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Abstract--lncreased amino acid activation in the aorta was found in rabbits injected with 25 #g of 
staphylococcal alpha-toxin (three times, every second day), compared with controls. The enzyme activity 
was increased also in the reaction mixtures containing aortic preparations from control and experimen- 
tal rabbits (injected with 3 × 25/tg of the toxin) and low concentrations of the toxin (0.1 and 
0.l-l.0 #g/ml respectively, and in those which contained the preparations from non-injected pigs and 
higher concentrations of alpha-toxin (50 #g/ml). No change in amino acid activation in the aorta was 
seen in rabbits injected with triple 150 #g and 250/~g dose of the toxin. Decreased enzyme activities 
were found in the reaction mixtures containing enzyme preparations from control and experimental 
rabbits (injected with 3 x 25#g, 3 x 150 and 3 × 250pg of the toxin), and different concentrations 
of the toxin (l pg/ml, 50 #g/ml, 0.5 pg/ml and 0.l #g/ml, respectively). 

Staphylococcal alpha-toxin is a protein possessing a 
wide variety of biological activities [1]. In the search 
for sites of toxic action at the molecular level 
enhanced amino acid activation by enzyme prep- 
arations from pig aortas in the presence of the 
toxin [2] and a modified pattern of lipolytic enzyme 
activities of the arterial wall in rabbits injected with 
the toxin [3] were observed. 

The present experiments were carried out to test 
whether the amino acid activation in the arterial wall 
might be influenced by staphylococcal alpha-toxin 
both injected in rabbits and added to the reaction 
mixtures containing enzyme preparations from the in- 
jected and control animals. 

MATERIALS AND METHODS 

Reagents. Hydroxylamine, inorganic pyrophospha- 
tase (EC 3.6.1.1), protein amino acids and hydroxa- 
mates of the amino acids and other commercially 
available reagents of reagent grade were prepared and 
used as described previously[4]. Staphylococcal 
alpha-toxin was purified according to Bernheimer and 
Schwartz [5]. One #g of the freeze-dried toxin con- 
tained 2 minimum haemolytic doses when tested 
against rabbit erythrocytes. For experiments, saline 
solutions of the toxin were freshly prepared. 

Experimental design. Belgian Giant rabbits of ap- 
proximately 5 kg body wt and 12 months of age were 
used. Experimental animals were injected in the mar- 
ginal ear vein with staphylococcal alpha-toxin: 25 #g 
(group II), 150big (III) and 250#g (IV) in 5 ml saline, 
three times, every second day. Control animals (group 
I) were injected with saline. Twenty-four hours after 
last injection the animals were killed by decapitation 
and the aortas removed. 

* This investigation was supported by research grant 
05-327-2 from the United State Public Health Service. 

Enzyme preparation. Thoracic aortas from pigs were 
collected from the slaughter house and processed to 
obtain pooled acetone powders and enzyme prep- 
arations as described previously[4]. The rabbit 
aortas were prepared like pig aortas and cut into 
pieces in acetone at - 2 0  ° . Acetone powders and 
enzyme preparations from each rabbit aorta were 
obtained in a similar way, except for different propor- 
tions of the powder and extractant (1:5, w/v) and the 
precipitate and solvent (1/1 of the initial volume). 

Protein was determined by the biuret method 
according to Kingsley [6]. 

Assay of amino acid activation. Activation of amino 
acids was measured by determining amino acid hyd- 
roxamates [7] formed in 1-ml reaction mixtures con- 
taining 100pmoles of an equimolar mixture of 20 
amino acids and other components as described pre- 
viously [4] and indicated in Table 1, in duplicate. 
Complete systems in the presence of heat-denatured 
enzyme preparations were used as controls. No hyd- 
roxamate formation is detected without the addition 
of amino acids to the reaction mixtures [4, 8], as 
neither the highly purified toxin [5] nor the enzyme 
preparation contain free amino acids [9]. 

Results are expressed in milliunits of enzyme sp. 
act., i.e. in nmoles of amino acid hydroxamates for- 
med/min per mg of protein, or in nmoles/min per 
0.05 ml of the enzyme preparation used. 

RESULTS 

There was no direct relationship between the pro- 
tein content of the enzyme preparations and amino 
acid hydroxamates formed in the reaction mixtures. 
This is illustrated by lower enzyme sp. act. obtained 
at higher protein concentrations and vice versa (Fig. 
1). 

Protein concentration in enzyme preparations from 
13 acetone powders from pooled pig aortas and the 
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Fig. 1. Relation between the protein content of aortic 
enzyme preparations in the reaction mixtures and the 
enzyme specific activity. Activities obtained with different 
volumes of the enzyme preparations from (A) pig and (B) 
rabbit aortas are shown as circles (means from 3 series 
of determinations). Mean activities and protein concentra- 
tions _+ standard deviations for 13 enzyme preparations 
from both pig and rabbit aortas are indicated by block 

dots with arrows. For reaction mixtures see Table 1. 

corresponding activation rate of the equimolar mix- 
ture of amino acids was 1.41 _+ 0.11 mg/0.05 ml and 
11.7 + 1.6 nmoles, min-  1. mg-  1 respectively. Signifi- 
cantly lower means were obtained for 13 rabbit 
aortas: 0.99 _+ 0.09rag protein/0.05 ml enzyme prep- 
aration (P ~< 0.001)and 9.9 _+ 2.0 nmoles amino acids 
activated'rain - l ' m g  1 (p ~< 0.05), as indicated by 
Student's t-test. The standard deviations for both the 
protein concentrations and enzyme activities are in- 
significantly different, as indicated by comparison of 
appropriate variances. The efficiency of protein 
extraction from acetone-butanol powders was 2.8% 
and 10°i for pig and rabbit aorta, respectively, calcu- 
lated by comparison of the mean protein concen- 
trations and amounts of the powders used for the 
enzyme preparations. 

Similar protein concentrations in the aortic enzyme 
preparations were obtained in all the rabbits studied. 
The enzyme activities were significantly higher in ani- 
mals injected with the triple 25 pg dose of staphylo- 
coccal alpha-toxin (group II), compared with the con- 
trol (I). In rabbits injected with 150/~g (group III) 
the activities were enhanced in 2 and unchanged in 
4, compared with the range of values given by the 
mean _+ double standard deviation in control ani- 
mals, which resulted in markedly elevated standard 
deviation at insignificantly changed mean. Three out 
of 12 rabbits given the highest dose of the toxin 
(250/~g group IV) demonstrated a muscular tremor 
and excitation, and died after the first or second injec- 
tion. In 7 of the remaining animals, the enzyme activi- 
ties were within the range of mean + double standard 
deviation in controls and in 2 the activity values were 
below this range (Table 1). 

The amino acid activation of the aorta in control 
animals (group I) was increased by the toxin added 
to the reaction mixtures at a concentration of 

0.1 #g/ml and 0.2 l~g/ml. A much higher increase in 
the enzyme activity, which reached the maximum at 
0.5 ~g/ml concentration of the toxin in the reaction 
mixtures was seen in the aorta of animals previously 
injected with the 25 #g dose of the toxin (group II). 
In reaction mixtures containing the aortic enzyme 
preparations from rabbits injected with the 150#g 
dose (group Ill), the initially high (previously 
enhanced) enzyme activities were increased and the 
relatively low (previously unchanged) were decreased 
by toxin added at 0.14).2#g/ml; the means were in- 
significantly affected. The relatively low enzyme ac- 
tivities in animals injected with the highest 250 pg 
dose of the toxin (group IV) were considerably de- 
creased by toxin added to the reaction mixtures 
(Table 1). 

Highly significant positive correlation between the 
initial enzyme activities and the maximum activities 
at different concentrations of the toxin added to the 
reaction mixtures was found within groups, I, 
r = 0.91, P ~< 0.001 (for 0 and 0 i  fig toxin/ml reac- 
tion mixture); II, r = 0.95, P ~< 0.01 (0.5 #g/ml) and 
III, r = 0.99, P ~< 0.001 (0.lFg/ml) but not within 
group IV, r = 0.50, P > 0.1 (0.1 #g/ml). The correla- 
tion between the appropriate mean activities in rab- 
bits (groups I, II and IV; group IIl  was omitted 
because of the elevated standard deviation) and pigs 
(group V) has also been calculated: r = 0.97. P ~< 0.05 
(Fig. 2). 

D I S C U S S I O N  

Species difference may account for the significantly 
higher enzyme specific activity at considerably higher 
protein concentration of the aortic preparations in 
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Fig. 2. Effects of staphylococcal alpha-toxin on amino acid 
activation in the aorta. I, II, IV rabbits injected with 
saline, 25 ~g and 250/lg of the toxin (three times, every 
second day), respectively, V--non-injected pigs; for details 
see text. Initial mean activities (dotted line) and maximum 
mean activities obtained at different concentrations of the 
toxin in the reaction mixtures (full line) are connected by 
arrows showing the differences; the decrease and increases 
are separated at mean 0.15~g/ml concentration of the 
toxin, as indicated by the cross-point (CP) of the two 
curves. The initial and maximum mean activities are posi- 

tively correlated (r = 0.96; P ~< 0.05). 
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pigs than in rabbits. However, differences in the 
extraction procedure (see Material and Methods) due 
to much smaller amounts of material available in rab- 
bits may have influenced the results. 

The lack of direct proportion between the amounts 
of reaction products and protein of the enzyme prep- 
aration present in the reaction mixture with 20 amino 
acids also requires comment. Different rates of forma- 
tion of the individual amino acid hydroxamates [4], 
among other factors may be of importance. This can- 
not be overlooked when enzyme activities measured 
by this method are compared. 

There is little doubt that the changes in the enzyme 
activity in rabbits injected with the toxin are due to 
differences in extractability of the enzyme(s) because 
the mean values of protein were not different between 
control and experimental animals. 

The further in vitro increase in the enzyme activity 
which has already been elevated in vivo by the toxin 
indicates the importance of the enzyme/toxin concen- 
tration ratio. The higher the initial enzyme activity, 
the greater increase in the activity occurs at relatively 
higher concentration of the toxin in the reaction mix- 
ture. It is true for the enzyme activities both elevated 
by previous injection of the toxin and the originally 
high ones in control rabbits and pigs. This is shown 
by the high and significant coefficients of positive cor- 
relation between the initial activities and maximum 
activities obtained at different in vitro concentrations 
of the toxin. 

Decreased amino acid activation in the aorta by 
staphylococcal alpha-toxin was definitely seen only 
in the in vitro experiment in rabbits. Thus, either the 
enzyme activity could not be diminished by the toxin 
given intravenously or the triple 250 pg dose was not 
high enough to obtain an effect. However, some inhi- 
bition of the enzyme system seems to have followed 

the injections as the lowest in vitro toxin concen- 
tration was sufficient to decrease the enzyme activity. 
The animals would not survive injections of higher 
dose because some of them were killed by 250pg, 
which was above the known lethal dose of the 
toxin [10]. 

Thus, staphylococcal alpha-toxin has been shown 
to affect the amino acid activation in the aortic wall 
both in vivo and in vitro, depending on the dose 
applied. The mechanism of the dose/enzyme response 
relationship is not clear. Conformational changes of 
the enzyme(s) and/or other components of the com- 
plex system of amino acid activation may be involved. 
The effect of staphylococcal alpha-toxin on the initial 
step of protein synthesis can result in impaired meta- 
bolic processes in the arterial wall. 
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