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A factor was found in Vibrio parahaemolyticus which inactivated the hemo-
lytic activity of a purified, thermostable direct hemolysin. The inactivating
factor was associated with the hemolysin but could be separated from it by
diethylaminoethyl-cellulose column chromatography. The inactivating factor
was activated by heating at 50 to 60 C, but was itself thermolabile and lost
activity on heating to 70 to 100 C. The mechanism of the Arrhenius effect,
observed with crude hemolysin of V. parahaemolyticus, is as follows. At 50 to
60 C, the temperature-dependent inactivating factor associated with hemolysin
inactivates the hemolysin, whereas at 80 to 100 C the crude hemolysin retains
activity because at this temperature the factor is inactivated.

It has been reported that the thermostable
direct hemolysin of Vibrio parahaemolyticus is
closely correlated with human pathogenicity of
this organism (11). During the course of our
study to purify the thermostable direct hemoly-
sin (12), we found that a crude hemolysin of V.
parahaemolyticus was inactivated by heating at
50 to 60 C, but not by heating at 90 to 100 C
(8-10). Since the purified thermostable hemo-
lysin was found to be a protein and its activity
was not inactivated by heating at either 50 to 60
or 90 to 100 C (12), the above finding is peculiar
and should be explained by further experi-
mentation.

This peculiar characteristic of the hemolysin
has been reported for staphylococcal alpha-
toxin and named the Arrhenius effect (1, 3).
Although the mechanism of the Arrhenius effect
shown by staphylococcal alpha-toxin has been
studied by several workers (1, 2, 4, 6, 7, 13), it is
not fully understood. The mechanism is diffi-
cult to study mainly because purified staphylo-
coccal alpha-toxin itself is thermolabile. In the
present study, the mechanism of the Arrhenius
effect was studied with the thermostable he-
molysin of V. parahaemolyticus.

MATERIALS AND METHODS

Isolation and purification of the thermostable
direct hemolysin. V. parahaemolyticus OV-3, origi-
nally isolated from a case of gastroenteritis and
maintained in the culture collection of this institute,
was used throughout. Cultivation of bacteria and
fractionation of the culture filtrate with ammonium

sulfate were as described previously (5). Purification
of the hemolysin by column chromatographies on
diethylaminoethyl (DEAE)-cellulose, DEAE-
Sephadex A-50, and Sephadex G-200 was carried out
as described previously (9, 12).

Isolation of a temperature-dependent inacti-
vating factor by DEAE-cellulose column
chromatography. Material precipitated from the
culture filtrate of V. parahaemolyticus OV-3 with
ammonium sulfate was dissolved in 0.01 M phosphate
buffer (pH 7.0) containing 6 mM 2-mercaptoethanol.
An appropriate amount of the solution was applied to
a DEAE-cellulose column (2.2 by 80 c¢cm) previously
equilibrated with 0.01 M phosphate buffer (pH 7.0).
The column was eluted with about 800 ml of 0.01 M
phosphate buffer (pH 7.0) containing 6 mM 2-mer-
captoethanol and 0.2 M NaCl, and then with 1,000
ml of a linear gradient of 0.2 to 1.0 M NaCl in the
same buffer. Fractions of 12 ml were collected.

Fractions which showed inactivating activity were
combined and concentrated by adding 40 g of ammo-
nium sulfate per ml. The resulting precipitate was
dissolved in 0.01 M phosphate buffer (pH 7.0) con-
taining 6 mM 2-mercaptoethanol. This preparation
was used as the inactivating factor after extensive
dialysis against 0.01 M phosphate buffer (pH 7.0)
containing 6 mM 2-mercaptoethanol.

Assay of hemolytic activity. In most experiments,
the following assay procedure was adopted; however,
the assay was carried out as described previously (10)
in some experiments. The standard reaction mixture
(2.5 ml) for assay of hemolytic activity contained 0.01
M phosphate buffer (pH 7.0), 1.25 ml of a 1%
suspension of human erythrocytes, 0.9% NaCl, and
the hemolysin. The reaction mixture was incubated at
37 C for 2 h and then centrifuged at 3,000 rpm for 5
min. The hemolytic activity was determined by
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measuring the absorbance of the resulting superna-
tant fluid at 540 nm. The hemolytic activity deter-
mined in this way was porportional to the amount of
hemolysin added up to the amount causing complete
hemolysis (Fig. 1).

Assay of inactivating factor. The reaction mix-
ture, containing the inactivating factor and the he-
molysin in 0.25 ml of 0.01 M phosphate buffer (pH
7.0), was heated at 60 C for 10 min. Then 1.25 ml of a
1% suspension of erythrocytes in 0.01 M phosphate
buffer (pH 7.0) containing 1.8% NaCl and 1 ml of 0.01
M phosphate buffer (pH 7.0) was added, and hemol-
ysis was measured as described above. The inactivat-
ing activity of the factor was determined from the
reduction in absorbance at 540 nm over that of the
control.

RESULTS

Effect of heat on hemolysin. Fractions of
hemolysin at various purification steps were
heated, and their hemolytic activity was as-
sayed. Crude hemolysin was inactivated by
heating at 60 to 70 C, whereas the most purified
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Fic. 1. Dependence of hemolysis on the amount of
the hemolysin. The procedure for assay of hemolytic
activity is described in the.text. Hemolysin (26.3 ug of
protein per ml) from DEAE-Sephadex A-50 was
added as indicated. Under these conditions, complete
hemolysis occurred with about 40 uliters of hemolysin.
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hemolysin was not (Table 1). The degree of
inactivation of the hemolysin on heating at 60 to
70 C decreased with increase in purity of the
preparation. This indicates that some factor(s)
inactivating hemolysin was removed from the
hemolysin during purification.

Isolation of a factor inactivating the ther-
mostable direct hemolysin. A factor inactivat-
ing the thermostable direct hemolysin could be
separated from the hemolysin by DEAE-cel-
lulose column chromatography (Fig. 2). In this
experiment, curde hemolysin precipitated with
ammonium sulfate was applied to a DEAE-cel-
lulose column, and chromatography was carried
out as described above. The hemolysin was
eluted with about 0.5 M NaCl, and a factor
which inactivated the hemolysin was eluted
with 0.2 M NaCl. The hemolysin fraction from
the first DEAE-cellulose column still showed
the Arrhenius effect, indicating that the frac-
tion still contained some inactivating factor(s)
(Table 1). This was confirmed by the fact that
further inactivating factor was eluted with 0.2
M NaCl from the second DEAE-cellulose col-
umn.

Demonstration of the Arrhenius effect
with the isolated inactivating factor and
purified hemolysin. For the experiment shown
in Fig. 3, the inactivating factor was mixed with
the purified thermostable direct hemolysin, and
hemolysis was assayed after heating at various
temperatures. Heating the mixture at 50 to 60 C
for 10 min resulted in significant loss of hemo-
lytic activity, whereas heating at 80 to 90 C did
not inactivate the hemolysin. The effect of heat
(Arrhenius effect) with a mixture of the inac-
tivating factor and the purified hemolysin (Fig.
3) was essentially similar to that observed with
crude hemolysin (Table 1). This indicates that
the Arrhenius effect of the crude hemolysin is
due to the presence of the inactivating factor
with the hemolysin.

Characteristics of the inactivating factor.
Inactivating activity was dependent on the
amount of the inactivating factor added to the
purified hemolysin (Fig. 4). This was also dem-
onstrated by using inactivating factor which
had been extensively dialyzed against 0.01 M
phosphate buffer containing 6 mM 2-mercapto-
ethanol.

Results on the kinetics of the inactivation are
shown in Fig. 5. For these results, the inactivat-
ing factor was mixed with purified hemolysin
and heated at 60 C for the indicated times.
Heating for 30 min resulted in almost complete
inactivation of the hemolysin, although in the
absence of the inactivating factor, the hemoly-
sin was stable on heating at 60 C for 30 min.
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TaBLE 1. Effect of heat treatment on the hemolytic activities of various preparations of hemolysin

Thermostability®

Heat treatment 1:4° 1:8 1:16 1:32 1:64 1:128 1:256 1:512 | 1:1,024 | 1:2,048

Ammonium sulfate-
treated fraction

37C, 10 min 3+ 3+ 3+ 3+ 3+ 3+ 2+ 2+ + +
50 C, 10 min 3+ 3+ 3+ 3+ 3+ 2+ + + - _
60 C, 10 min 3+ 2+ + + - - — - _ _
70 C, 10 min 3+ 3+ 2+ + + - - — _ _
90 C, 10 min 3+ 3+ 3+ 3+ 2+ 2+ + + - -
1st DEAE-cellulose frac-
tion
37C, 10 min 3+ 3+ 3+ 2+ 2+ + + _ _
50 C, 10 min 3+ 3+ 3+ 2+ 2+ + - - - -
60 C, 10 min 3+ 3+ 2+ 2+ + + - _ _ _
70 C, 10 min 3+ 3+ 2+ 2+ 2+ + + - - _
90 C, 10 min 3+ 3+ 3+ 2+ 2+ + + - - -
Sephadex G-200 fraction
37 C, 10 min 3+ 3+ 3+ 2+ + + - - _ _
50 C, 10 min 3+ 3+ 2+ 2+ + + - _ - _
60 C, 10 min 3+ 3+ 2+ 2+ + + - _ _ _
70C, 10 min 3+ 3+ 2+ 2+ + + - - - -
90 C, 10 min 3+ 3+ 2+ 2+ + + - — _ _

¢ Symbols: 3+, complete hemolysis; 2+, +, +, degree of partial hemolysis; —, no hemolysis.
® Dilution. Protein content of original fraction was as follows: ammonium sulfate-treated fraction, 16.3
mg/ml; first DEAE-cellulose fraction, 0.27 mg/ml; Sephadex G-200 fraction, 40.9 ug/ml.
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Fi6. 2. DEAE-cellulose column chromatography of the inactivating factor and hemolysin. Material
precipitated from culture filtrates with ammonium sulfate was chromatographed as described in the text.
Inactivating activity in- 0.5-ml samples of each fraction was assayed as described in the text. Complete
inhibition of the hemolysis with 40 uliters of the DEAE-Sephadex A-50 fraction (26.3 ug of protein per ml) is
expressed as 100. Hemolysis was assayed as described in the text, with 0.5 ml of each fraction.

The inactivating factor was active only when activity was almost completely lost when the

heated. factor was heated at or above 60 C for 10 min
The inactivating factor itself was thermola- (Fig. 6).

bile (Fig. 6). For this determination, the inac-

tivating factor alone was heated at various DISCUSSION

temperatures for 10 min and then mixed with As early as 1907, staphylococcal alpha-toxin

purified hemolysin and heated at 60 C to mea- was found to show the Arrhenius effect (3), and

sure its inactivating activity. The inactivating the mechanism of this effect has been studied
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Fic. 3. Effect of heat on a mixture of the hemoly- 0 20 40 60

sin and isolated inactivating factor. A 40-uliter
amount of the inactivating factor (0.58 mg of protein
per ml) and a 40-uliter amount of the DEAE-Sepha-
dex A-50 fraction of hemolysin (26.3 ug of protein
per ml) in 0.25 ml of 0.01 M phosphate buffer (pH
7.0) were heated at the temperatures indicated for
10 min. Other experimental conditions were as de-
scribed in the text.
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Fi6. 4. Dependence of the inactivating activity on
the amount of the inactivating factor added. Various
amounts of inactivating factor (0.58 mg of protein per
ml) and the DEAE-Sephadex A-50 fraction of he-
molysin (26.3 ug of protein per ml) in 0.25 ml of 0.01
M phosphate buffer were heated at 60 C for 10 min.
Other experimental conditions were as described in
the text.

by several workers. Landsteiner and von Rau-
chenbichler (6), Tager (13), and Manohar et al.
(7) proposed the existence of some substance
which interacts with alpha-toxin at 60 C. On

TIME OF HEAT TREATMENT (MIN)

Fi16. 5. Kinetics of the activity of the inactivating
factor. A 40-uliter amount of the DEAE-Sephadex
A-50 fraction of the hemolysin (26.3 ug of protein per
ml) was incubated with or without 40 uliters of the
tnactivating factor (0.58 mg of protein per ml) at 60 or
37 C for the times indicated. Other experimental
conditions were as described in the text. Symbols: O,
heated at 60 C with the inactivating factor; A,
incubated at 37 C with the inactivating factor; @,
heated at 60 C without the inactivating factor.

the other hand, Cooper et al. (4) and Arbuth-
nott et al. (2) reported that active alpha-toxin
aggregates at 60 C to an insoluble, nontoxic
form, whereas at higher temperatures soluble
active toxin is released.

Crude hemolysin of V. parahaemolyticus
shows an Arrhenius effect similar to that of
staphylococcal alpha-toxin (8-10). However,
purified hemolysin from V. parahaemolyticus is
thermostable (12), whereas staphylococcal al-
pha-toxin is thermolabile (7). In the present
study on the mechanism of the Arrhenius effect
of the hemolysin of V. parahaemolyticus, a
factor inactivating the hemolysin was isolated
from V. parahaemolyticus. The inactivating
factor was associated with the hemolysin but
could be separated from it by DEAE-cellulose
column chromatography (Fig. 2). The factor
was nondialyzable and was inactive without
heat treatment. However, this factor was itself
thermolabile and lost activity on heating at or
above 60 C. These results suggest that the
factor has the nature of a protein.

Crude hemolysin is probably inactivated by
heating at 50 to 60 C, because the inactivating
factor associated with it is activated at this
temperature. The finding that the inactivating
factor itself is thermolabile and is inactivated
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Fic. 6. Effect of keat on the inactivating factor. A
40-uliter amount of the inactivating factor (0.58 mg of
protein per ml) in 0.15 ml of 0.01 M phosphate buffer
(pH 7.0) was heated at the temperatures indicated for
10 min. Then 40 uliters of the DEAE-Sephadex A-50
fraction of the hemolysin (26.3 ug of protein per ml)
and 60 uliters of 0.0 M phosphate buffer (pH 7.0)
were added and mixtures were again incubated at
either 37, 60, or 100 C for 10 min. Other experimental
conditions were as described in the text. Tempera-
tures of second heat treatment: 60 C (O); 37 C (A);
100 C (@).

by heating at 80 to 100 C explains why crude
hemolysin is not inactivated by heating at 80 to
100 C.

The inactivating factor might destroy the
hemolysin when heated together at 60 C. Mano-
har et al. (7) reported the presence of a ther-
molabile inhibitor in preparations of staphylo-
coccal alpha-toxin and postulated that this
inhibitor combines with the alpha-toxin. It is
still uncertain whether the factor inactivating
the hemolysin of V. parahaemolyticus simply

INFECT. IMMUNITY

combines with the hemolysin or whether it has
some other function in relation to the hemolysis.
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