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Abstract

Recently we reported that Vibrio Õulnificus hemolysin, an exotoxin produced by V. Õulnificus, dilates rat thoracic aorta via elevated
cGMP levels without affecting nitric oxide synthase. We investigated the mechanism further by observing the guanylyl cyclase activities
in cytosolic, membrane, unfractionated, or reconstituted preparations. Hemolysin did not activate guanylyl cyclase in the membrane or
cytosolic fraction, while it activated guanylyl cyclase in unfractionated or reconstituted preparation. The increased activity was not

w x winhibited by the HS-142-1, a microbial polysaccharide which antagonizes atrial natriuretic peptide receptor, or 1H- 1,2,4 oxadiazolo 4,3-
x Ž . Ž . Ža quinoxalin-1-one ODQ , a soluble guanylyl cyclase inhibitor. However, it was attenuated by 6- phenylamino -5,8-quinolinedione LY

.83,583 , which inhibits the catalytic domain of both guanylyl cyclases, and by cholesterol, which blocks hemolysin-incorporation into the
membrane. Removing ATP, a cofactor of particulate guanylyl cyclase, attenuated the activation and ATPgS, a non-phosphorylating
analog, restored it. These results suggest that V. Õulnificus hemolysin activates particulate guanylyl cyclase via hemolysin incorporation

Ž .into the vascular smooth muscle cell membrane in cooperation with certain unidentified cytosolic component s . q 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Vibrio Õulnificus is a unique estuarine bacterium caus-
ing septicemia in susceptible subjects when they ingest
contaminated seafood such as raw oysters. This Gram-
negative bacterium leads the victims to hypotensive septic
shock within 2 or 3 days after the onset, resulting in a high

Ž .mortality, over 50% Blake et al., 1979; Park et al., 1991 .
Ž .It is well known that lipopolysaccharide endotoxin of

Gram-negative pathogenic bacteria stimulates various cells
Ž .to produce a large amount of nitric oxide NO which

serves as a primary mediator of hypotension in septic
Ž .shock Moncada et al., 1991 . However, hemodynamic
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changes caused by bacterial proteinaceous exotoxins are
not well documented.

Recently, we observed that V. Õulnificus hemolysin,
which is one of the most potent exotoxins produced by V.

Ž .Õulnificus Kreger and Lockwood, 1981 and is known to
Žmediate the acute cytotoxic effect Kothary and Kreger,

.1987 , induces hypotension and vasodilatation. Previously
we suggested that hemolysin directly elevates tissue cGMP,
leading to vasodilatation, without any involvement of ei-

Ž .ther NOrNO synthase or endothelium Kook et al., 1996 .
However, it is not clear where the guanylyl cyclase ulti-
mately responsible for the elevated cGMP is located.
Therefore, in this present study we tried to locate the
guanylyl cyclase by determining the effects of hemolysin
on guanylyl cyclase activity in membrane and cytosolic
fractions, as well as in unfractionated or reconstituted
preparations.

0014-2999r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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2. Methods

2.1. Aorta preparation

All procedures was carried out under approval of the
Ethics Committee in the Research Institute of Medical
Sciences of Chonnam University Medical School. Sprague

Ž .Dawley rats 180–300 g of either sex were killed by
decapitation. The aorta was then excised, the lumen was
opened longitudinally, and the aorta was cut into small

Ž .pieces approximately 5=7 mm .

2.2. Guanylyl cyclase actiÕity

Aorta preparations were pooled and homogenized with
Ža Polytron homogenizer 5 strokes, each stroke for 15 s

.with 20 s intervals in an ice-cold homogenization buffer
Ž50 mM Tris–HCl, pH 8.0, containing 1 mM EDTA, 0.2

.mM phenylmethylsulfonyl fluoride, and 250 mM sucrose .
The homogenates were centrifuged at 1000=g for 15 min
at 48C and the supernatants were collected. In some experi-
ments, this preparation was diluted to 1 mgrml of protein
and used as the unfractionated preparation. The prepara-
tion was fractionated further by centrifuging at 100,000=g
for 1 h at 48C. The resulting supernatant was collected and
used as the cytosolic fraction. The pellet was resuspended

Žby ultrasonication in membrane-resuspension buffer 50
.mM Tris–HCl, pH 7.6 containing 1 mM EDTA and used

as the membrane fraction. In some experiments, the pellet
was resuspended in the cytosolic fraction instead of mem-
brane-resuspension buffer, and was used as the reconsti-
tuted preparation.

Particulate guanylyl cyclase activity was assayed by the
Ž .method of Winquist et al. 1984 with slight modifications.
ŽWorking solution, 90 ml 50 mM Tris–HCl, pH 7.6,

containing 15 mM phosphocreatine, 20 mgrml creatine
phosphokinase, 2 mM 3-isobutyl-1-methylxanthine, and 1

.mM ATP , was warmed to 378C. The test agents and the
membrane fraction containing 15–20 mg of protein were
added in succession. The reaction was started by adding
MgCl and GTP to final concentrations of 4 and 1 mM,2

respectively. After 2.5 min, the reaction was stopped with
cold stopping solution containing 50 mM sodium acetate,
pH 4.0, and centrifuged at 1000=g for 10 min at 48C.
The supernatant was collected and the cGMP contents

Ž .were assayed as described previously Steiner et al., 1972 .
Soluble guanylyl cyclase activity was measured accord-

Ž .ing to the method of Rapoport and Murad 1988 slightly
modified, in that ATP was omitted from the working
solution used for the membrane fraction. The amount of
soluble protein was 3–6 mg.

In the experiments measuring guanylyl cyclase activity
in unfractionated or reconstituted preparations, the working
solution for particulate guanylyl cyclase activity was used
except for the ATP-free experiment where ATP was omit-
ted. To confirm whether ATP serves as a cofactor in

hemolysin-induced guanylyl cyclase activation in the same
manner as it does in the activation of atrial natriuretic

Ž .peptide ANP -induced particulate guanylyl cyclase, 1 mM
ATPgS was substituted for ATP in the working solution.

2.3. Hemolysin incorporation into cell membrane

To determine the optimal cholesterol concentration to
inhibit membrane incorporation of hemolysin, hemolysin-
induced hemolysis, known to be mediated by hemolysin

Žincorporation into the red blood cell membrane Kim et al.,
.1993 , was assayed in the presence of different cholesterol

Žconcentrations as follows. Hemolysin, 10 HU hemolytic
.units , was preincubated with 0 to 40 mgrml cholesterol

for 30 min at 378C, and 1% human red blood cell suspen-
sion was added to the incubated mixtures and incubated
further for 1 h. Hemolysis was determined by measuring
the optical density at 540 nm. For the determination of
optimal incubation time, 10 HUrml hemolysin was mixed
with 5 mgrml cholesterol and aliquots of the mixture were
taken successively at 5 min intervals to determine residual

Ž .hemolytic activity. Cholesterol G5 mgrml almost com-
Ž .pletely inhibited ) 95% hemolysis by 10 HUrml

hemolysin. It took at least 30 min to reach over 90% of the
hemolysis-inhibiting effect of 5 mgrml cholesterol. There-
fore, 1 h was adopted as the optimal incubation time. The
cholesterol concentration was varied from 0.625 to 5
mgrml. Simultaneous incubation of cholesterol and
hemolysin with red blood cells produced no detectable
inhibition of hemolysis. Possible effects of ethanol, the
vehicle for cholesterol, were minimized by limiting the
final concentration in the working solution to less than
0.1%. At this concentration, ethanol did not affect the
guanylyl cyclase activation induced by ANP or sodium
nitroprusside.

2.4. Materials

Hemolysin was obtained from the culture supernatant of
V. Õulnificus C7184 strain and purified by gel chromato-

Žgraphy, as described previously Gray and Kreger, 1985;
.Kook et al., 1996 . Absence of lipopolysaccharide contam-

ination in the hemolysin preparation was confirmed by the
Ž w .Limulus amebocyte lysate E-TOXATE test. Sodium

nitroprusside, ANP, EDTA, phenylmethylsulfonyl fluoride,
creatine phosphate, creatine phosphokinase, 3-isobutyl-1-

Ž Xmethylxanthine, cholesterol, ATP, ATPgS Adenosine 5 -
Ž . .O- 3-thiotriphosphate , tetralithium salt , GTP, magnesium

Ž . wchloride MgCl , E-TOXATE were obtained from2
Ž . Ž .Sigma St. Louis, MO , 6- phenylamino -5,8-quinolined-

Ž . Ž .ione LY 83,583 from Eli Lilly Indianapolis, IN , 1H-
w x w x Ž .1,2,4 oxadiazolo 4,3a quinoxalin-1-one ODQ from

Ž .BioMol Plymouth, PA , and cGMP RIA kit from DuPont
Ž .NEN; Boston, MA . HS-142-1 was kindly supplied by Dr.
S. Nakanishi, Tokyo Research Laboratories, Kyowa Hakko
Kogyo, Japan.
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2.5. Statistics

Statistical significance was evaluated with Student’s
unpaired t-test. Significance was accepted at the 0.05 level
of probability.

3. Results

3.1. Effects of hemolysin on guanylyl cyclase actiÕity in
membrane, cytosolic, or unfractionated preparations

Hemolysin did not affect particulate or soluble guanylyl
Ž .cyclase activity Fig. 1 . However, 0.3–30 HUrml

hemolysin concentration dependently increased the guany-
lyl cyclase activity in both unfractionated and reconstituted

Ž .preparations Fig. 2 . As positive controls, the effects of
ANP on particulate and soluble guanylyl cyclase activities
were determined. ANP stimulated particulate guanylyl cy-

Ž .clase activity Fig. 1 , while it did not affect soluble
guanylyl cyclase activity. Stimulation was dose-dependent

y8 Ž .with an EC of 3.1=10 M data not shown . Contami-50

nation of soluble guanylyl cyclase in the membrane frac-
tion was ruled out by the absence of a response to sodium
nitroprusside. The EC value against sodium nitroprusside50

for soluble guanylyl cyclase activity was 9.6=10y5 M,
and ANP did not increase soluble guanylyl cyclase activity
Ž .data not shown .

3.2. Effects of guanylyl cyclase inhibitors on
hemolysin-induced actiÕation of guanylyl cyclase actiÕity

HS-142-1, a microbial polysaccharide which antago-
Ž .nizes ANP Morishita et al., 1991 , did not influence the

Fig. 1. Effects of hemolysin on particulate and soluble guanylyl cyclase
Ž . y7 Ž . Žactivity. A . 10 M atrial natriuretic peptide ANP or hemolysin HS;

.0.03–3 HUrml at the indicated concentrations was added to the mem-
Ž . y4 Ž .brane fraction. B . 10 M sodium nitroprusside SNP or hemolysin

Ž .0.3–30 HUrml was added to the cytosolic fraction. Each bar represents
the mean"SEM from 4 experiments. Asterisks indicate a significant

Ž .difference from basal ) P -0.05; )) P -0.01 .

Fig. 2. Effects of hemolysin on guanylyl cyclase activity in unfractionated
and reconstituted preparations. Each bar represents the mean"SEM from

Ž .8 experiments. The hemolysin concentration abscissa varied from 0.3–30
ŽHUrml. Asterisks indicate significant differences from basal ) P -0.05;

.)) P -0.01 .

increase in guanylyl cyclase activity induced by 30 HUrml
hemolysin, while it attenuated the increase in guanylyl

y6 Ž .cyclase activity induced by 10 M ANP Fig. 3A . ODQ,
Ža specific soluble guanylyl cyclase inhibitor Garthwaite et

.al., 1995; Sobey and Faraci, 1997 , also did not affect the
activation of guanylyl cyclase induced by either hemolysin
or ANP, whereas it reduced the increase induced by 10y4

Ž .M sodium nitroprusside Fig. 3B .
LY 83,583, a non-specific inhibitor of the catalytic

domain of both particulate and soluble guanylyl cyclase
Ž .O’Donnel and Owen, 1986; Ijioma et al., 1995 , abolished
the increase in guanylyl cyclase activity induced by

Fig. 3. Effects of HS-142-1 and ODQ on hemolysin-induced increases in
Ž .guanylyl cyclase activity in unfractionated preparations. A . 3 mgrml

HS-142-1, a non-peptide ANP receptor antagonist, was added prior to
y6 Ž . Ž . y510 M ANP or 30 HUrml hemolysin HS . B . 10 M ODQ was

y4 Ž . y6added prior to 10 M sodium nitroprusside SNP , 10 M ANP, or 30
HUrml hemolysin. Each bar represents the mean"SEM from 6–10

Žexperiments. Asterisks and @ indicate significant differences ) P -
.0.05; )), @@ P -0.01 . NS: not significant.
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Ž .Fig. 4. Effects of LY 83,583 LY on hemolysin-induced increase in
guanylyl cyclase activity in unfractionated preparations. 10y6 to 10y4 M

Ž y4 . Ž y6LY was added prior to sodium nitroprusside SNP, 10 M , ANP 10
. Ž .M or hemolysin HS, 30 mHUrml . Numerals below abscissa are the

log molar concentrations of LY. Each bar represents the mean"SEM
from 6–14 experiments. Asterisks and @ indicate significant differences
Ž .), @ P -0.05; )), @@ P -0.01 . NS: not significant.

hemolysin as well as that due to sodium nitroprusside or
Ž .ANP Fig. 4 .

3.3. Effects of remoÕing ATP and substituting ATPgS for
ATP on hemolysin-induced increase in guanylyl cyclase
actiÕity

Removing ATP, a cofactor of particulate guanylyl cy-
Ž .clase Kurose et al., 1987 , attenuated the increase in

guanylyl cyclase activity induced by hemolysin or ANP,
whereas it did not affect the sodium nitroprusside-induced

Ž .guanylyl cyclase activation Fig. 5 . Adding ATPgS, a
non-phosphorylating ATP analog, to ATP-free working
solution restored the activity induced by hemolysin or

Ž .ANP Fig. 5 .

Fig. 5. Effects of elimination of ATP from working solution and substitu-
tion of ATPgS for ATP on hemolysin-induced increase in guanylyl

Ž y4 . Ž y6 .cyclase activity. Sodium nitroprusside SNP, 10 M , ANP 10 M
Ž .or hemolysin HS, 30 mHUrml was added to normal or ATP-subtracted

Ž . Ž .ATP-free or ATPgS-substituted ATP-freeqATPgS working solution.
Each bar represents the mean"SEM from 4–8 experiments. @@ indi-

Ž .cates significant differences P -0.01 . NS: not significant. See Section
2 for detailed explanation.

Fig. 6. Effects of cholesterol on hemolysin-induced increases in guanylyl
Ž .cyclase activity. Hemolysin 30 mHUrml was preincubated with 0.625

Ž .to 5 mgrml cholesterol C or vehicle and added to the working solution
as described in methods. Each bar represents the mean"SEM from 6

Žexperiments. Asterisks and @ indicate significant differences @ P -
.0.05; )), @@ P -0.01 .

3.4. Effects of cholesterol-preincubated hemolysin on
guanylyl cyclase actiÕity

Preincubation of hemolysin with cholesterol attenuated
the hemolysin-induced increase in guanylyl cyclase activ-

Ž .ity in a dose-dependent fashion Fig. 6 , while cholesterol
itself did not significantly influence basal guanylyl cyclase

Ž .activity data not shown .

4. Discussion

We had observed that neither removing endothelium
nor treating with NO synthase inhibitors, such as N v-
nitro-L-arginine methyl ester or aminoguanidine, affected
the hemolysin-induced vasodilatation, demonstrating that
NO, which is an important hypotensive mediator in Gram-

Ž .negative septic shock Moncada and Higgs, 1993 , is not
involved in the V. Õulnificus hemolysin-induced vasodila-

Ž .tation Kook et al., 1996 . In agreement with our previous
findings, we observed that treatment with hemolysin, in
contrast to endotoxin, did not affect the conversion of

w3 x w3 x Ž .L- H arginine to L- H citrulline data not shown , con-
firming that NO synthase is not involved in the
hemolysin-induced vasodilatation.

The present study demonstrated that hemolysin did not
increase guanylyl cyclase activity in either membrane or
cytosolic fraction, suggesting that hemolysin does not di-
rectly activate particulate or soluble guanylyl cyclase.
However, since the activity in the unfractionated prepara-
tion, as well as the reconstituted preparation, was increased
dose dependently by hemolysin treatment, we suggest that
the co-existence of both fractions is necessary for guanylyl
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cyclase activation and, thus, for the increase in cGMP.
While the nature of the interaction between the membrane
and cytosolic components is not known, the ANP binding
site of particulate guanylyl cyclase does not appear to be
involved in hemolysin-induced guanylyl cyclase activation,
since the increase in guanylyl cyclase activity was not
influenced by HS-142-1, an ANP receptor antagonist
Ž .Morishita et al., 1991 . In addition, it appears that soluble
guanylyl cyclase is not ultimately responsible for the in-
crease in cGMP, since the increase in guanylyl cyclase
activity was not affected by ODQ, a specific soluble

Žguanylyl cyclase inhibitor Garthwaite et al., 1995; Sobey
.and Faraci, 1997 .

In agreement with the previous reports that LY 83,583
inhibits particulate as well as soluble guanylyl cyclase
Ž .O’Donnel and Owen, 1986; Ijioma et al., 1995 , we also
observed that it inhibited the increase in guanylyl cyclase
activation induced by ANP as well as by sodium nitroprus-
side, suggesting that LY 83,583 affects a common catalytic
pathway of both enzymes, irrespective of the ANP binding
site of particulate guanylyl cyclase. In the present study,
the hemolysin-induced guanylyl cyclase activation was
inhibited by the pretreatment with LY 83,583 in a dose-de-
pendent fashion, raising the possibility of the involvement
of catalytic domains of particulate guanylyl cyclase.

It is known that, in contrast to soluble guanylyl cyclase,
ATP serves as cofactor of particulate guanylyl cyclase
Ž .Kurose et al., 1987 and that its binding to the kinase
domain is necessary for full activation of the enzyme
Ž .Chinkers and Garbers, 1989 . It is further suggested that
ATP allosterically modulates particulate guanylyl cyclase,
since its non-hydrolyzable analog, ATPgS, also activates

Ž .the enzyme Kurose et al., 1987; Shigematsu et al., 1994 .
As expected, we observed that removing ATP from the
working solution did not influence the guanylyl cyclase
activation induced by sodium nitroprusside. Interestingly,
however, removing ATP inhibited the hemolysin-induced
guanylyl cyclase activation as it did the ANP-induced
activation. Using ATPgS in place of ATP restored the
activity induced by HS as well as ANP. These results
indicate that particulate guanylyl cyclase is the ultimate
source of cGMP, for which ATP serves as a simple
cofactor rather than a complex mediator in the same
manner as was observed for ANP-induced activation.

Membrane perturbation by pore-forming cytolysins re-
sults in various pathophysiological effects on the circula-

Ž .tory system Bhakdi et al., 1994 . Thiol-activated cy-
tolysins that form large pores, such as streptolysin O and
cereolysin, were reported to activate rat lung particulate

Ž .guanylyl cyclase Lad, 1980 , while staphylococcal a-toxin
produces a vascular pressor response mediated by throm-

Ž .boxanes Seeger et al., 1984 . Escherichia coli a-hemo-
lysin was reported to stimulate endothelial cells to produce
NO that might be responsible for the E. coli septic shock
Ž .Grimminger et al., 1997 . V. Õulnificus hemolysin can
also be classified as a pore-forming bacterial cytolysin

Ž .Bhakdi et al., 1996 , since it is well known that the
hemolysin molecule, like staphylococcal a-hemolysin
Ž .Fussle et al., 1981 , oligomerizes in the cytoplasmic
membrane to form small pores which allow the passage of
monovalent cations such as Kq and Naq rather than

Ždivalent cations, leading to colloid-osmotic hemolysis Kim
.et al., 1993 . Thus, we postulate that incorporation of the

hemolysin into the cell membrane, resulting in alteration of
the membrane, is a prerequisite for the activation of partic-
ulate guanylyl cyclase. This postulate is supported by our
observations that cholesterol, which was previously shown
to bind to hydrophobic sites of hemolysin and to inhibit
hemolysis by interfering with the incorporation of

Ž .hemolysin into the membrane Kim et al., 1993 , signifi-
cantly attenuated the hemolysin-induced increase in guany-
lyl cyclase activity.

Ž .Schulkes et al. 1992 reported that particulate guanylyl
cyclase of Dictyostelium discoideum requires a soluble
factor, suggested to be a protein, because that the addition
of the cytosolic fraction to washed membranes restored the
lost activity of the enzyme. Although their suggestions
could not satisfactorily account for the biochemical mecha-
nism in our eukaryotic vascular smooth muscle cell, we

Ž .speculate that a certain diffusible molecule s in the cy-
tosol may carry a signal to particulate guanylyl cyclase,
since the activation of guanylyl cyclase was observed only
in the preparations where both membrane and cytosolic
fractions exist together.

In summary, the present results demonstrate that V.
Õulnificus hemolysin activates particulate guanylyl cyclase
via hemolysin incorporation into the vascular smooth mus-
cle cell membrane in cooperation with certain unidentified

Ž .cytosolic component s . These findings present an alterna-
tive pathway resulting in vasodilatation induced by V.
Õulnificus hemolysin through its membrane-incorporating
properties and may clarify the mechanism underlying the
septic shock these dreadful bacteria bring about.

Acknowledgements

ŽThe authors are indebted to Dr. Sung Zoo Kim Depart-
.ment of Physiology, Joenbug University for valuable sug-

Žgestions and to Dr. Robert M. Rapoport Department of
Pharmacology and Cell Biophysics, University of Cincin-

.nati, School of Medicine for reviewing the paper. This
research was supported by a grant from the Korean Sci-

Žence and Engineering Foundation KOSEF; 971-0704-
.025-1 .

References

Bhakdi, S., Grimminger, F., Suttorp, N., Walmrath, D., Seeger, W., 1994.
Proteinaceous bacterial toxins and pathogenesis of sepsis syndrome



( )H. Kook et al.rEuropean Journal of Pharmacology 365 1999 267–272272

and septic shock: the unknown connection. Med. Microbiol. Immunol.
183, 119–144.

Bhakdi, S., Bayley, H., Valeva, A., Walev, I., Walker, B., Weller, U.,
Kehoe, M., Palmer, M., 1996. Staphylococcal alpha-toxin, strep-
tolysin-O, and Escherichia coli hemolysin: prototypes of pore-for-
ming bacterial cytolysins. Arch. Microbiol. 165, 73–79.

Blake, P.A., Merson, M.H., Weaver, R.E., Hollis, D.G., Heublein, P.C.,
1979. Disease caused by a marine Vibrio. N. Engl. J. Med. 300, 1–6.

Chinkers, M., Garbers, D.L., 1989. The protein kinase domain of the
ANP receptor is required for signaling. Science 245, 1392–1394.

Fussle, R., Bhakdi, S., Sziegoleit, A., Granum-Jensen, J., Kranz, T.,
Wellensiek, H.J., 1981. On the mechanism of membrane damage by
Staphylococcus aureus alpha-toxin. J. Cell. Biol. 91, 83–94.

Garthwaite, J., Southam, E., Boulton, C.L., Nielsen, E.B., Schmidt, K.,
Mayer, B., 1995. Potent and selective inhibition of nitric oxide-sensi-

w x w xtive guanylyl cyclase by 1H- 1,2,4 oxadiazolo 4,3-a quinoxalin-1-one.
Mol. Pharmacol. 48, 184–188.

Gray, L.D., Kreger, A.S., 1985. Purification and characterization of an
extracellular cytolysin produced by Vibrio Õulnificus. Infect. Immun.
48, 62–72.

Grimminger, F., Rose, F., Sibelius, U., Meinhardt, M., Potzsch, B.,
Spriestersbach, R., Bhakdi, S., Suttorp, N., Seeger, W., 1997. Human
endothelial cell activation and mediator release in response to the
bacterial exotoxins Escherichia coli hemolysin and staphylococcal
alpha-toxin. J. Immunol. 159, 1909–1916.

Ijioma, S.C., Challiss, R.A., Boyle, J.P., 1995. Comparative effects of
activation of soluble and particulate guanylyl cyclase on cyclic GMP
elevation and relaxation of bovine tracheal smooth muscle. Br. J.
Pharmacol. 115, 723–732.

Kim, H.R., Rho, H.W., Jeong, M.H., Park, J.W., Kim, J.S., Park, B.H.,
Kim, U.H., Park, S.D., 1993. Hemolytic mechanism of cytolysin
produced from Vibrio Õulnificus. Life Sci. 53, 571–577.

Kook, H., Lee, S.E., Baik, Y.H., Chung, S.S., Rhee, J.H., 1996. Vibrio
Õulnificus hemolysin dilates rat thoracic aorta by activating guanylate
cyclase. Life Sci. 59, PL41–PL47.

Kothary, M.H., Kreger, A.S., 1987. Purification and characterization of
an elastolytic protease of Vibrio Õulnificus. J. Gen. Microbiol. 133,
1783–1791.

Ž .Kreger, A., Lockwood, D., 1981. Detection of extracellular toxin s
produced by Vibrio Õulnificus. Infect. Immun. 33, 583–590.

Kurose, H., Inagami, T., Ui, M., 1987. Participation of adenosine 5X-tri-
phosphate in the activation of membrane-bound guanylate cyclase by
the atrial natriuretic factor. FEBS Lett. 219, 375–379.

Lad, S., 1980. Activation of rat lung particulate guanylate cyclase by

cholesterol-sequestering agents. Biochem. Biophys. Res. Commun.
97, 1199–1205.

Moncada, S., Higgs, E.A., 1993. The L-arginine-nitric oxide pathway.
New Engl. J. Med. 329, 2002–2012.

Moncada, S., Palmer, R.M.J., Higgs, E.A., 1991. Nitric oxide: physiol-
ogy, pathophysiology, and pharmacology. Pharmacol. Rev. 43, 109–
142.

Morishita, Y., Takahashi, M., Sano, T., Kawamoto, I., Ando, K., Sano,
M., Saitoh, Y., Kase, H., Matsuda, Y., 1991. Isolation and purifica-
tion of HS-142-1, a novel nonpeptide antagonist for the atrial natri-
uretic peptide receptor, from Aureobasidium sp. Agric. Biol. Chem.
55, 3017–3025.

O’Donnel, M.E., Owen, N.E., 1986. Role of cyclic GMP in atrial
natriuretic factor stimulation of Naq,Kq,Cly cotransport in vascular
smooth muscle cells. J. Biol. Chem. 261, 15461–15466.

Park, S.D., Shon, H.S., Joh, N.J., 1991. Vibrio Õulnificus septicemia in
Korea: clinical and epidemiologic findings in seventy patients. J. Am.
Acad. Dermatol. 24, 397–403.

Rapoport, R.M., Murad, F., 1988. Effects of ethacrynic acid and cys-
tamine on sodium nitroprusside-induced relaxation, cyclic GMP levels
and guanylate cyclase activity in rat aorta. Gen. Pharmacol. 19,
61–65.

Schulkes, C.C.G.M., Schoen, C.D., Arents, J.C., Van Driel, R., 1992. A
soluble factor and GTPgS are required for Dictyostelium discoideum
guanylate cyclase activity. Biochim. Biophys. Acta. 1135, 73–78.

Seeger, W., Bauer, M., Bhakdi, S., 1984. Staphylococcal a-toxin elicits
hypertension in isolated rabbit lungs: evidence for thromboxane for-
mation and the role of extracellular calcium. J. Clin. Invest. 74,
849–858.

Shigematsu, Y., Vaughn, J., Frohlich, E.D., Cole, F.E., 1994. Adenosine
5X-triphosphate, phorbol ester, and pertussis toxin effects on atrial
natriuretic peptide stimulation of guanylate cyclase in a human renal
cell line. Life Sci. 54, 213–221.

Sobey, C.G., Faraci, F.M., 1997. Effects of novel inhibitor of guanylyl
cyclase on dilator responses of mouse cerebral arterioles. Stroke 28,
837–843.

Steiner, A.L., Parker, C.W., Kipnis, D.M., 1972. Radioimmunoassay for
cyclic nucleotides: I. Preparation of antibodies and iodinated cyclic
nucleotides. J. Biol. Chem. 247, 1106–1113.

Winquist, R.J., Faison, E.P., Waldman, S.A., Schwartz, K., Murad, F.,
Rapoport, R.M., 1984. Atrial natriuretic factor elicits an
endothelium-independent relaxation and activates particulate guany-
late cyclase in vascular smooth muscle. Proc. Natl. Acad. Sci. USA
81, 7661–7664.


