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Abstract

In Vibrio vulnificus YJO16 genome, a gene cluster highly homologous to the

three-component system VieSAB of V. cholerae was identified. This consists of

VVA0329, encoding a VieS homolog, VVA0328 and VVA0327, exhibiting homology

with the N- and C-terminal parts of VieA, respectively, and VVA0326, encoding a

protein with a GGDEF domain. The GGDEF- and EAL-domain containing proteins

have been reported to carry enzymatic activity of diguanylate cylase and

phosphodisterase, respectively. Deletion'of thes.EAL domain from VVA0328 reduced

the swimming motility but,enhanced,the biofilm formation activity of V. vulnificus

YJ016. On the other hand; déleting GGDEF domain from VVA0326 protein increased

the bacterial swimming activity but diminisheéd the biofilm formation. The reduced

level of c-di-GMP could be complémented upon introducing a VVA0326 expression

plasmid into the VVA0326 mutant, indicating that VVA0326 containing GGDEF

domain likely possesses diguanylate cyclase activity involved in c-di-GMP synthesis.

In addition, the GGDEF and EAL domains have been subcloned into expression

vector, the recombinant proteins synthesized in Escherichia coli and purified. The

subsequent enzyme activity analysis revealed that the recombinant proteins

respectively carry low level of DGC and PDE activity. This indicates that VVA0326

and VVAO0328 regulate intracellular c-di-GMP level inversely to influence the
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bacterial behaviors. We have previously reported that the recombinant E. coli JM109

carrying either VVA0326-GFP or VVA0328-GFP exhibited green fluorescence at the

cell poles. To investigate if a specific sequence is present for the polar localization,

several truncated forms of VVA0326 and VVA0328 were generated. The following

fluorescent microscopy analysis revealed that all the truncation led to disperse

distribution of the fusion proteins. This suggested that the entire protein of VVA0326

or VVA0328 is required for the polar localization. However, the possibility that the

truncation interrupted the signature,. for the ‘polar, localization could not be ruled out.

Finally, we have shown that the_gene cluster vwa(326~vva(0329 is an operon using

RT-PCR analysis.
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Introduction

Vibrio vulnificus

Vibrio vulnificus, a motile Gram-negative curved rod-shaped bacterium with a

single polar flagellum is an opportunistic pathogen causing rare and yet devastating

disease. People who drink excess or have hepatitis infected by the bacteria are at high

risk of causing death up to 60% (1,2). V. vulnificus commonly exists in marine

environment is halophile and a naturally occurring, free-living inhabitant of estuarine

throughout the world. The infections.generally .occur through the consumption of raw

oysters or contamination @f wounds, leading to complications such as invasive

septicemia (3). Clinically; tetracycline was_the best treatmient in the past. The recent

reports, however, indicated that cefotaxime and tinocyelinex are more efficient in

treating patients (4). Except “for ‘antibiotic “treatment, development of a new

antimicrobial approach is also investigated.

V. vulnificus contains two chromosomes, the larger one has 3377 kbp and the

other has 1857 kbp (5). Two-chromosome configuration is commonly existed in

vibrios demonstrated by pulsed-field gel electrophoresis (6). The wide range of the

size of the small chromosome (0.8 to 2.4 Mb) comparing to the narrow range of the

large chromosome (3.0 to 3.3 Mb) implies a more flexible feature of the small

chromosome during the evolution of vibrios. Up to now, several factors including an



extracellular hemolysin/cytolysin (7), an elastolytic protease (8), the capability of iron

acquisition (9), a polysaccharide capsule (10) and an endotoxic lipopolysaccharide

(11), and serum resistance activity (12) have been implicated as possible virulence

determinants for V. vulnificus infection. Homology search and gene annotation

using BLAST analysis in NCBI (http://www.ncbi.nlm.nih.gov) and domain search in

Pfam database (http://www.sanger.ac.uk/Software/Pfam/) revealed two virulence

associated RTX genes VVA0331 and VVA1030 on the small chromosome of V.

vulnificus YJO16 (5).

RTX toxin in V. vulnificus

RTX toxins (repeats-in . the ‘structural toxin), the pore-forming protein toxins,
which produced by many gram-negative bacteria’ play an important role in the
bacterial infections in human or animals by exhibiting cytotoxic and hemolytic
activities (13). Commonly, the RTX family toxins possessed a conserved sequence
composed of a C-terminal Ca*" binding domain of acidic glycine-rich nonapeptide
repeat. After posttranslational modification by acylation via a specific activator
protein, they are exported out of the cell by type I secretion system (14). Ca®" binding,
an important process for the virulence of RTX toxins occurs following the exportation

(15). VcRtxA has common features of RTX family such as posttranslation, C-terminal
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Ca2+ binding domain and export via type I secretion system. In V. vulnificus, the

RtxA encoding gene VVA1030 (VvRtxA) is followed by the gene cluster coding for

type 1 secretion system. In comparing with the amino acid sequences of VcRtxA,

80-90% 1dentity was found throughout most regions of VvRtxA (38).

On the small chromosome, a large protein (4656 aa) encoding gene vva0331

located next to vva0332~vva(334 which also encodes a type-I-secretion-like system

has previously been identified (5). Accordingly, the large protein encoding gene was

named rtxL for RTX like protein. Upsttéam of the r#xL gene, a two component signal

transduction system (2CS) encoding gene clustet. (vwa0326~vva0329) was identified

(Appendix.1). Sequence “analysis revealed that VVA0329 is a VieS homolog of

His-kinase. VVA0328 and.VVA0327:share homology with N- and C-portion of VieA

respectively. The last open reading frame in thé gene cluster, VVA0326, encodes a

GGDEF protein (Appendix. 2).

VieSAB, a three component system, influences the virulence of V. cholerae

In V. cholerae, the three-component system VieSAB encoded by a tricistronic

operon has been shown to regulate the expression of CT (cholera toxin) during

infection (16-18). VieS is a sensor kinase that harbors a three cytosolic domains, a

transmitter, a medial receiver domain, and a C-terminal transmitter (19). Both VieA



and VieB are response regulators. VieA carries a LuxR-family type of DNA binding

motif and an EAL domain. VieB has also a typical N-terminal phosphoreceiver

domain of response regulator, but lacking any recognizable DNA binding motif (20).

The EAL domain of VieA carries a cyclic diguanylate (c-di-GMP) phosphodiesterase

(PDE) activity to control the intracellular concentration of c-di-GMP. The c-di-GMP

level determines if an optimal expression of vps (Vibrio exopolysaccharide synthesis)

occurred (21). VPS of rugose variant is responsible for resistance to osmotic, acid,

and oxidative stress (22,23). When_the bacteria turn to rugose from smooth variants,

the exopolysaccharides are increased together with an increased capacity to produce

biofilm.

C-di-GMP is a second messenger in bacteria

The molecular structure of bis-3°,5’-cyclic dimeric guanosine monophosphate

(c-di-GMP) and its presence in bacteria was discovered 17 years ago (24). The

intracellular level of c-di-GMP has been implicated to affect many bacteria surface

structure such as biofilm information, cellulose, fimbria, and exopolysaccharide. High

level c-di-GMP leads bacteria to sessile state, and increasing biofilm formation and

cellulose synthesis. In contrast, low level c-di-GMP stimulated bacteria to stay in

mobile state and increase of swimming and swarming motility. The c-di-GMP level



also affects virulence of bacteria such as V. cholera. Investigation of the regulatory

network of ctxAB transcription in V. cholera showed that the decrease in c-di-GMP

level mediated by VieA positively affected transcription of ToxT, a transcriptional

regulator that directly activates expression of ctx4B to enhance the bacterial virulence

(25). The inverse regulation of biofilm formation and intensity of virulence indicated

c-di-GMP is an important signal for V. cholera to respond for the transition from

environment to host (25). The regulatory effects of c-di-GMP were observed not only

in prokaryote but also in eukaryote, Recént répert indicated that c-di-GMP can inhibit

the colon cancer cell growth.(26).

GGDEF and EAL Pproteins have been- demonstrated to respectively exert

c-di-GMP cyclase and c-di-GMP. PDE activity to regulate intracellular c-di-GMP

level inversely (27,28). The search using HMMER in the genome of V. vulnificus

YJ016 revealed 63 GGDEF and 31 EAL proteins, and 18 of them carry both domains

(5). With so many proteins involved in modulation of the intracellular c-di-GMP level,

complexity of the regulation could be expected in the bacteria.

VVA0326-0327-0328-0329, a novel signal transduction system

In analysis of the genome of V. vulnificus YJO16 (5), a VieSAB gene cluster

VVA0647 to VVA0649 was identified (Appendix. 2). Another set of homolog



VVA0329, VVA0328 and VVAO0327 was also found. Both VVA0327 and VVA0328

are typical response regulators with a LuxR-family type of DNA binding motif. In

addition to a typical receiver domain at the N-terminus, VVA0328 also carries an EAL

domain. Previously, the recombinant proteins VVA0326-GFP and VVA0328-GFP

have been shown to express at the cell pole of E. coli JIM109 (38). The level of

c-di-GMP has been shown to act as a messenger to direct the polar localization of

GGDEF or EAL protein for the expression of flagella (2). Polar localization is

fundamental of many cellular processés' including DNA replication, chromosome

segregation, protein secretion, chemotaxis, adhesion, motility, cell division, cell shape

and virulence (29). Whether the polar localization” of VVA0326-GFP and

VVAO0328-GFP are associated 'with™ the modulation of the c-di-GMP level is

interesting to be investigated.

Specific aims

The deletion mutants vwa0326 and vva0328 have previously been constructed

and the deletion of GGDEF domain from VVAO0326 was shown to increase the

bacterial swimming activity (30). In this study, the complementation plasmids have

been constructed and the deletion effects on the intracellular ¢-di-GMP concentration

are measured. In addition, enzymatic activity of the recombinant VVA0326 and



VVAO0328 and the role of either GGDEF or EAL domain in determining the cellular

localization are investigated. Finally, regulation of the gene cluster is analyzed.




Materials and methods

Bacterial strains, plasmids, and growth conditions. Vibrio vulnificus YJ016 is
supplied by professor L.I. Hor at the department of Microbiology, National Cheng
Kung University. The relevant bacterial strains and plasmids are listed in Table 1 and
Table 2. All bacteria were propagated at 37°C in Luria-Bertani (LB, MDbio, Inc)

broth or the medium supplemented with suitable antibiotics for 12~16 hours.

Preparation of genomic DNA from bacteria. V. vulnificus was grown overnight in
rich broth and the bacteria colleeted by centrifugation. The bacteria was resuspended
in 500 ul TE buffer (10 mM Tris:Cl, pH:7.5°1 mM EDTA which was made from 1 M
stock of Tris-Cl pH 7.5 and 500 mM stock of EDTA pH 8.0), 30 ul of 10% SDS and 3
ul of 20 mg/ml proteinase K.were theén added and the mixture incubated 1 h at 37°C.
Subsequently, an equal volume of ‘phenol/chloroform was added and the reaction
mixed well by inverting the tube but very gently to avoid shearing the DNA until the
phases are completely mixed. The DNA/phenol mixture was transferred into a Phase
Lock Gel™ tube (green) and was spun at 7,200 Xg for 10 min. The upper aqueous
phase was moved to a new tube and an equal volume of phenol/chloroform added,
and the extraction procedure was repeated. To the aqueous phase, one tenth of pH 5.2
sodium acetate (3 M) and approximately 2X volume of isopropanol were added and

the reaction mixed gently until the DNA precipitates. Finally, the DNA was spooled



onto a glass rod (or Pasteur pipet with a heat-sealed end) and washed by dipping end

of the rod into 1 ml of 70% ethanol for 30 sec. The DNA was then resuspended in 200

ul TE buffer and was stored at 4°C, or -20 to -80°C for long term storage. Until

completely dissolved, DNA concentration is determined by measuring the absorbance

at 260 nm.

Construction of VVA0326 and VVA0328 expression plasmids. The primer pairs

GP7/GP8 and EP5/EP6 were respectively used for amplifying the fragment G78 1450

bp, and E56 1250 bp then the two,fragments ¢loned into yT&A vector respectively

(pG0326.1 and pG0328.1).,The BamHI/Hindlll-digested fragments of p(G0326.1 and

pG0328.1 were then subcloned into pMMB66, and the ré$ulting plasmids pG0326.2

and pG0328.2 transformed . into "E."¢oli ST7-1ixn. Einally, the plasmids were

respectively transferred into V. vilnificus by conjugation.

Swimming assay. Tryptone swimming plates are composed of 0.3% Bacto Agar, and

HI broth. The tested bacteria were inoculated with a sterile tip onto the swimming

plate and incubated for 16 h at 30°C.

Biofilm formation analysis. Biofilm formation was assayed by the ability of the cells

to adhere to the walls of 96-well microtitre plates made of PVC or glass tube with

some modification of the reported protocol (31). The indicator medium (100 pl/well)

contained an aliquot of 1:10 diluted overnight bacteria culture. The plate was



incubated at 30°C with shaking 48 h for biofilm formation. The bacteria were then

transferred to a new plate. The unadherent bacteria on the old plate were washed triply

with 200 pl saline, the plate dried at room temperature for 15~20 min, and 200 pl of

1% crystal violet (CV) was added to each well. After staining for twenty minutes,

each well was washed triply by 200 ul saline. Finally, the CV-stained biofilm was

solubilized in 200 pl of 95% ethanol and the absorbance determined at ODssonm .

Analysis of the intracellular c-di-GMRP level by reversed-phase HPLC. To prepare

for the extracts, 20 ml oyernight cultures were inoculated into 500 ml LB and

refreshed grown at 37 °C for 3'h. Then the bactetia collectéd by centrifugation at 7800

Xg for 10 min and the supernatant discarded. The pellets were then extracted with 0.6

M HCIOs, and the denatured protein was removed by centrifugation. Subsequently,

the supernatant was neutralized with 5 M K,CO; to pH 6.0, and then subjected to

lyophilization (32). The powder was dissolved in 1% NaCl and passed through the

0.22 pm filter. Then the resulting solution were injected into 4.6 X 150 mm

ALANTIS DC18.5 um column (Waters co.) and separated by reversed-phase HPLC.

The working buffer A is 0.9% NaCl in water, and the working buffer B is 80%

acetonitrile in water. The gradient of A to B ratio started from 100:0 to 40:60 in 60

min, and the detection measured at 254 nm under the flow rate of 1.0 ml/min at 40 °C.
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Construction of pG0326.4 and pG0328.4. The GGDEF domain of vwa0326 was

amplified by primers, GP9 and GP2, and the EAL domain of vwa0328 was amplified

by primers, EP3 and EP2 listed in Table 3. The PCR products were cloned into yT&A

vector and the resulting plasmids are pG0326.3 and pG0328.3. The HindIll/BamHI

fragment of pG0326.3 or pG0328.3 was then subcloned to the expression vector

pET30b and the resulting plasmids are pG0326.4 and pG0328.4.

Purification of the recomhinant proteins

For purification of the recombinant proteins,.G0326, and E0328, the following

protocol was used. Briefly isopropyl-D=thiogalactopyranoeside (IPTG) 0.5 mM) was

added to exponentially growing E. ¢oli BL21 DE3 cells. After 3 h induction, the cells

were chilled to 4°C and collected by centrifugation. The cell pellets were resuspended

in buffer containing 200 mM NacCl, 0.5 mM EDTA, 5 mM MgCl, 20 mM Tris-HCl

(pH 7.6), and 5 % glycerol. The cell suspensions were then subjected to brief

sonication and the pellets discarded by centrifugation. Soluble protein fractions were

collected and mixed with preequilibrated Ni,-resin, which was placed into a column

and extensively washed with buffer containing 175 mM imidazole, 0.5 M NaCl, 20

mM Tris-HCI (pH 7.9). Finally, the recombinant proteins, G0326 and E0328 were
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eluted by washing with elute buffer consisted of 200 mM imidazole, 0.5 M NaCl, 20

mM Tris-HCI (pH 7.9). The concentration of imidazole was decreased from 200 mM

to 0 mM in dialysis buffer, and the protein stored at -80°C (27). Protein concentration

was determined by measuring the absorbance at 260 nm.

Enzyme activity assay. The optimized buffer for DGC assay is composed of 50 mM

Tris-HC1 (pH 7.6), 10 mM MgCl,, 0.5 mM EDTA, and 50 mM NaCl (28). The

reaction was started by the addition of 100 ul 2 mM GTP and 300 pl protein to the

prewarmed reaction mixture (total volume 500+ul) and the reaction was carried out at

28°C for 1.5 h. The PDE buffer for E0328 is composed 0f:50 mM Tris-HCI (pH 9.35),

5 mM MgCl,, 0.5 mM EDTA;. 50 mM Na€l, ‘and nucleotide substrate at a

concentration of 100 mM (27). The reaction was started by the addition of 100 ul 2

mM c-di-GMP supplied by Dr. Yoshihiro Hayakawa (Laboratory of Bioorganic

Chemistry, Graduate School of Information Science, Nagoya University Chikusa,

Nagoya 464-8601, Japan) and 300 pl protein to the prewarmed reaction mixture and

the reaction was carried out at 37°C for 4 h. Both reactions were stopped in boiling

water for 5 min and followed by centrifugation at 7,800 Xg for 3 min to remove the

denatured proteins. Each of the samples of 500 pl was injected into the 4.6 X 150 mm
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ALANTIS DC18.5 um column (Waters co.) and separated by reversed-phase HPLC.

The elution buffer A is 0.9% NaCl in water, and buffer B is 80% acetonitrile in water.

The gradient of A to B ratio is from 100:0 to 40:60 in 60 min and then the eluted

product measured at 254 nm at flow rate of 1.0 ml/min at 40 °C. Specific activity is a

convenient method of communicating theamount of enzyme activity you have in each

milligram of protein. The specific activity is (units/ml)/(mg total protein/ml).

Construction of the GFP fusion protein, The primer pairs, GP3/GP2, EP1/EP4 and

EP3/EP2 were used respéctively to amplify the fragments, G23, E14,and E32 and

then cloned into yT&A: vector...The resulting plasmids are pVA0326.1yTA,

pVA0328.1yTA and pVAO0328.2yTA (Table 3)s The Hindlll/Kpnl fragment of

pVA0326.1yTA, pVA0328.1yTA or pVA0328.2yTA was then subcloned in frame

fusion to pGFPuv. The resulting plasmids pVA0326.1GFP, pVA0328.1GFP and

pVAO0328.2GFP were then transformed into JM109 and the location of the GFP fusion

protein was examined by fluorescence microscopy. The photographs were taken under

a normal light source to reveal the shape of the bacteria and with an excitation light

equipped with a green filter to observe the localization of fluorescence in relation to

the cell.

13



Preparation of total RNA from bacteria. Overnight culture of V. vulnificus was
refreshed grown in LB broth (1:10) at 37°C for 2 h. The bacteria were then collected
by centrifugation, and 1 ml TRI reagent (Sigma) was added and the mixture incubated
at 65°C for 10 min. Then, 200 ul chloroform was added and the mixture vortexed.
After centrifugation at 4°C 7,800 Xg for 15 min, the supernatant was collected, and 50
pul 3 M sodium acetate (pH 5.2) and equal volume of isopropanol were added. The
mixture was frozen at -20°C for 30_min,and eentrifuged at 4°C 7,800 Xg for 15 min.
The pellet was then washed with 75% ethanol to remove the residual salts. Finally,
RNA was dried, dissolved using DEPC H,O; and appropfiate DNAase was added to
remove contaminated DNA. The RNA"was stored at -80°C before use. An aliquot of
the RNA of was used for first-strand cDNA. synthesis and PCR by Maxime RT-PCR

PreMix Kit.

Southern blot hybridization assay. The DNA fragments obtained from RT-PCR
were resolved on 1% agrose gels by electrophoresis and transferred to nylon
membrane (Amersham Pharmacia Inc.). Subsequenctly the membrane was hybridized
with either of the probes 1 ( for detection of vwa0326 ) and 2 (for detection of vva0328)

to confirm the produsts of RT-PCR.

14



Construction of the promoter reporter plasmid pGVA0329. The pYC292 ( a gift

from Dr. Yi-Chyi Lai, Institute of Medcine, Chung Shan Medical University) is a

suicide vector carrying ampiciliin resistance gene, and bioluminescence gene. The

putative promoter of VVA0329 containing approximately 1832 bp noncoding DNA

upstream of vwa0329 was amplified by primer pair VVA03/VVA04 and cloned into

TA vector. The restriction enzymes BamHI and Sacl were then used to isolate the

promoter from the TA vector-derived plasmids and then subcloned into pYC292. The

resulting plasmid pPVA0329YC292 .was then transferred from E. coli S17-1Ax to V.

vulnificus YJO16 by conjugation. A luxminescence reades (TD-20/20, Turner Designs)

was used to measure the luxminescence for the promoter activity.
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Results

Deletion of vwa0326 or vwa0328 affected the swimming activity and biofilm

formation

The strong mobility activity is an important property of V. vulnificus (1,2). As shown

in Fig.1, the deletion of either vwa0326 or vwa0328 appeared to affect the swimming

activity. Comparing to the wild type, the VVA0326 has better swimming activity after

incubation at 30°C for 16 hours. The activity was apparently decreased after

introducing the plasmid pG0326.2 with an/expression of vwa0326 to VVA0326". On

the other hand, VVA0328 had lower swimming activity. than the wild type bacteria.

Transformation of VVA0328 with pG0328.2 with an expression of vva0328 could

increase the swimming activity. It has'been reported that the intracellular c-di-GMP

level could affect the flagella formation leading to alteration of the swimming activity

(2). The deletion effect of VVA0326 and VVA0328 on the swimming activity

suggested they both play a role in regulation of the intracellular c-di-GMP level.

It has been reported that high intracellular c-di-GMP level could enhance

bacterial biofilm formation (33). As shown in Fig. 2, biofilm formation was decreased

in the mutant, VVA0326°, while the mutant, VVA0328™ had better biofilm formation

activity. The complementation assay further confirmed the deletion effect of either

wa0326 or vwa0328 on the biofilm formation capability (Fig.2).
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Intracellular level of c-di-GMP

As shown in Table 4, lower level of intracellular c-di-GMP was found in vwa0326

strain when compared to that of wild type bacteria. After introducing into the plasmid,

pG0326.2, the c-di-GMP level appeared to be increased. However, the intracellular

c-di-GMP level in vwa0328 had no apparent change. Additionally the complement of

the vwa0328 has more intracellular c-di-GMP level than wild type. The result is

unexpectedly.

Isolation of the recombinant GGDEFE- and EAL-domain proteins

The protein containing GGDEF domain commonly expresses diguanylate cylase

(DGC) activity and the protein containing EAL "domain carries phosphodiesterase

(PDE) activity (2). It is hence we speculate that the above phenotypes are probably

regulated by the enzymatic activity of VVA0326 and VVA0328. The recombinant

plasmid for over-expression of the entire coding region of vva0328 has been obtained.

However, the over-expressed recombinant protein appeared to be in insoluble form.

Subsequently, the recombinant plasmids, pG0326.4 and pG0328.4, respectively

containing the GGDEF domain of vva0326 and EAL domain of wwa0328 were

generated (Table. 2). As shown in Fig. 3A, the bacteria carrying pG0326.4

synthesized a large amount of the protein with size of approximately 25 kDa which is

17



comparable to the predicted size of the GGDEF domain of VVA0326. The bacteria

carrying pG0328.4 also appeared to overproduce a protein with the expected size of

the EAL domain of VVAO0328, which is about 37 kDa (Fig. 3B). The recombinant

proteins were then purified for enzyme activity measurement.

Enzymatic activity of the recombinant proteins VVA0326-GGDEF and

VVA0328-EAL

Fig. 4A shows the peak with elutiontime'2:79.min for 0.4 mM GTP, the substrate of

the reaction. While the peak with elution time 24.62 min in Fig. 4B represents the

reaction product of 0.4 mM ¢-di-GMP. As:shown in Fig. 4C, adding the GGDEF

domain protein, G0326, into the reaction appeared to transform GTP into c-di-GMP.

However, the relatively small peak of ¢-di-GMP (0.0217 mM) indicated a low level of

DGC activity. Nevertheless, not any peak could be observed in Fig. 4D, which

containing only the recombinant GGDEF domain protein, supported an authentic

DGC activity of the recombinant GGDEF protein. As shown in Fig. 5, the enzyme

activity increased with increasing amounts of the purified GGDEF proteins further

demonstrated a DGC activity of the protein. The enzyme specific activity of the

recombinant protein (GGDEF domain protein) is 1.729 + 0.2574 unit/mg.

As for the measurement of PDE activity, the elution peak of 0.4 mM GMP with
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elution time 2.32 min (Fig. 6A) and 0.4 mM c-di-GMP with elution time 17.9 min

(Fig. 6B) were obtained. As shown in Fig. 6C, the recombinant EAL domain protein

also appeared to exert a low level PDE activity with the catalytic product of 0.0191

mM GMP. As shown in Fig. 7, the enzyme activity increased with increasing amounts

of the purified EAL proteins also supported a PDE activity of the protein. The enzyme

specific activity of the recombinant protein (EAL domain protein) is 5.6935 + 0.2213

unit/mg.

Identification of the sequence responsible for subcellular localization of VVVA0326

and VVA0328

To verify which domain of VVA0326and-V-VA(0328 are responsible for the polar

localization that has previously' beén reported (38), several GFP fusion constructs,

pVA26.1GFP, pVA28.1GFP, and pVAE28.2GFP are generated and shown in Fig. 8.

The fusion plasmids were then transformed to E. coli IM109 and the location of the

fusion proteins in bacteria were observed by fluorescence microscopy. As shown in

Fig. 9A, the GFP fusion protein containing the entire coding region of VVA0326

appeared to distribute at the cell pole. While truncation of the transmembrane domain

of VVA0326 led the VA26.1GFP fusion protein to disperse all over the bacteria (Fig.

9B). The location of VVA0328-GFP protein also appeared at the pole of the bacteria
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(Fig. 10A). As shown in Fig.10B and C, either pVA28.1GFP or pVA28.2GFP in E.

coli JM109 exerted a dispersed fluorescence

The gene cluster vwwa0326~ vwa0329 is organized as an operon

As shown in Fig.11A, three primer sets were designed to amplify the junctions of the

wa0326~vva0329, and probe 1 (vwva0328) and 2 (vwa0326) were utilized to carry out

southern blot hybridization assay. The probe 1 could hybridize with the junctions of

wa0329~vva0328 and vwa0328~vva0327 (Figsl1B-1 and 11B-2) and probe 2 could

hybridize with the junction of vwq0327~vva0326 (Fig.11B-3), indicating that the gene

cluster vwwa0326~vva0329-1s an operon. However, there are signals on the negative

control (RNA template). Those signals/are might RN A contamination, which could be

reduced by adding RNase before carrying out PCR,

In order to find the signals, the putative promoter of vwa0329 was fused to the

promoterless luxCDABE in pY(C292 (Fig. 12). The fusion plasmid pPVA0329Y(C292

was then integrated into the genome of V. wvulnificus YJ016 by homologous

recombination as a real-time reporter for the expression of the promoter. The

expression was determined when the bacterial cultures adding with each of the

treatments including 0.5~1 mM paraquat, 0.5~1 mM 2-2 dipyridyle, 0.3~0.6 mM

NaCl, or grown at 25 or 37°C). However, all the luminescence signals appeared to be
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too weak to show a difference of the treatments.
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Discussion

Recently reports indicated that c-di-GMP is a second messenger (34). The

production of c-di-GMP appears to show temporal and spatial character, which may

have variant influence, and have result in different phenotypes. Its correlation with

virulence has also been an interesting topic (35). Most proteins containing GGDEF

and EAL domain have additional sensory and signal transduction domain, which

suggesting that their activities in c-di-GMP turnover are responsive to environmental

cues (36).

As shown in Table. 4, ,different -intracellular. c-di-GMP levels were obtained in

different strains. Unexpectédly, the complement strain’ of vva0328  has higher

c-di-GMP level than wild type' indicating that" either. VVA0328 has no role in

regulating the intracellular c-di-GMP. level or'a cooperative regulation is required

from other EAL protein to modulate the intracellular c-di-GMP level. Another

possibility is that high copy-number of pG0328.2, activates the expression of the

other GGDEF domain proteins which in turn enhances the production of c-di-GMP.

It has been shown the DGC activity is strictly dependent on GGDEF domain but

not related to the full length protein (28). However, the neighboring domains

including PAS,GAF,HAMP and REC important have also been shown to be the

enzyme activity (37). It is hence low level of enzyme activity obtained for both the
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recombinant proteins, G0326 and G0328, could be attributed to the missing of their

regulatory domains. The possibility remains to be verified with a full length protein of

either VVA0326 or VVA0328.

In order to investigate if VVA0329 sensor could relay the phosphoryl group to

each of the response regulators in the signal transduction system. I have also tried to

generate the recombinant plasmids for the over-expression of VVA0329 and

VVAO0327. Unfortunately, the recombinant proteins of VVA0329, VVA0328 and

VVAO0327 were all in insoluble forms:. [Neither culture at lower temperature (16 or

25C), nor adding the culture with betain and Sotbital could improve their solubility.

Measurement of the RNA "level of vwa0326 or vwa(0328 under different conditions

may help to identify the signal for’ c=di=GMP production. The experiment could be

carried out by adding c-di-GMP in V.. vulnificus and then to determine the virulence

intensity and the bacterial behavior. Whether c-di-GMP level regulates the expression

of the neighboring VVA0331 which in turn affect V. vulnificus virulence is also

interesting to be investigated. Using the reported assay, no apparent change of the

promoter activity with either of the treatments may be attributed to a polar effect of

the plasmid integration in case that the gene cluster is auto-regulated. It is also

possible that the signals to regulate the expression of the promoter have not yet been

identified. In stead, real time PCR analysis could be applied to study the expression of
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the genes vwa0326~vva0329 in the future.

Polar localization of some proteins is common phenomenon in bacteria, which

allows to carry out the activities for diverse cellular processes including protein

secretion, chemotaxis, adherence, motility, cell division, cell shape and virulence (29).

The polar localization of VVA0326 and VVAO0328 proteins suggested that the

bacteria utilize these proteins to regulate the c-di-GMP level at the cell pole to alter

the phenotype such as flagella-mediated motility. However, the precise information

receiver domain for the polar location’ issstill unclear. The fusion proteins,

VA26.1GFP, VA28.1GFP; and. VA28.2GFP tevealed dispersed distribution in

bacteria suggested that the polar localization' réquired a full length protein of either

VVAO0326 or VVA0328. It.is also possible thatthetruncation interrupted the sequence

for the focal localization. Nevertheless, measurement of the change of c-di-GMP level

at cell pole would be interesting and challenging.
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Table 1. Bacterial strains used and constructed in this study

Strain Genotype or relevant property Reference or source
E.coli
IM109 RecAl supE44 endAl hsdR17 gyrA96 rolAl thiA Laboratory stock
(lac-proAB)
NovaBlue (DE3) endAl hsdR17 (tkiymky,') supE44 thi-1 recAl Novagen
gvrA96 relAl lac[F pro AB
lac’ZAM15::Tnl0](DE3);, Tet'
S17-1 A pir TP' Sm' recA, thi, pro, (de Lorenzo and
hsdR MT[RP4-2-Tc::Mu:Km‘Tn7], () Timmis, 1994)
BL21 (DE3) F ompT hsdS(tg-mg-)gal dem(DE3) Laboratory stock
G0326 BL21 (pG0326.4) This study
G0328 BL21 (pG0328:4) This study
GVA26.1GFP IMi109:(pVA0326.1GFP) This study
GVA28.1GFP IM109 (pVA0328.1GFP) This study
GVA28.2GFP IM109 (pVA0328.2GFP) This study
Vovulnificus YJ016
YJO016 Clincial isolate (Shao and Hor 2000)
VVA0326° YJO16 A VVA0326 (38)
VVA0328 YJ016 AVVA0328 (38)
VVA0326° VVA0326 (pG0326.2) This study
VVA0328° VVA0328 (pG0328.2) This study
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Table 2. Plasmids used in this study

Plasmid Discription Source or reference
yT&A PCR coloning vector, Ap" Yeastern Biotech
pCR2.1-TOPO PCR coloning vector, Ap", Km' Invitrogen
pET30a-c Expression vector, Km' Novagen

pGFPuv GFP expression vector, Ap' Laboratory collection
pYC292 A suicide vector containing luxCDABE luminescence sequence Yi-Chyi Lai
pMMB66 A low copy number vector for complement of VVA0326.and VVA0328., Ap" Laboratory collection
pG0326.1 1,450 bp fragment amplified using primer paits, GP7-and GP8, and cloned into yT&A vector, Ap" This study
pG0326.2 BamHI/Hindlll-digested fragment of pV Va0326-yTA subcloned into pMMB66 This study
pG0328.1 1,250 bp fragment amplified using primer‘pairs, EP5 and EP6, and coloned into'yT&A vector, Ap" This study
pG0328.2 BamHI/Hindlll-digested fragment of pVVa0328-yTA subcloned:into pMMB66 This study
pG0326.3 453 bp fragment amplified using primer pairs, GP9 and GP2,-and coloned into yT&A vector, Ap" This study
pG0326.4 EcoRI single digested fragment of pVVaGGDEF-yTA subcoloned-into pET30b This study
pG0328.3 768 bp fragment amplified using primer pairs, EP3 and EP2, and cloned.into.yT&A vector, Ap" This study
pG0328.4 EcoRI single digested fragment of pVVaEAL-yTA subeloned into pET30b This study
pVA0326.1yTA 618 bp fragment amplified using primers, GP3 and GP2,‘and ‘cloned into yT&A vector, Ap' This study
pVA0326.1GFP Hindlll/Kpnl digested fragment of pVVaG32-yTA subcloned into GFPuv vector This study
pVA0328.2yTA 792 bp fragment amplified using primers, EP3 and EP2, and cloned into yT&A vector, Ap’ This study
pVAO0328.2GFP HindlIl/Kpnl digested fragment of pVVaE32-yTA subcloned into GFPuv vector This study
pVA0328.1yTA 434 bp fragment amplified using primers, EP1 and EP4, and cloned into yT&A vector, Ap" This study
pVA0328.1GFP HindIll/Kpnl digested fragment of pVVaE14-yTA subcoloned into GFPuv vector This study

pGVA0329

1832 bp fragment amplified using primer pairs, VVA03 and VVA04, and cloned into pYC292, Ap'
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Table 3. Primers used in this study

Primer Sequences

Ep3 5’-AAGCTT*GGACAACGCCGCCAAT-3’

EP4 5’-GGTACC*CATTGGCGGCGTTGTC-3’

GP3 5’-AAGCTT*AACCTACATTGCGGATAACAAA-3’
GP4 5’-GGTACC*TGGATTGTTCATACAGATTCAAGTA-3’
VVAI 5’-GGATCC*CAAGAACTGAATAACAAG-3’

VVAII 5’-AAGCTT*TCATCAACAACCAAT-3;

GP5 5’-AAGCTT*CACGCTGGAAGATTICT-3’

VVAO03 5’-GGATCC* GTAGACAGTGAACTCATG-3"
VVA04 5’-GAGETC* TCTAATGTGGGCGTTCAA-3;

EP5 5’-GGATCC*ATTCAGCACATTGTC-3’

EP6 5’-AAGCTT*GCTCAATTAACGTCT-3’

GP7 5’-GGATCC*CAATTCAATGTCGA-3’

GP8 5’-AAGCTT*AGGTCGAAATGCAAT-3’

GP9 5’-AAGCTT*AGTCTCTTCCGAGGTGATC-3’

VVAIIL 5’-GGATCC*TCGCAAGCAGTTCGT-3’
VVAO0S5 5’-CCCGGG*AACATGGCTAACAGTGC-3’
29RT1 5’-AACGCA*ACTGAAACAAGC-3’

28RT2 5’-TTGCTG*AATGTCGTTATTGG-3’
28RT1 5’-AACGGC*GTCAATGTCTCTA-3’
27RT2 5’-GATCAC*TTTGCCTTTATAACC-3’
27RT1 5’-TTATGT*GTGCAAATCCGA-3’

26RT2 5’-TGAGTG*GATTGAATGATGTT-3’

*the underlined sequences represents designed restriction sites
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Table 4. Intracellular level of c-di-GMP

V. vulnificus The amount of c-di-GMP  Ratio?

strains [c-di-GMP/total protein]
(nM/pg)
YJO16 28.4412.92 |
0326 24.59%1.84 0.86
0326 [p0326] 43.28%4.05 1.52
0328 28.08%0.74 0.99
0328 [p0328] 42.9116.11 1.51

a Relative to the amount-of c-di-GMP in WT
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A (B)
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2

A
\ VVA0328

Fig.1. Swimming activity assay. The analyses were performed as described in materials and methods. The photogphs were taken after

.

the bacteria have been incubated at 30°C for 16 h. The mutant of the VVA0328 showed less swimming motility but the complement restored
the activity (A), in the contrary VVA0326 has the negative regulation of the swimming motility (B).
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Fig.2. The biofilm formation phenotype. The indicator medium, LB
broth (100 pl/well) contained an aliquot.of 1210 diluted overnight bacteria
culture and the plate was incubated at 30°C with shaking(150 rpm) 48 h for
biofilm formation. Finally, 1% crystal violet was added to stain for twenty

minutes. ODss is expressed for biofilm formation in different strains.
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Fig.4. DGC activity assay of the recombinant protein (GGDEF domain protein). (A) Standard: GTP for positive control. (B)
Standard: ¢-di-GMP for positive control. (C) The GGDEF domain of VVA0326 (13.31 pg/ul) revealed a low level of DGC activity.
(D) GGDEF domain protein only (no substrate): negative control.
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Fig.5. Enzyme specific activity of the recombinant protEm (GGDEF domaln protein). (A) SDS-PAGE of the purified GGDEF domain

purified protein (B) More products (c-di-GMP) could be detected by HPLC when adding more recombinant protein (GGDEF domain
protein).
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Fig.6. Enzyme activity assay of the recombinant protein (EAL domain protein). (A) Standard: GMP for positive
control. (B) EAL domain protein free: No EAL protein for negative control. (C) C-di-GMP (substrate) and EAL protein
(11.248 pg/ul) were incubated in PDE buffer for 4 h. The recombinant protein showed low level PDE activity.

42



(A) (B)

RN
.Q o\g’\
& 3
< SO
& < &
> RS
Kba & £ <
116 -
66.2 - :
1 90
37.6 S o 80
e H % 20 | /
g 60
28.5 - g 50 «
i g 40 |
s A 1§30 f
18.2 A e
14° - 0
0 - 0 0.5 1 1.5
- enzyme concentration (uM)

Fig.7. Enzyme specific activity of the recombinant protein (EAL domain protein). (A) SDS-PAGE of the purified recombinant EAL
domain protein. The arrow point is the target protein. (B) More products (GMP) could be detected by HPLC when adding more
recombinant protein (EAL domain protein).
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pVA26.1GFP : | ; " T >
|
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PVA2S 1GFP
PVA28.2GFP | EAL G >

Fig.8. Diagram of the GFP fusion plasmids. Constructs of the pVA26GFP, pVA26.1GFP, pVA28GFP, pVA28.1, and
pVA28.2GFP.
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(B)

Fig.9. Analyze polar localization by fluorescence microscope. (A)The pVA26GFP is the full length of VVA0326::GFP which
showed polar localization. (B)The pVA26.1GFP is a GGDEF domain fragment cutting from vva0326 and cloning into GFP
which showed no polar localization.
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(B)
(A)

(©)

Fig.10. Analyze polar localization by fluorescence microscope. (A) The pVA28GFP is the full length of VVA0328::GFP which
showed polar localization. (B) The pVA28.1GFP is a CheY domain fragment cutting from vwa0328 and cloning into GFP and (C)
pVA28.2GFP is an EAL domain fragment cutting from vva0328 and cloning into GFP both of them showed no polar localization.
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Fig.11. RT-PCR and southern blet analysis:(A)-Probe 1 is vwa0328 and Probe 2
is vwa0326. Three primer pairs 29RT1/28RT2, 28RT1/27RT2 and 27RT1/26RT2
were used to generate the connected sequence of the operon. (B) Primer pairs,
29RT1/28RT2, 28RT1/27RT2 and 27RT1/26RT2 were used to prove whether the
wa0326 to vwa0329 is an operon or not. Up panel are the electrophoresis of the
RT-PCR products and low panel are the southern blot to confirm the result of
RT-PCR. The hybridization using probe 1 to (1), (2) and probe 2 to (3) are shown.
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Fig. 12. Schematic diagram' of the promoter reporter construct. Primer set VVAO0S
and VVA04 were used to amplify a fragment (1832 bp) then cloned into a reporter
pYC292 containing bioluminescence.
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Appendix 1. Schematic diagram of the RTX family in Vibriovulnificus. The VVA0331 is an RTX like protein following a typel secretion
system and having a novel signal transduction system. VVA1030'is a typical of RTX protein. (5)
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Appendix 2. Comparative analysis of vieSAB-like gene cluster. The vwa0647 to va0649 and vva0326 to vva0329 are
homologous of an three component system VieSAB. But vwa(0326 to vwa0329 lack VieB but following an RTX
like protein, which suggested this gene cluster might regulate RTX expression. (38)
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Appendix 3. C-di-GMP standard curve. The sample was supplied by Dr. Yoshihiro Hayakawa
(Laboratory of Bioorganic Chemistry, Graduate School of Information Science, Nagoya University
Chikusa, Nagoya 464-8601, Japan).
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