdAg® HEF HlB o] AATAA

2
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SHAMELANAE FF st FAA whAe] ZAl(transcription)=



g 7HA A AAEe]| 9 ZFHAY d#x 9loH[Bang et al,
1999; Choi et al., 2002; Lee et al., 2000; Kim et al., 2003], € dA/H X &
o] MES EH)l= A IV & prepilin peptidase(PilDEF £3)o] ]3] uf7)

=Se Ay S d EH A Al (type |l general secretion system)E F3 =

"ot g2 A drHParanjpye et al, 1998]. 1y HE=7F HEF H]
BEje o] tig T #FEAEE AAste 7P AT vk IAdd =
Bt B3 EEL/AEEH 2T HET B ol Aitste M A
ek o] 5addox: sk, 3 FHA whAe] dAF B SEA/AES
o] Mol A s R Aol Aol B3I A7dde ik o
2o Bdd A, deked wet 2dHE FHAEY dAke 2
HZ AHEE9] AR AL Al &H(transcription repressor)?] Furgs E3 %
A8 =, Hol 98 2d¥He mAAES Y 29T F e Fur s §

3 HzZ=o Hhe] g3t 2Ed " oHLitwin & Calderwood, 1993]. 3 H|E
g el Fd2F whAe] k& AAlzdF9ole AN AR Furrk 2

T 5 ' 5F A7IAL(els Fur-AE-9)el o™ [Yamamoto et al.,
1990], ol& g APEL FHA whAe] WAL} O HFAAED SEL/MES
sl A e HIZF FurE FI FsZe whldste] 2dd £ S
= AR ey ol2jgk ot RiiE A2l fEA/AMESHAE

Hol A" =AM Hu Hol THI oM B ®eo] A EEs EH
gk olgfd Ee2 ek wel 2EHE diEd v sy
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1. A48 #F, Eganc, xaoln, wjx), Ao
2 AT } % oF, Zelxn =, TglolwE= Table 1, 2, 39 A

3Tk Ampicillin(20 pg/ml), kanamycin(300 pg/ml), tetracycline(2 pg/ml) =
= chloramphenicol(2 pg/ml)S >33+ Luria-Bertani(BD, MD, USA) <] uj
2 B RAWAE T2 AZRY ddgTs AEsr] el AREskalTh A
A7 Azxs HEdF vEgews AEst] Hale dedt FEAE]
sk¥l Thiosulfate-Citrate-Bile-Sucrose (TCBS; BD) A8} *] ¢} 10% sucrose

5z

it

23t Heart Infusion (HI, BD) A BIA]E A3}t 2.0% NaClet &

A% ol FAAE T H DAL AR = ALF w2 07
A MFe A% 1% A ALgSoch ol AP HI BANAE W

7] 98ll, 423k (iron-chelator)$! 8-hydroxyquinolineS ©]-&3Fo] HI 4]
A 25 d& AASAcHLeong & Neilands, 1982]. @S #A|A3tw
T AR FEET 1.0 pg/dl o]sidlon, ole 2 HsroAes HES A
Belego] 42 F AL 0.25 pM o]Fe] 84 F7]1E<l ferric chlor-
ide(c]3t FC)E H7Fetdle Wl HIZA 4 & AT wepA 2 A7
A= 025 uM FC7F 39 wiAE HZAPWA R Agetolt. 583 e

37 ke A BE A%LS Sigma(MO, USA)ZEE F319h

2. 97144 &4
ofv] RuE §AA whAsh piDel AAIZEARS N BgEe] Fur-Z
FHY, & 97|42 TATAATGATACGCATTATS A54< Hols 4714 <2

o

Zt3 2k A A vwhA(accession no. NC 004460 <} NC 005140)¢} pilD
(accession no. VV11623)°] |7|AM LS #4189 tHzhang et al., 2005]. #
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FH =% DNAassist(DNAssist ver. 2.2; http://www.dnassist.org)S A}-&

3 gurolgel @rlAge] A ALE Fur

3. lacz-A&(deletion)EH@Ho] FF¢ FEH F(merozygotic)

PwmailacZz AAME EH 4F 75
AR EEH #F5 FF317] Y8 WA &A= ol (spontaneous mu-

tation)ol] ¢]3f streptomycinoll A& HolE MO6-24/0 TFE o]&3lo]

g3 HlHE| 29 B-galactosidase 7 AF, = lacz FHAFe] dHE A&
ANZoEN AEEAWM] 59 CMM2101 55 FF3% 2&Edd

o] #FE TF37] AsiAE A E(suicide vector)?l pKAS32E AHE-3}
SATHKIm et al., 2003]. o]¢} #Zo] F5HH CMM2101 #F& o] §3to], fA
A4 PwnailacZz A AF2] 3 E(chromosomal PwnaillacZ transcriptional reporter)

o9 CMM2105 #55 T%33tHKim et al.,, 2003]. ©] WAL EXEH #F

o] 55 HMAE AEHEHS pKAS32E AHE-SHTE CMM2105 #F&
TE3l= FAANA, ampicillin®} kanamycing X%l l= TCBS L A|H|
AeA FE2HE Puwnailacz AAMRIEH #F 5, CMM2103 w55 3t
Atk vl YA (culture aliquots)oll 4] B-galactosidase €4S SH sk, Wi
% (culture supernatants)ell Al §d&4de U3} FAlol, A FHR

A ¥k (reverse transcriptase-PCR)E ©]&3lo] whA mRNAZ <13

S 2H PunailacZz HFI T2l oF¥E whA F37ke] EAE 5
A FHEL Wee HMAE whA FAAR Sol Al Zejolmy, =
Wh-1 ¢} VWh-25 A}83}%THLee et al., 1998; Lee et al., 2004; Choi et
al., 2006]. CMM2101 < CMM2103 52 A<l Fdx T4
Figure 1o zFeFatAl Yep AT



4. fur A7 2d€EE Pumlacz AAEXEH 4F +5
A A2 furrh 2EE 29wl #F¢ CMM2303 FFE waf

=
ras AH-S(crossover PCR)S ©]&3lo] <holA] 73 CMM2101
Fo FHaAh AR fure] FE YHREES TFEEL ANk 53

7] Yl F o ZtolWE =, Fur-19 Fur-2, Fur-39}F Fur-4E ALg
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AL S 95 F3(template) & & ALt F WA )

)
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i)
pol

S A= AFask Sacle] <14 F-29](recognition site)”}
Heol Agtasd Xbald AXF7F 29 Fur-4 ZEfo|HE

AFEERAATE WA FEEA AMNS AEL AR 229 #E(vector)?l

wh ofN
oo
T
=
N
[H
iU
o
fol

pCR®2.1-TOPO®(Invitrogen)ol ikl Zetam|= pCMM236S 75313
t}. Zg}ArE pCMM236 2. 2 HE Sacl-Xbal #2S Eglste] awE el

]

pDM4ol 413+ I[McGee et al., 1996] ©]& pCMM237Z ™™ 3} T},

—

ZtH = pCMM237-2 AP E] pDM4e] &9t SY327 Apiret 3

ol
-

(conjugation)S 93+ &F< T SM10 Apirdl A71FAE 7heke] A
A I[Miller & Mekalanos, 1988], ©]o] TS E3] HI= HBIL
CMM2101 ol Adstadch F1A Azl 98] F+d4F furrt d&d

EdWo] #F =, CMM2303 #FE A chloramphenicolo] X 3hd

M
ro,

TCBS 1 Awj#|¢t 10% sucrose’} EgHE HI FHHufx|o| A At}
CMM2303 TFoll A fur fA=te] A Zetolv] Fur-l ¢ Fur-4E o] &3
THEL AHEol o5 skl Amow testE o] &3kl AlHZE o]
vulnibactin®] AJzto] Z7tgHe #RgoEN 7THORE fur FHAE <
Ho] S &3 tHAmow, 1937].
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r7t A" CMM2303 & o|&3ste] fur fdx7F A&d
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A% vhe) 2ok WFololq Bgalactosidase B S AR, Wk o
A §RBHEL FAGH FA, 4N FUE
WA MRNAZ #AFO02H PuilacZ AE7 BA] k3 whA f34
o £AE FAGAY. AW FHEL AAVLL AFAAE wha FHA

of o]l PCR Z&to|w, & Wh-1 ¢ Wh-2& AHE-3}31ti(Table 3)[

P>
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£
r]I,
olo
tilo
o
ofo
QL
&

Lee et al., 1998; Lee et al., 2004; Choi et al., 2006]. CMM2305 w59
AEQd FAA T4 Figure 10] HeFsHA] YERA QI T

5. pilD-AEE Aol FF¢ in trans pilD-BEFF9 7%
AAES ol g3t {1 piD7t AEE EdWe] ¥

F RC104 #FE TF3%th F 49 Zetelws =, PiD-1¢ PIlD-2,
PilD-3¢} PilD-45 piD 37k &5 LHRAE T8 98 AHEsH
ot @olzl F fel THaEAL AHRES AEEe wA THEL AAgNsS
A% FPoE A ZetelrERE AFEAL BamHIC] 4 H-H7}
2 PiD-13 AFad Spelol 14F-97F €3 PiD-45 A&t A&
€ piD F32E 747l BamHI-Spel ®d& &ste] 2AHEQ] pDM4]

RS)

L2

935 1[McGee et al., 1996] ©]E pRC104Z wHHath Zgrn=
PRC104E= A7|FZ4E Ea A SY327 Apirst ti& SM10 Apiroll A+
3191 1L [Miller & Mekalanos, 1988], ©]°o] A& S& A5 HBg 7Sl
MO6-24/0 w55 AFdatalnt. FdxF Aol oz IAHE FHA pilD7t
ZA&H B #F9 RC104 #5FE chloramphenicolS 3+ TCBS 1L
A A2+ 10% sucroses T+t HI TA| x|l A] AEepodnt. Ao ot
A2} piDe EdWol= Zgloln PiD-19} PiID-4E AME3 a4 o
kLS 23 Felatgiti(Table 3). A2 piD7F 2&d A=



oY piD A =, AdEo] (e ST FVIHLEE AL U=

2% piiD FHEAE EFSL A= 1810709 @R FAHE
BamHI-Hindlll £2& A& 4 BamHIQ] 125917} 27 PiD-1 Zz}o|n
ob A A4 Hindlll ¢12]F-9]7F &7 PID-5 Zelo|HE Alg3le] FZ319
3 olE FHe=FHE(broad host range vector)?! pLAFR3II®] =24 3}
913 o] pRCl08olz} W3t Z#tAnE pLAFR3IIE ZEtan=
PLAFR3S] BgllIgl 2 F-9jo] pUTKm1olA {+eig bla FdxE =3
BamHI-Bgll #d& Z&43te] wEoXtHHerrero et al, 1990;
Staskawicz et al., 1987]. Z#}-~H = pRC108S He Hx Zgianms=el
pRK20139] T &S Hhol 454 (triparental mating)S 53] RC104 7=
2§18k tHDitta et al., 1980]. Ak Axgol o3 F4€ RC108 TF+
c} opA g

a9

Al

ampicillin®}  tetracyclineS 3 TCBS A wj x| oA AEE}3
pilD 2o A= Zeto]m A<l PiD-13 PID-55 ©]&3%
WS S8 =Qlskoitk(Table 3). kA E pilD FAA7E B

+ 75342 Figure 39 7HEFEHA YERASIT

4
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e ol
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1 RC108

=t

6. @ WY A, a8 #3543} B-galactosidase 4 A
ol Ag® A HgAUH Al #Eo] AFsL YE AE Y
48 1ZA77] AEl, HES B edES dFFA dipyridyl (100 p
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Zol AAA H HEZF HEYLHFES FC7F 0.25914 20.0 pM7HA]
| FAPuA el HFskaL 37°Col A 24A13F B 220 rppmo] HEE
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s Fataich. wF Foll, #5217 B-galactosidase &S 437 9
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7. $ELAXEHE F
SHRAEEN AR AEe AL B BHE S35 HdHl, E F
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+ 10,000 rpmellA 53+ AAEE FoEHA AAS AL H

3] FFE(ODss)s SAHSITH 22 A4¥S 39 wbEste] dL& FJHg
= ol&ste]l BHEEAHS AT §EEAEL T Zol WEEE 7
Arekgith vi A M O] ODss %t + Triton X-1000] 93 <43 €8 =

a7l M= Dot B
Slot blot WH& A1831a Az dell AEE vf A E7elA
< polyclonal anti-VvhA-bodyE A}-&3}31tHShin et al.,, 2005]. Bio-Dot (or
Slot) Microfiltration Apparatus (BioRad, CA, USA)Z o]&3}o] kAl A
20 uIZ AA nitrocellulose membraned] A7 th A2 A Aa}EHA
¢l anti-VvhA-body®} ®EGAIZ 3L o]o] o] zakgkA|Ql horseradish peroxidase”f
EAE AEHRE AL anti-rabbit-lgG (Fc)-bodye} HH-SAZATH HEFZHow



diaminobenzidine@} hydrogen peroxide2 7] 2 =& A}g-3le] w2l A] A THShin
et al., 2005].

AEzW SAete SE/AELHNAY] S S8 A8, WigdS
10,000 rpmell A 5 &3t A2 gozA AFHAEE Eokrh Eolxl A#
A EE lysis buffer (10 mM Tris, 10 mM EDTA, 0.5% SDS)$} #H8-A]A =}
Hatelet. dalEe FoEA AATE AAT v FEAS AT AF
o1 20 I Bio-Dot Microfiltration ApparatusE ©]-83}] nitrocellulose mem-
brane®toll A FZA]7]AY 10% SDS-polyacrylamide gel& ©]83le] 7
71%9% gt T nitrocellulose membranecl] FZA|Zith T o] F 2
membrane2 A-&o]4 LA 2l anti-VvhA-bodye} HHS-A|Z L o]o] o]z}
A2 horseradish peroxidase”t Z3E anti-rabbit-IlgG (Fc)-bodyd} ¥h-5-A|
Aok #5492 diaminobenzidine} hydrogen peroxides 7] 2 & A}8-5}o]

TgaA 99§ [Reverse transcriptase (RT)-PCR]
o] wjoFelg 10,000 rpmol A 5E HoF ARE FoEHN AT
AEE Eth Easy-Blue™ reagent (iNtRon Biotechnology, Korea)E ©]&
o] ol MFHEZZREE A RNAEZ SIS 22" AA RNACA
DNAL¥< 97] $13] DNase (Qiagen)E *&lgt Tt One-Step RT-PCR
Premix (iNtRon Biotechnology)2} RNA 10 ngs ©]&3l] IHA AL
A& F =31 tHMasterCycler, Eppendorf, Germany). &AL 53 <
ASE g ZgolH 2= pilD FAAFe] Eo]HQl PiD-6 ¥} PID-72 A}
o 93l 16s rRNAC o]l Zzto]n| Cont-1 ¥} Cont-2&
ARESEGTE A TREA ANk 2dE A VEstd v
Oj]

Arb Tgtas WeE FESH3lAL, 94°ColA 5%
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30 cycles®] T@¢as A
o231} ZEokth. 94°Coll A 30% <t de-naturation,
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7t pre-denaturation
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Table 1. Bacterial strains used in this study.

mating

Strains Relative characteristics Sources
V. vulnificus

MOG6-24/0  Highly virulent clinical isolate J.G. Morris, Jr.

CvD707 vvhA-insertion mutant J.G. Morris, Jr.

CMM2100 MO6-24/0 'Wi'[h spontaneous Kim et al., 2003
streptomycin resistance

CMM2101  CMM2100 with lacZ-deletion mutation Kim et al.. 2003

CMM2103 CMM2_10_1 with merozygotic PwhA::lacZ Kim et al., 2003
transcriptional fusion

CMM2303  CMM2101 with fur-deletion mutation This study

CMM2305 CMM2303 with merozygotic PwhA::lacZ This study
transcriptional fusion

RC104 MOG6-24/0 with pilD-deletion mutation This study
RC104 with in trans ;
) . Th

RC108 pilD-complementation is study

E. coli

SY327 Apir A(lac pro) argE(Am) rif nalA recA56 Miller &
Apir lysogen; Host for suicide vector Mekalanos, 1988
thi thr leu tonA lacY supE recA::RP4-2- Miller &

SM10 Apir ggr:;op/lu Km'" Apir lysogen: Conjugation Mekalanos, 1988

DH50 Host for pRC108 used in triparental Lab. stock
mating

HB101 Host for pRK2013 used in triparental Ditta. et al., 1980




Table 2. Plasmids used in this study.

Plasmids Relative characteristics Sources
pCR"2.1-TOPO"” PCR cloning vector Invitrogen
Suicide vector with R6K origin; McGee et al.,
pDM4 cm' 1996
Staskawicz et
pLAF3 IncP cosmid vector; Tc' al.,
1987
pLAFR3 with bla inserted at the .
pLAF3II cos site; Ap' Tc' This study
r +
pRK2013 Inch, Km', Tra Rk2" repRK2 Ditta et al., 1980
repEl
Tn5-based insertion delivery Herrero et al.,
pUTKm1 plasmid, Ap' 1990
pCR"2.1-TOPO" with 1.8-kb
pCMM236 fragment containing an inframe This study
deletion of V. vulnificus fur gene
pDM4 with Sacl-Xbal fragment of .
pCMM237 pCMM236 This study
pDM4 with 1.94-kb BamHI-Spel
pRC104 fragment containing an in-frame This study
deletion of V. vulnificus pilD gene
pLAFR3II with 1.81-kb
pRC108 BamHI-Hindlll fragment containing  This study

pilD gene




Table 3. Primers used in this study.

Primers Sequences Sources
Vvh-1 5’-gctatttcaccgecgctcac-3' Lee et al., 1998
Vvh-2 5’-ccgcagagccgtaaaccgaa-3' Lee et al., 1998
Fur-1 5'-[gagctc]-cgtcggtttatgcattgatgaagttcg-3°  This study
Fur-2 5’-cgtcgatattacatatactttcccgttgatc-3’ This study
Fur-3 5’-ggaaagtatatgtaatatcgacgctcgatagatc-3°  This study
Fur-4 5'-[tctaga]’-ctcgacaacatcaccattgattgce-3' This study
Cont-1 5’-cgggatccgcecatatccccaaatgecgatg-3’ This study
Cont-2 5’-cggaattctcaatattgtagctttaacgtcac-3' This study
PilD-1 5'-cg-[ggatcc]®-gcatttatgttgacttagtcgec-3' This study
PilD-2 5'-aaagccatattacatataatcgtcgttctctttg-3' This study
PilD-3 5'-gacgattatatgtaatatggctttagtgattggattg-3'  This study
PilD-4 5‘-g-[actagt]d-atcgctgacgaattgagctgag-B' This study
PilD-5 5'-cccaagcttatccaatcactaaagccatattacgc-3'  This study
PilD-6 5’-tgaatacaacatcacaccaccgac-3’ This study
PilD-7 5'-ccttctttccctgtcagcaatctg-3' This study

Q

o

o

. Sacl-recognition sequence

. Xbal-recognition sequence

: BamHlI-recognition sequence

. Spel-recognition sequence



AlacZ  fur P vvhA ORF

CMM2101 0
Vector
AlacZ  fur P lacZ-Km® Ap?
CMM2103 I— [T I
vvhA::lacZ-KmR::vvhA vvhA ORF
Vector
AlacZ Afur P lacZ-Km® Aph
CMM2305 —| O S—— ]
vvhA::lacZ-KmR::vvhA vvhA ORF

Figure 1. Relative genetic organization in Vibrio wvulnificus CMM2101,
CMM2103 and CMM2305 strains. A: deletional mutation, P: promotor,
ORF: open reading frame, Km® kanamycin-resistance gene, Ap®: ampi-
cillin-resistance gene, lacZ: gene encoding for [-galactosidase, fur: gene

encoding for Fur, vwhA: gene encoding for hemolysin/cytolysin, Vector: sui-

cide pKAS32 with Ap®.



Wild type pilD ORF

EEEREEN 870 bp EEEmE Deleted pilD
PCR 1 PCR l muu[00k mmm
Confirmation by PCR
Crossover PC

pDM4
{Suicide vector)

BEil

Double cr%over\

\ ot -LmR
Electroporation / MO6-24/0
( E. coli SM10 Apir Conjugation
CmF

E. coli SY327 Apir

Figure 2. Schematic illustration for the construction of Vibrio vulnificus
pilD-deletional mutant RC104 strain. bp: base pair, kb: killobase, PCR:

polymerase chain reaction, Cm®: chloramphenicol-resistance gene.



RC108

Ap-l?rrc-é.-
®3
O -
PRC108 pRC108 in E. coli DH5a
Chromosome (ApilD) ”
Triparental mating
Ap®Tc? RC104 (apilD)
0
pLAFR3II 00
pRC108 | m (<]

pRK2013 in E. coliHB101
{Helper plasmid)

PCR

" P piiD (0.87 kbj

Chromosome (M0O6-24/0)

181 kb

Figure 3. Schematic illustration for the construction of Vibrio vulnificus
pilD-complemented RC108 strain. A: deletional mutation, kb: killobase,
PCR: polymerase chain reaction, Ap®Tc®: ampicillin and tetracycline-resist-

ance genes, P: promotor.
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REE EREu
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. 0. o B

wwh [CHCPE) 63 TGAGCCAMMATACTTTTA’[IIIT'I.TIAIA-ITTCAGGA'I'I‘ATTMTAAATA 122

Figure 4. A putative Fur-binding site in the regulatory region of the vvhA
gene in Vibrio vulnificus YJ016 and CMCP6 strains. Sequence analysis
was conducted using the program DNAssist. E. coli Fur-binding consensus
was shown in the upper case. The matching sequences were shown as

the gray boxes.
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Figure 5. Iron represses transcription of the vvhA gene but stimulates ex-
tracellular production of VvhA. V. vulnificus CMM2103 strain was cultured
in HI broth containing 100 uM dipyridyl for 12 h in order to adapt it to
iron-limited conditions and to reduce intracellular iron stores. This pre-
conditioned CMM2103 was inoculated into ID-HI broths containing various
concentrations of FC (0.25 to 20.0 uM), and cultured with vigorous shak-
ing (220 rpm) at 37°C for 24 h. During culture, culture aliquots were with-
drawn to monitor bacterial growth and measure B-galactosidase activity,
and culture supernatants were obtained by the centrifugation of culture ali-
quots at 10,000 rpm for 5 min to determine extracellular production of
VVhA. (A) Bacterial growth was monitored by measuring the ODggo Of the
culture aliquots. (B) B-Galactosidase activity was measured by the Miller
method. (C) Hemolytic activity in culture supernatants was measured by
the conventional tube hemolysis assay using 1% human RBC suspension.
B-Galactosidase and hemolytic activities are expressed as the means and

standard errors of values measured in triplicate.
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Figure 6. Iron decreases the amount of intracellular VvhA but increases
the amount of extracellular VvhA. (A) In order to determine the amount of
extracellular VvhA, equal volumes (20 ul) of the culture supernatants de-
scribed in Figure 1 were directly blotted onto nitrocellulose membranes
using Bio-Slot Microfiltration Apparatus (BioRad). (B) In order to measure
the amount of intracellular VvhA, bacterial cells were harvested by the
centrifugation of the culture aliquots described in Figure 1 at 10,000 rpm
for 5 min. The bacterial cells were lyzed with the digestion buffer, and
cell debris were removed by centrifugation. The resulting supernatants
was electrophoresed on SDS-polyacrylamide gel (10%) and transferred on-
to nitrocellulose membranes. The membranes were reacted with rabbit
polyclonal anti-VvhA-body, and subsequently with anti-rabbit-lgG (Fc)-body
conjugated with horseradish peroxidase, and finally developed with dia-

minobenzidine and hydrogen peroxide.
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Figure 7. Iron triggers extracellular production of VvhA. V. vulnificus
MO6-24/0O strain was cultured in HI broth containing 100 uM dipyridyl for
12 h in order to adapt it to iron-limited conditions and to reduce intra-
cellular iron stores. This preconditioned MO6-24/0 was inoculated into
ID-HI broths containing 0.25 pyM FC, and cultured with vigorous shaking
(220 rpm) at 37°C for 24 h. During culture, 20 yM FC was additionally
added at 3, 6, 9 and 12 h after culture initiation. Culture aliquots were
withdrawn to monitor bacterial growth, and culture supernatants and bacte-
rial pellets were obtained by the centrifugation of the culture aliquots at
10,000 rpm for 5 min to determine extracellular and intracellular amounts
of VvhA. (A) Bacterial growth was monitored by measuring the ODgoo Of
the culture aliquots. (B) Hemolytic activity in culture supernatants was
measured by the conventional tube hemolysis assay using 1% human
RBC suspension. (C) In order to determine the amount of extracellular
VVhA, equal volumes (20 ul) of the culture supernatants were directly
transferred onto nitrocellulose membranes using Bio-Dot Microfiltration
Apparatus. In order to measure the amount of intracellular VvhA, The
bacterial cells were lyzed with the digestion buffer, and cell debris were
removed by centrifugation. The resulting supernatants were directly trans-
ferred onto nitrocellulose membranes using Bio-Dot  Microfiltration
Apparatus. The membranes were reacted with rabbit polyclonal an-
ti-VvhA-body, and subsequently with anti-rabbit-IgG (Fc)-body conjugated
with horseradish peroxidase, and finally developed with diaminobenzidine
and hydrogen peroxide. Hemolytic activities are expressed as the means

and standard errors of values measured in triplicate.
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Figure 8. Effect of the mutation of the fur gene on transcription of the
vwhA gene. The preconditioned V. vulnificus CMM2103 and CMMZ2305
strains in HI broth containing 100 yuM dipyridyl were inoculated into ID-HI
broths containing various concentrations of FC (0.25 to 20.0 uM), and cul-
tured with vigorous shaking (220 rpm) at 37°C for 24 h. During culture,
culture aliquots were withdrawn to monitor bacterial growth and to meas-
ure B-galactosidase activity, and culture supernatants and bacterial pellets
were obtained by the centrifugation of the culture aliquots at 10,000 rpm
for 5 min to determine extracellular and intracellular amounts of VvhA. No
significant growth difference was observed between the two strains (data
not shown). (A and B) B-Galactosidase activity was measured by the
Miller method. (C) Relative [B-galactosidase activities were calculated by
dividing the B-galactosidase activities of CMM2305 by those of CMM2103.
(D) In order to determine the amount of extracellular VvhA, equal volumes
(20 ul) of the culture supernatants were directly transferred onto nitro-
cellulose membranes using Bio-Dot Microfiltration Apparatus. In order to
measure the amount of intracellular VvhA, The bacterial cells were lyzed
with the digestion buffer, and cell debris were removed by centrifugation.
The resulting supernatants were directly transferred onto nitrocellulose
membranes using Bio-Dot Microfiltration Apparatus. The membranes were
reacted with rabbit polyclonal anti-VvhA-body, and subsequently with an-
ti-rabbit-IgG (Fc)-body conjugated with horseradish peroxidase, and finally
developed with diaminobenzidine and hydrogen peroxide. B-Galactosidase
activities are expressed as the means and standard errors of values

measured in triplicate.
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Figure 9. Effect of mutation of the pilD gene on extracellular secretion of
VVhA. V. vulnificus MO6-24/0 (A), RC104 (B) and RC108 (C) strains
were cultured in HI broth containing 100 uM dipyridyl for 12 h in order to
adapt it to iron-limited conditions and to reduce intracellular iron stores.
These preconditioned strains were inoculated into ID-HI broths containing
0.25 yM FC or 20 uyM FC, and cultured with vigorous shaking (220 rpm)
at 37°C for 12 h. In the middle of culture, 20 yM FC was additionally
added into ID-HI broth containing 0.25 pM FC at 4 h after culture
initiation. Culture aliquots were withdrawn at the indicated times to monitor
bacterial growth, and culture supernatants and bacterial pellets were ob-
tained by the centrifugation of the culture aliquots at 10,000 rpm for 5
min to determine extracellular production of VvhA. Bacterial growth was
monitored by measuring the ODeggo of the culture aliquots. No significant
growth differences were observed among the three strains (data not
shown). Hemolytic activity in culture supernatants was measured by the
conventional tube hemolysis assay using 1% human RBC suspension.
Hemolytic activities are expressed as the means and standard errors of

values measured in triplicate.
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Figure 10. Effect of iron on transcription of the pilD gene. V. vulnificus
MO6-24/0O strain was cultured in HI broth containing 100 uM dipyridyl for
12 h in order to adapt it to iron-limited conditions and to reduce intra-
cellular iron stores. This preconditioned MO6-24/0 was inoculated into
ID-HI broths containing 0.25 yM FC or 20 uM FC, and cultured with vigo-
rous shaking (220 rpm) at 37°C for 6 h. In the middle of culture, 20 pyM
FC was additionally added into ID-HI broth containing 0.25 yM FC at 4 h
after culture initiation. Culture aliquots were withdrawn at the indicated
times to monitor bacterial growth, and culture supernatants and bacterial
pellets were obtained by the centrifugation of the culture aliquots at
10,000 rpm for 5 min to determine extracellular amounts of VvhA and
pilD-mRNA levels. (A) Bacterial growth was monitored by measuring the
ODeoo Of the culture aliquots. (B) Hemolytic activity in culture supernatants
was measured by the conventional tube hemolysis assay using 1% hu-
man RBC suspension. (C) In order to determine pilD-mRNA levels, total
RNA was isolated from the bacterial pellets obtained 6 h after culture
initiation. After treatment with DNase, 10 ng of total RNA was reverse-
transcribed and amplified using the pilD-specific primer sets (PilD-6 and 7)
and the 16s rRNA-specific primer set (Cont-1 and Cont-2) as the control,
as described in the section of materials and methods. Amplified products
were stained with ethidium bromide on agarose gels. Hemolytic activities
are expressed as the means and standard errors of values measured in

triplicate.



pilD (ACCESSION NO.VV11623)

ATAGATACCGACCAGATCACAARAACGGGAGCTTCAGGCTCCCGTTTTTATTTGAGCTGCUGA
AATTTTGGGGCAGCATCGCATCTTGTAAGTARCCAGATGTAAATAAAGCGCAAAGAATTTT

A AET A
AAATC ACIC;l:-GPIill‘I; GIGTG ATTTCCACTCGTCTACTCCTTGCATAATCTAGC

CECAAGCTCGCEGAGCGAATTTGATAGATTAARGGARATCATG

Figure 11. A putative Fur-binding site in the regulatory region of the pilD
gene. Sequence analysis was conducted using the program DNAssist. E.
coli Fur-binding consensus was shown in the upper case. The matching

sequences were shown as the gray boxes.
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Figure 12. Effect of mutation of the fur gene on transcription of the pilD
gene. V. vulnificus MO6-24/0 and CMM2303 strains were cultured in Hl
broth containing 100 uM dipyridyl for 12 h in order to adapt it to iron-lim-
ited conditions and to reduce intracellular iron stores. These precondi-
tioned MO6-24/0 and CMM2303 were inoculated into ID-HI broths con-
taining various concentrations of FC (0.25 to 20.0 pM), and cultured with
vigorous shaking (220 rpm) at 37°C for 6 h. During culture, culture ali-
quots were withdrawn to monitor bacterial growth, and bacterial pellets
were obtained by the centrifugation of the culture aliquots at 10,000 rpm
for 5 min to determine pilD-mRNA levels. No significant growth difference
was observed between the two strains (data not shown). In order to de-
termine pilD-mRNA levels, total RNA was isolated from the bacterial pel-
lets obtained 6 h after culture initiation. After treatment with DNase, 10 ng
of total RNA was reverse-transcribed and amplified using the pilD-specific
primer sets (PilD-6 and 7) and the 16s rRNA-specific primer set (Cont-1
and Cont-2) as the control, as described in the section of materials and
methods. Amplified products were stained with ethidium bromide on agar-

ose gels.
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Low VVhA under conditions
with low iron-availability

r Iron triggers VvhA secretion

High VWhA ‘ Release of intracellular iron:
, High iron-availability
Cytolysis or hemolysis
/ by VVhA or other mediators

A variety of pathophysiological effects
(Cytolysis or hemolysis, Vasodilation,
TNF-o production, and so on.)

Figure 13. Theoretical vicious cycle formation of VvhA production by iron.
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