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Abstract 

Calcium in millimolar concentrations protected mousz erythrocytes from hemolysis caused by Vibrio vulnificus cytolysin 
without affecting the release of intracellular K + from the cells. This effect was maximal at 25 mM CaC12. The protection was not 
absolute and could be partially overcome by increased concentrations of cytolysin. Calcium failed to block both the binding and 
oligomer formation of cytolysins on the erythrocyte membrane. After pore formation, the continued presence of calcium is 
required for the prevention of hemolysis. There was hardly any inflow of calcium into the erythrocytes through pores as 
measured by 45Ca2+ uptake. The presence of calcium after the abolition of Ca 2+ gradient by ionomycin cannot inhibit the 
hemolysis caused by cytolysin. These results suggest that calcium exerts its major inhibitory effect on V. vulnificus cytolysin-in- 
duced hemolysis as an osmotic protectant, and that cytolysin may become an useful tool for permeabilizing cells selectively for 
small ions such as potassium or sodium while preventing the Ca 2+ flow. 
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1. Introduction 

Vibrio vulnificus is an estuarine bacterium that 
causes septicemia and serious wound infection in per- 
sons who are immunocompromised or who have under- 
lying diseases such as cirrhosis or hemochromatosis [1]. 
As one of the possible virulence determinants, Kreger 
and Lockwood [2] reported the existence of cytolysin in 
culture medium of V. vulnificus which showed a cyto- 
toxicity for cultured mammalian cells, lethal activity 
and acted as a vascular permeability factor. 

Hemolysis caused by bacterial hemolysins may be of 
two types; colloid-osmotic hemolysis by the toxins such 
as staphylococcal a-toxin [3] or Escherichia coli a-he- 
molysin [4], and noncolloid-osmotic hemolysis by thiol- 
activated hemolysins such as streptolysin O [5]. We 
already reported that hemolysis by V. vulnificus cy- 
tolysin is colloid-osmotic in nature and that cytolysins, 
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after binding to membranes, oligomerize to form pores 
with effective diameter of about 1 nm [6], in a manner 
analogous to that established for staphylococcal a- 
toxin [3]. 

Calcium has long been regarded as a membrane 
protective agent [7], and divalent cations are known to 
be required for the effective reconstitution of solubi- 
lized membranes [8]. It was widely reported that diva- 
lent metal ions, including calcium, prevent hemolysis 
caused by variety of bacterial hemolysins [9-11]. But 
the actual mechanism is still unclear. In this report, we 
have demonstrated that calcium ions in millimolar con- 
centrations inhibits the hemolysis of mouse erythro- 
cytes by V. vulnificus cytolysin, and the inhibitory 
mechanism has been studied. 

2. Materials and methods 

2.1. Bacterial strain and culture 

A virulent strain of Vibrio vulnificus E4125 was 
kindly supplied by Dr. M.H. Kothary (Department of 
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Microbiology, Virulence Assessment Branch, Center 
for Food Safety and Applied Nutrition, Food and Drug 
Administration, Washington, DC). The strain was culti- 
vated in heart infusion diffusate broth (Difco) at 37°C 
for 4 h as described by Kreger et al. [12]. 

2.2. Purification of  cytolysin 

The cytolysin was homogeneously purified from the 
culture supernatant by ammonium sulfate fractiona- 
tion, calcium phosphate gel adsorption, quaternary 
methylamine anion-exchange chromatography and 
octyl-Sepharose CL-4B chromatography as described 
by Kim et al. [13]. 

2.3. Assay of  hemolytic activity 

The hemolytic activity against mouse erythrocytes 
was determined by the method of Bernheimer and 
Schwartz [14]. The cytolysin was diluted with Tris- 
buffered saline (20 mM Tris /140 mM NaC1 (pH 7.4)) 
containing 1 m g / m l  of bovine serum albumin (TBS- 
BSA). 1 ml of cytolysin was mixed with the same 
volume of 0.7% mouse erythrocyte suspensions in TBS- 
BSA. The mixture was incubated at 37°C for 30 min 
and centrifuged. The absorbance of hemoglobin in the 
supernatant was measured at 545 nm. One hemolytic 
unit (HU) is defined as that amount which liberates 
half of the hemoglobin in the erythrocyte suspensions. 

bated with cytolysin at 37°C for 30 min with various 
concentrations of CaC12. The concentration of cy- 
tolysin was adjusted to result in approx. 50% lysis of 
the cells in this condition. With increasing concentra- 
tions of CaCI 2, progressive protection of the cells from 
cytolysin-induced hemolysis was observed, reaching a 
maximum at 25 mM CaC12 (Fig. 1). The half-maximal 
inhibitory concentration (ICs0) of calcium was 2.017 + 
1.187 mM (6.051 mosM). The ICs0 of raffinose, an 
osmotic protectant, was 8.729 _+ 1.186 mM. 

To determine whether the exposure of cells to cal- 
cium rendered them totally resistant to cytolysin, their 
response to increasing concentrations of cytolysin was 
tested. Increased cytolysin concentration in the assay 
mixture containing 25 mM CaC12 reduced the protec- 
tion by Ca 2+ of hemolysis. A semilog plot of the 
percent non-lysed erythrocytes against the cytolysin 
concentration gave a linear relationship in both control 
and calcium-treated cells (Fig. 2). A comparison of the 
slopes of the linear portions of the two curves ( -  1.513 
_+ 0.504 of control and -0 .151 _+ 0.018 of calcium- 
treated) indicated that calcium treatment of mouse 
erythrocytes render them approx. 10-fold more resis- 
tant to hemolysis caused by V. vulnificus cytolysin. 
When a similar experiment was performed in the pres- 
ence of 75 mM raffinose to match the osmolarity with 
25 mM CaCI2, the inhibition of hemolysis was also 
abolished in a pattern similar to that observed with 
calcium. The slope for raffinose was -0 .143 _+ 0.059. 

2.4. Measurements of  K + release and 45Ca2 + uptake 

45Ca2+ uptake was measured by a rapid oil stop 
procedure as described by Kim et al. [15]. Mouse 
erythrocyte suspensions (7%, 100/.d) prepared in TBS- 
BSA containing 50 mM raffinose were layered over 100 
~1 of oil (silicone oi l /paraff in oil, 80:20, Sigma) in 1.5 
ml microfuge tubes. For uptake assay, 4 . 1 0  6 cpm of 
45Ca2+ (11.92 mCi /mg,  New England Nuclear) were 
added. After incubation for 5 min at 37°C, cytolysin or 
ionomycin (Sigma) was added and the incubation was 
continued for 30 min at 37°C. Control assays were 
performed without cytolysin or ionomycin. After brief 
centrifugation at 15000 × g for 30 s, the tubes were 
frozen and cut through the oil layer, and the radioactiv- 
ity associated with the cells was measured by scintilla- 
tion counting. The concentration of potassium in the 
supernatant was determined by flame spectrophotome- 
try (KLiNa Flame, Beckman). 

3. Results 

To test the effect of calcium ions on the sensitivity 
of mouse erythrocytes to hemolysis caused by V. vul- 
nificus cytolysin, erythrocyte suspensions were incu- 
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Fig. 1. Protection of cytolysin-induced lysis of mouse  erythrocytes by 
various osmotically equivalent concentrations of CaCI 2 or raffinose. 
Mouse erythrocyte suspensions (0.35%, 1 ml) were incubated with V. 
vulnificus cytolysin (0.5 HU) at 37°C for 30 min together with various 
osmotically equal concentrations of CaCI 2 or raffinose. The released 
hemoglobin was measured by reading absorbance at 545 nm. The 
results were expressed as mean + S.D. of three separate experiments. 
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Fig. 2. Reduction of protection by increasing cytolysin concentration. 
Mouse erythrocyte suspensions (0.35%, 1 ml) were incubated with 
various concentrations of IZ vulnificus cytolysin at 37°C for 30 min in 
the presence or absence of 25 mM CaCI 2 or 75 mM raffinose. As 
hemoglobin cannot pass through the pores formed by cytolysin, the 
fraction of non-lysed cells was calculated from the amount of re- 
leased hemoglobin in the supernatant. The results were expressed as 
mean + S.D. of three separate experiments. 

Table 1 

Effect of calcium ion on the binding of V. culnificus cytolysin 

CaCI 2 Hemolysis (%) 

preincubation incubation 

- - 100 
+ 5.84_+ 1.12 

+ - 95.50 _+ 7.31 
+ + 5.48+4.18 

Mouse erythrocyte suspensions (0.35%, 1 ml) were preincubated with 
V. vulnificus cytolysin (0.5 HU)  in the presence or absence of calcium 
(25 raM) at 4°C for 20 rain. After washing with TBS-BSA by brief 
centrifugation for 5 s at 15000x g, incubations were continued in 
the presence or absence of calcium for 30 rain at 37°C. Hemolysis 
was presented as % of hemoglobin release in control experiments. 
The results were expressed as Mean _+ S.D. of three separate experi- 
ments, 

subsequent addition of 25 mM CaCI 2 to the suspension 
prevented hemolysis (Table 1). 

When cells were incubated with cytolysin in the 
presence of calcium, hemolysis was inhibited but there 
was no inhibition of intracellular potassium release 
(Fig. 3), indicating that pores could be formed in the 
presence of calcium. Raffinose is known to prevent the 
cytolysin-induced hemolysis at the cell lysis step as an 
osmotic protectant, without affecting the small ion 
release [6]. Mouse erythrocytes were preincubated with 

Exposure of the mouse erythrocytes to calcium did 
not lead to an irreversible alteration in their sensitivity 
to hemolysis by V. vulnificus cytolysin. Cells preincu- 
bated in 25 mM CaCI2 for 20 min at 37°C, washed and 
resuspended in TBS-BSA without calcium exhibited 
the same sensitivity to cytolysin as did the control cells. 
Preincubation of cytolysin with 25 mM CaC12 did not 
alter its hemolytic activity after serial dilution in TBS- 
BSA (data not shown). 

Hemolysis by pore-forming toxins is known to occur 
through the three-step sequence: (i) binding of toxins, 
(ii) formation of oligomer resulting in the leakage of 
small ions, and finally (iii) lysis of cells [3,16]. To 
determine whether calcium interfered with the binding 
of cytolysin to cells, mouse erythrocytes were preincu- 
bated at 4°C with cytolysin in the presence of 25 mM 
CaC12 for 20 rain. V. vulnificus cytolysin is known to 
bind rapidly and remain as monomer at 4°C on the 
erythrocyte membranes [6]. After centrifugation, cy- 
tolysin-bound erythrocytes were washed with cold TBS- 
BSA to remove any unbound toxin and then resus- 
pended in TBS-BSA, and incubation was continued at 
37°C for 30 min. Under these conditions, the protective 
effect of calcium was lost and the cells proceeded to 
lyse, indicating that Ca 2+ did not interfere with the 
binding of cytolysin. After washing in TBS-BSA, the 
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Fig. 3. Effect of calcium or raffinose on the cytolysin-induced 
hemoglobin and potassium release, Mouse erythrocyte suspensions 
(20%, 0.2 ml) were incubated with 5 H U  of cytolysin in the presence 
or absence of 25 mM CaCI 2 or 50 mM raffinose at 37°C for 30 rain. 
The released hemoglobin (solid bar) was measured by reading ab- 
sorbance at 545 nm and released potassium (hatched bar) was 
measured with flame spectrophotometry. The results were expressed 
as mean + S.D. of three separate experiments. 
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V. vulnificus cytolysin at 37°C for 20 min in the pres- 
ence of 50 mM raffinose and washed with TBS-BSA 
containing raffinose. When the cells resuspended with 
TBS-BSA were incubated at 37°C for 30 min in the 
presence of 25 mM CaCI2, 75.58 4- 7.10% of hemolysis 
was still inhibited (data not shown). These results indi- 
cate that calcium did not interfere with the oligomer 
formation on the erythrocyte membranes and that the 
major inhibitory effect of calcium on V. L'ulnificus cy- 
tolysin-induced hemolysis was exerted after pore for- 
mation. 

We checked the calcium uptake into the cells using 
45Ca2+ by incubating the mouse erythrocytes with cy- 
tolysin in the presence of 50 mM raffinose to prevent 
the osmotic cell lysis. When 7% mouse erythrocyte 
suspension containing 4.7. 10 6 cpm of 4~Ca2+ w a s  in- 
cubated with 2 /xM ionomycin, about 20% of the 
added calcium was found in the intracellular compart- 
ment (Fig. 4). There  was no leakage of hemoglobin, but 
intracellular K ÷ was freely diffused out. V. uulnificus 
cytolysin-treated erythrocytes showed the same extent 
of K + efflux, but there was no calcium uptake compa- 
rable to control experiments. To abolish the calcium 

Table 2 
Effect of ionomycin pretreatment on the inhibition by calcium of V. 
t,ulnificus cytolysin-induced hemolysis 

Preincubation with Incubation with A545 am 

ionomycin CaCI 2 toxin 

- - + 0.117_+0.009 
- + + 0.006 _+ 0.006 
+ - - 0.007 -+ 0.008 
+ - + 0.134-+0.017 
+ + - 0.323 -+ 0.021 
+ + + 0.670 +_ 0.098 

Mouse erythrocyte suspensions (0.35%, 1 ml) were preincubated with 
2 ~zM of ionomycin in the presence or absence of 25 mM CaCI 2 at 
37°C for 20 rain. After the addition of cytolysin (0.3 HU), the 
incubation was continued for 30 rain at 37°C. The released 
hemoglobin was measured by reading absorbance at 545 nm. The 
results were expressed as mean -+ S.D. of three separate experiments. 

gradient across the cell membrane, erythrocytes were 
pretreated with ionomycin for 20 min at 37°C in the 
presence of 25 mM CaC12 and then, incubated with 
cytolysin at 37°C for another 30 rain. In this condition, 
there was no inhibitory effect of calcium on the hemol- 
ysis induced by V. vulnificus cytolysin (Table 2). 
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Fig. 4. Effect of V. vulnificus cytolysin and ionomycin on 45Ca2+ 
uptake, and hemoglobin and K + release in osmotically protected 
mouse erythrocytes. Mouse erythrocyte suspension (7%, 100 p~l) 
containing 50 mM raffinose and 4.106 cpm of 45Ca2+ was layered 
over 100 /xl of oil (silicone oil/paraffin oil, 80:20) in 1.5 ml mi- 
crofuge tube, and incubated for 30 rain at 37°C with cytolysin (10 
HU) or ionomycin (2 ~M). After brief centrifugation at 15000x g 
for 30 s, the tubes were frozen and cut through the oil layer, and the 
radioactivity associated with the cells was measured by scintillation 
counting. The released hemoglobin was measured by reading the 
absorbance at 545 nm and potassium was measured by flame spec- 
trophotometry. The results were expressed as Mean_+ S.D. of three 
separate experiments. 

4. Discussion 

Calcium in millimolar concentrations protected 
mouse erythrocytes from hemolysis caused by V. vul- 
nificus cytolysin. The protection afforded by Ca z+ 
reached maximum at 25 mM concentration. Mg 2+ and 
Mn 2+ also prevented the hemolysis showing the similar 
range of ICs0 (2 raM) with Ca 2+. Zn 2+ denatured the 
released hemoglobin at the concentration of 0.1 mM as 
reported before [17,18], and there was no inhibition of 
hemolysis below that concentration (data not shown). 
The inhibitory effect of Ca 2+ and raffinose on the 
hemolysis was neither absolute nor irreversible. In- 
creasing the concentration of cytolysin could partially 
overcome the protective action of Ca z+, and presence 
of Ca 2+ rendered the mouse erythrocytes approx. 10- 
fold more resistant to hemolysis. The inhibition of 
hemolysis by raffinose also was not absolute, showing 
the same extent of reversal at the osmotically equiva- 
lent concentration with CaCl2. 

The pretreatment of erythrocytes with Ca 2+ did not 
sensitize the cells. Also the Ca 2+ did not inactivate the 
cytolysin itself. Ca 2+ did not interfere with the binding 
or oligomerization of cytolysin on the erythrocyte mem- 
brane. Harshmann et al. [9] reported that, in the 
staphylococcal a-toxin-induced hemolysis, Ca 2+ inhib- 
ited the hemolysis through the direct effect on the 
membrane fluidity, impeding the lateral movement of 



17(I J.-W. Park et al. /Biochimica et Biophysica Acta 1194 (1994) 166-170 

toxins necessary to form the transmembrane pores. But 
in V. t, ulnificus cytolysin-treated erythrocytes, K + ef- 
flux could occur in the presence of calcium, and Ca 2+ 
added even after pore formation could prevent the 
hemolysis. 

Several actions of Ca 2+ at the inside of erythrocytes 
have been reported to explain the Ca 2+ inhibition of 
hemolysis. The activation of transamidase by supra- 
physiological level of cytoplasmic Ca 2+, which cross- 
links various membrane proteins [24], or binding of 
Ca 2+ to erythrocyte spectrin [25] are thought to play a 
role in calcium-induced increase in membrane rigidity. 
It is known that about 50-70% of the intracellular 
calcium is bound internally or buffered by some cellu- 
lar components, causing the accumulation at the inside 
of erythrocytes [19]. 45Ca2+ uptake experiment with 
ionomycin showed the same results. But the pores 
formed by V. t~,ulnificus cytolysins were nearly imper- 
meable to calcium. Furthermore, the cells, inside of 
which was exposed to high concentration of Ca 2+, are 
rather vulnerable to lysis, as evidenced by ionomycin 
treatment (Table 2). Bashford et al. [26], in the experi- 
ments using various kind of cytotoxic agents including 
staphylococcal o~-toxin, proposed that ionizable groups 
at the mouth of each pore affect the movement of 
compounds through it. When the groups are deionized, 
as in the liganding to divalent cations, leakage becomes 
minimal, leading to the inhibition of cell lysis. But the 
pores formed by V. L, ulnificus cytolysin were freely 
permeable to K + in the presence of calcium, while the 
lysis was inhibited. 

The pores formed by V. vulnificus cytolysin were 
nearly impermeable to Ca 2+, retaining most of the 
calcium on the outside of cells. The inhibitory effect of 
calcium was lost when the calcium gradient across the 
membrane was abolished by pretreatment with iono- 
mycin. The protective concentration range of CaCI 2 
and the pattern of reversal by increased cytolysins were 
found to be similar with that of raffinose at the osmoti- 
cally equivalent concentrations. Considering these re- 
sults, it is probable that calcium exerts its major in- 
hibitory effect on hemolysis as an osmotic protectant. 

The effective ionic diameter of potassium and cal- 
cium in aqueous solution is known to be 0.6 and 1.2 
rim, respectively [23]. The size of pores produced by 
bacterial pore-forming toxins was variable from 30-35 
nm of streptolysin O [27] to 2-3  nm of staphylococcal 
c~-toxin [3] or E. coli hemolysin [4]. These pores may 
act as nonselective gates, freely permeable to Ca 2+ 
ions [20-22,28]. But the pores formed by V. vulnificus 
cytolysin have effective diameter of about 1 rim, imper- 
meable to both raffinose [6] with diameter of 1.14 nm 
[29] and Ca 2+ ions. As the pore-forming toxins were 
used to permeabilize the cells, V. vulnificus cytolysin 

can be an useful tool for cell permeabilization to be 
selective to small ions such as potassium or sodium 
while retarding the Ca 2+ flow. 
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