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SUMMARY 

The biological properties of staphylococcal a-toxin were examined. 
1. We have confirmed that a-toxin, at a concentration of I Mg/ml, induced 

spastic paralysis of isolated mammalian smooth muscle, which was not released 
by isoproteranol and was not responsive to added Ca 2+ or K +. 

2. a-Toxin had no effect at high concentrations (20-100 ug/ml) on membrane 
ATPases, proton translocation in mitochondria, or Mycoplasma plasma membrane 
integrity. 

3. Artificial lipid spherules (liposomes) containing egg or beef lecithin or total 
extracled lipid from erythrocytes were disrupted by ~-toxin at 15-30#g/ml. No 
selectivity of toxin action was demonstrated for liposomes composed of rabbit 
erythrocyte lipid, a-Toxin released low-molecular-weight internal marker, and, at 
higher concentrations, it also released macromolecular marker from liposomes. 

4. It is suggested that a-toxin's action toward membranes may not be fully 
explained by a postulated interaction with membrane lipid. 

INTRODUCTION 

Staphylococcus aureus is known to produce a number of extracellular toxic 
proteins [I ]. One of these, staphylococcal co-toxin, has recently been isolated in 
homogeneous form [2], and the physical properties [3] and binding kinetics to red 
cell membranes [4] reported. Despite the recognized problem of impurities and 
contamination of various published preparations of a-toxin [5,6], most workers 
are in agreement that ~.-toxin is a specific protein possessing multiple biological 
properties. Thus, ~.-toxin is partially defined by its capacity to lyse rabbit erythrocytes, 
which it does preferentially relative to sheep, rat or human erythrocytes, a-Toxin 
is reported, also, to be cytotoxic for a variety of cultured mamalian cells [7] and 
lethal for laboratory animals [6]. The capacity of alpha toxin to induce contraction 
and paralysis of smooth muscle, which has been termed "'spastic paralysis", has 
been demonstrated in a number of  laboratories [8, 9 ]. In contrast to these properties, 
many of the reported biological activities of alpha toxin such as lysis of bacterial 
spheroplasts [10], lysis of mycoplasma [ l l ] ,  enhancement of Mg2+-dependent 
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mitochondrial  ATPase [12,13] have been challenged as being due to the pre,~encc 
ot" staphylococcal ,)-toxii1 which ,~v:.ts gt conlaminant  o1" the ~-toxin preparations used 
[14,15]. Likewise~ the lysis o1" artilical lipid ~pherules. ~xhich was proposed ~ts a 
useful model for the study of  T,-toxin-induced membrane disruption [16], x~as lalcr 
consictered uncertain also due to the detection of  ,~-toxin in the :,_-toxin prcparatiop, s 
[17]. Finally, ~.-toxin laa,~ been reported to inhibit (Nit ~ F K-)-act ixated initoci/on- 
drial ATPase in various tissues ~1" a vaiict5 of  aninaals [1N]. 

Since many of  the biological properties aitri i~uiod lo ~.-toxin ma$ be due /o 
coniami l la l l ts  in the various prepara i io l> of  l lie lenin [14.15,171 and since ~c no~ 
have a procedure that permits the isolation of  > to× i l l  iri pure form [21 it ~as ~1" 
interest to reexamine Ihc biological pn~pcrtie> o1" purified siztphylococcal ~.-Ioxin 

preparation. The results of  lhis study are presenled beh>\~. 

M E I I t O D S  A N D  MATERIALS 

Sfup/l.1'/oc~('cgI/ 7.-IO.ViH 

Staphylococcal :,.-toxin was prepared by the method of  Six and Harshman [2]. 
Form B was used exclusively, and typic~tlly had a speci!ic hemolytic activily of  
20000 hemolytic units mg of  protein when assayed on rabbiI er3.thl-ocytes b\ lhc 
method ot" Bernheiraer [5 ]. 

Reage.,ll.~ 

Purilied egg lecithin and heel" lecithin were obtained from Sylvania l,ab~l'a- 
tortes, Mitlburn, N.,I. Cholesterol was obtained from Sigma Chemical Co.. St. koui>, 
Me., ~tnd dicetyl phosphate was obtairied from K and K Laboratories. Plain\ ie~, 
N.,I. Total membrane lipids were obtained from freshly drawn rabbit and human 
erythrocyles by Bligh-Dyer extraction as modified by Kinsky et al. [19] and were 
dissolved ~tnd stored in chloroform at 4 C. under nitrogen. 

A.vsar q / s m o o l h  #ilH.vc]{' COHtructioH 

The procedure followed was that of  Hurwitz and .loiner [20]. Isolated smooth 
muscle of  lhe guinea pig illeum was prepared and 3-cm-long segments were allixed 
to a standard kymograph under approximately 0.35 g of  tension. The muscle was 
bathed in 10 ml physiological salt solution at 32 C. The physiological sttlt solution 
in mM consisted of: NaCL 125: KCI. 2.7: CaCIz, 1.8: glucose. I1: and Tris buffer 
23.8. The pH was ad,justed to 7.5 and bathing solution saluraled with oxygen. 

Assar  o f  (Na  + + K ~ )-depe#Me#tt A TPa.se 
Guinea pig kidney cortex cell nlembranes were prepared and assays of  ATPasc 

activity were performed as described by Hegywuy and Post [21 ]. Assays contained 
1 ml of  incubation mediunl (100/tmoles NaCt, 25, ,moles  KCI. 4/~moles MgCI e, 
4t tmoles  ATP, and 26/tg membrane protein in 30 m M imidazole glycylglycine, 
pH 7.4). A similar medium contained 0.5 !,mole of  ouabain in place of  NaCI and 
KCI to estimate (Na++K+)- insens i t ive  ATPase activity. :,_-Toxin was added at 
final COllcentrations of  0 100 / tg /ml  and the tunes were incubated for 20 rain at 
37 'C.  The reaction was terminated and samples assayed lk~r inorganic phosphate on 
a Technicon AutoAnalvzer  as described by Hegyvary and Post [21 ]. 
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Assay of Ca 2+ uptake and ATPase activity h7 sarcoplasmic reticulum 
Isolated vesicles were prepared From the sarcoplasmic reticulum of rabbit 

skeletal muscle and Ca 2+ uptake and total ATPase activity were assayed as de- 
scribed by Meissner and Fleischer [22]. ~-Toxin at concentrations of 0 20 ,g /ml  
was preincubated with the vesicles for 5 min at 32 C i n 2 m l o f a m i x t u r e c o n t a i n i n g  
0.1 M KCI, 5 mM MgCI> 0.1 mM CaCle, and 10 mM histidine (pH 7.3) and then 
assayed for Ca 2+ uptake and total ATPase activity 

A,s.s~LV ~/ re.v~iralot 3, ~h'iven proton lransloeation 
Rat liver mitochondria were prepared by the zonal centrifugation method 

t\~r the preparation of sub-cellular organelles as described by Smigel and Fleischer 
[23]. The assay medium was 1 mM PIPES buffer, pH 6.5, 0.25 M sucrose, 0.04 M 
KCI, 0.02M MgCIe, 0.01 M MnCI e, 2m M disodium succinate and 6.7, ,g/ml 
oligomycin. The assay was pertbrmed by the method of Mitchell [24]. In each case, 
the milochondria at 4 mg protein per ml were preincubated for 10 rain at 37 C 
either with no reagent, with :,.-toxin (B), 44,,g,.;ml, with phospholipase-C, 33/~g/ml, 
or with carbonylcyanide m-chlorophenylhydrazone (CCCP), 0.7/¢g/ml. The change 
of pH of the suspension on introduction of Oe was continuously recorded. 

M ycoplasma ~g, rowt/z eomfitions and hzcubation with ~-toxhz(B) 
Mycoplasma strain Y (Goat Y) (25) was the kind gift of Dr Alan Rodwell. 

The organism was grown in Brain Hearl Infusion Medium (1.9 BHI powder per 
40 ml water, 2.5 ml Gibco Yeast Extract, 7.5 ml serum). Either horse or rabbit serum 
were used in separate cultures. A 25-ml culture of the organism was incubated for 
three days at 37 -'C. The cells were centrifuged at 30000 ~,, for 20 rain and the pellets 
were washed three times with 10 ml 0.15 M NaCI. The cells were flintily suspended 
in 0.15 M NaCI (0.05 M potassium phosphate, pH 7.2) containing I mg/ml bovine 
serum albumin to give a final absorbance at 450 nm of 0.300. The suspensions were 
incubated at 25 C with u.-toxin(B) in spectrophotometer cuvettes and the decrease 
in absorbance at 450 nm was used as a measure of cell lysis. 

LO~osonze preparation aml assal' o/interna/ mariner ve/ea,ve 
Liposomes were prepared and marker release was assayed essentially by the 

methods described by Kinsky et al. [19] and Katoakae t  al. [26]. Either 4/~moles 
of egg or of beef lecithin. 3 umoles cholesterol and 0.4/¢mole dicetyl phosphate 
were dissolved in chloroform and liposomes were prepared by the method or" Kinsky 
[19]. Glucose was used as the internal marker but in some cases hexokinase was 
also incorporated together with glucose, as described by Katoaka et al. [26]. The 
swelled liposomes were then freed of untrapped marker by passage through a 
1.5 cm 25 cm Sephadex-G-200 column in 0.15 M NaCI (0.05 M Tris buff'el, pH 7.5). 
In some cases, lipids extracted from rabbit or hunlaI1 erythrocytes were used to 
prepare liposomes and ill those cases 4/,moles oF phospholipid as judged by total 
phosphorus assays were used without any further added sterol or other lipid For the 
preparation of liposomes. Final concentration of phospholipid in the liposome prep- 
arations after combinalion of peak fractions from lhe Sephadcx-G-200 column was 
approximately I raM. The assay for marker release by e-toxin(B) was carried out 
by preparing a series of test tubes containing e-toxin(B) dissolved in 0.15 M NaCI, 
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20 m M Tris, pH 7.5 (Tris-buffered saline) and adding 100l, tl of the liposome suspension. 
Before adding the [iposome suspension, the volume of each tube was adjusted with 
Tris-buffered saline to give a final reaction volume of 160/zl. Spontaneous glucose 
release was measured by incubation of 100/d liposome suspension with 60/d of 
Tris-buffered saline. In control tubes, 100'~'o glucose release was affected either by 
the addition of 10,ul of 10 °o (v/v) Triton X-100 in water and heating to 100 C for 
30 s or by incubation with 50Mg/ml phospholipase C. After an incubation of 30 rain 
at 25 C, marker release was assayed in the hexokinase glucose-6-phosphate de- 
hydrogenase coupled system as described by Kataoka et al. [26J. In all assays, 
values for internal marker release were corrected for the small amount of spontaneous 
marker release which occurred during the incubation period. 

Phospho l ip id  assay  

Phospholipid concentration was obtained by HCIO4 hydrolysis and assay 
for total phosphorous by the method of Gerlach and Denticke [27]. 

R E S U L T S  

Staphylococcal ~-toxin has been found to exist in two molecular forms having 
identical amino and carboxyl terminals [2, 3]. We have already demonstrated [4] 
that both molecular forms of the toxin are 20-[~ld less hemolytic for sheep erythro- 
cytes and 100-fold less hemolytic for human erythrocytes relative to rabbit cells 
in the hemolytic assay. Since the two forms have identical hemolytic activity and 
specifcity and since form B naturally occurs as 80~',, of the z-toxin isolated from 
the culture medium [2]. [\)rm B (:z.-toxin(B)) was used throughout the following 
experiments. 

Colll/ 'aclio/l Qf /tlalllma[ia// s m o o t h / ~ l u s c / e  

The contractile effect of ~-toxin on smooth muscle has been reported by 
a number of laboratories [6], most recently by Brown and Quillian [8] and Wurzel 
et al. [9]. The type of contraction of isolated smooth muscle preparations is known 
as "'spastic paralysis", a slow irreversible contraction. Using a preparation of guinea 
pig smooth muscle responsive to acetylcholine, we lind that :,.-toxin (B) at a concen- 
tration of 1 ttg/ml causes a slow partial contraction which is maintained. The muscle 
retains responsiveness 1o acetylcholine, although a new baseline of contraction has 
been established. Additional z-toxin (10Mg/ml final concentration)induces an 80",, 
of maximum contraction that is maintained even upon addition of isoproteranol. 
a powerful muscle relaxant. It was also observed that after treatment with :,.-toxin, 
the preparation remains viable, as indicated by its further contraction with acetyl- 
choline, although its responsiveness to Ca 2+ or K + addition has been abolished. 

:'.-Toxin e / fec t  on m e m b r a n e - b o u r n / ( N a  ~ + k ~ )-depemlenl  A TPa.w 

Electrophoretically homogeneous ~-toxin(B) was examined l\)r its ef fect  on 

the (Na++K+)-dependent  ATPase in membranes from guinea pig kidney cortex. 
As shown in Table I, :,.-toxin(B) at a concentrz~tion of 100Mg/ml, which is a 4-fold 
excess of toxin to total membrane protein, has no significant effect on the (Na + + K ~ )- 
dependent ATPase activity of this membrane. 
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TABLE I 

EFFECT OF c~-TOXIN(B) ON N a * / K + - D E P E N D E N T  ATPase ACTIVITY OF G U I N E A  
PIG KIDNEY MEMBRANE 

Na ~/K -dependent ATPase activity was measured as described by Hegyvary and Post [21 ]. 

c~-Toxin(B) Membrane t~g x-toxin(B)/ ATPase Specific 
(/¢g/ml) protein /zg membrane activity ~ activity * * 

(/~g/ml) protein 

0 25.9 - 0.052 2.0 
10 24.7 0.38 0.050 2.0 
25 27.5 1.01 0.043 1.6 
50 27.5 1.81 0.048 1.7 

100 23.5 4.20 0.043 1.8 

/zmoles ATP bydrolysed/ml per rain. 
*"/maoles ATP hydrolysed/mg membrane protein per rain. 

~-Toxilt ~ e e t  ol1 Ca 2+ uptake and Ca2 +-dependent ATPase 
The  sa r cop la smic  r e t i c u l u m  regula tes  the  c o n t r a c t i o n - r e l a x a t i o n  cycle o f  

ske le ta l  muscle  by re leas ing and a c c u m u l a t i n g  ca lc ium.  Since ~.-toxin is known  to 

induce  spast ic  para lys is  in muscle ,  it was o f  i m p o r t a n c e  to  test  the  ac t ion  o f  a - tox in  

d i rec t ly  on the enzymes  invo lved  in Ca  2+ t r anspor t .  I sola ted  s a r cop la smic  r e t i c u l u m  

vesicles energ ized  by A T P  are  capab le  o f  a c c u m u l a t i n g  Ca  2+ f r o m  the m e d i u m  [22]. 

It can  be seen in Tab l e  I I  tha t  :,.-toxin has no effect on energ ized  Ca  2+ up take  o r  

on CaZ+-s t imula ted  A T P a s e  ac t iv i ty  even at equa l  weights  o f  x- tox in  to s a r cop l a smic  
pro te in .  

TABLE II 

EFFECT OF ~-TOXIN(B) ON Ca 2~ UPTAKE AND ATPase ACTIVITY OF SAR( 'OPLAS- 
MIC RETICULUM OF RABBIT SKELETAL MUSCLE 

Ca ~ ' uptake (in the presence of 5 mM oxalate) and total ATPase activity were measured as 
described by Meissner and Fleischer [22]. 

~-Toxin(B} Ca ~ uptake ATPase activity 
- - - (tcmoles Ca ~ +ling (,umoles Piling 
{,ug/nll) (/~g x-toxin(B)/pg protein) protein per rain) 

SR protein) 

- - 3.9 1.0 
5 0.33 3.8 0.9 

10 0.67 3.9 1.05 
20 1.33 3.7 1.2 

a-Toxin eff~,et otl mitochomh'ial rnembrane Jhnction 
In the  past ,  a n u m b e r  o f  l abo ra to r i e s  have r e p o r t e d  tha t  s - t ox in  has d i s rup t ive  

effects on func t ions  o f  the m i t o c h o n d r i a l  m e m b r a n e .  One  o f  the mos t  de l ica te  

assays o f  m i t o c h o n d r i a l  p e r f o r m a n c e  is r e sp i r a to ry -d r iven  p r o t o n  t r ans loca t ion .  
Mi tchel l  [24] has shown tha t  m i t o c h o n d r i a l  e lec t ron  t r a n s p o r t  dr ives  p r o t o n  t rans-  
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locat ion across the mel l lbranc Proirl the matr ix  side to the outside medit lnl .  I f  iqt/ 
li\ .er m i t o c h o n d r i a  a re  s u s p e n d e d  in Ltll a n a e r o b i c  assay, m i x t u r e  c o n t a i n i n g  sub-  

s l r t t lc  ( succ ina te ) .  ~ttld e l e c l r o n  tr~t.llsporl is initiated by' pu l s ing  a k n o w n  ~tlllOtlnt 

o1" oxygen into the system, there is a rapid lowering of  the pH of the system con- 
c o m i l a n t  witi~ e l ec t ron  l r a n s p o r t .  W h e n  e l ec l ron  t r a n s p o r t  s lops ,  t i lere  is a g r a d u a l  

return to the or ig inal  pH, due to passive prolon permcabilily of  the n f i tochondr ia l  
ll]Oillbl':.tllO. Those lx~o ploCC>,OS ~.tl'O presented in [rig. 1, panel A. ,\s cLin be seen 

the ex tcn l  o f  pH shift is p r o p o r t i o n a i  to  the  a m o u n t  o f  i ]xygcn ~tdmil lcd to the  sys tem.  

Preincubat ion for I0 rain ;.il 37 C ,aith >- lox in  (Fig. I. pancl B) ha.s no ell'cot on 
pl'OtOll ll'dllSlOCa[ic)ll O1" Oil pass ive  p r o t o n  p e r m e a b i l i t y .  ~/nd it can  be in fe r red  t ha t  

the  tox in  a l so  has  no ell'eel on  c l ec l ron  Iral lSpOll  c,r the  in lcgr i ly  o f  the  mOlllbr~tllC 

c o m p a r t m e n t  in i n i l o c h o n d r i a .  As  c o n t r o l s ,  i n c u b a t i o n  wi th  p h o s p h o i i p a s e  ( '  t u  

lhc uncoupler,  carbcmvlcvanido m-c',f lorophcnylhxdr', tzonc, Fig. 1, panels ( and D. 
completely illtorrl_ipt rospir'<tlory-dri',en pro lon Ir tulspor/ .  Similar oxperimenls, nol 
shox~n, wi th  s u b m i l o c h o n d r i a l  vesicle p r e p a r a t i o n s  a lso  ind ica t e  no  i n t e r a c l i o n  

with z- lox in .  

RESPIRATORY DRIVEN PROTON TRANSLOCATION 

A, CONTROL 

.OI pH k 

L 
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B. '~- TOXIN B 

SEC 

('2 02 

I C PHOSPHOLIPASE C 

t 
02 

50~1 

D MCCP 

t 
02 

50u i 

Fig. 1. Mitochondrial suspensions vvcre pt+c-incubatcd anaerohicly for It) mill tit 37 ( '  ,aith the 
respective reagents and proton translocation was initiated by adding aliquots of v,,aler saturated 
with atmospheric ():+ at 37 C .  The vertical scale indicates decreasing pt l  of the incubation 
medium. (A) No reagent: (B') a-toxin (B), 44 !lgJml; (C) phosplmlipasc (', 33/+g/ml: (D) carbon31- 
cyanMe m-chlorophenylhydrazone, 0.7!+g/rnl (CC('P).  CCCF' was synthesized by P. G. Hayt/cr 
[37] and generously supplied to S. Hcischer. Total volume of the reaction mixture ,.,,as 1.5 ml. 
f-or further details, see text. 
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7.-To.vht ¢Jfect on m_vcoplasma plasma membrane 
Due to a previous report [1 ] that ~-toxin disrupts J~lvcoplasma, Mycoplasma 

strain Y, a deriwttive of  M. mycoides which cannot synthesize fatty acids but must 
incorporate them from the growth medium [25], was tested |\H" its susceptibility 
to the toxin. At a concentrat ion of  150/tg/ml, :,.-toxin was found to have no lyric 
effect on suspensions of  Mycoplasma strain Y, over a I80-min incubation at 25 C, 
as judged by absorbance measurements of  the suspensions at 450 nm. Identical 
results were obtained when the organism was grown in media containing either 
horse or rabbit serum as tim source of  f, ttty acid. Fig. 2. 

~-Tb.vhl ~;[]~'ct oH liposomes 
Since the obserwttion by Weissmann el al. [16] that high concentratiol,s of  

tL parti'J_lly purified :,.-toxin preparation released trapped marke," anions or glac,,~se 
fl'om artificial lipid spherules, a number  of  laboratories have used this phenomenon 
as a model for studying the interaction of  ~-toxin with biomembranes.  However, 
it has remained unclear whether or not ~-toxin or a contaminant  is responsible l\)r 
marker release [17 ]. 

To resolve tiffs question electrophoretically homogeneous z - t ox in (B)was  
incubated for 30 min at 25 C with liposomes composed of  purilied egg lecithin, 
cholesterol, and dicetyl phosphate (2:1.5:0.2 molttr ratio). Fig. 3 shows that re- 
latively high concentrat ions of  ~-toxin, 20 40,ug, induce marker (glucose) release. 
In comparison experiments, heat treatment of  .:,.-toxin(B) at 100 C |\)r 3 illill. 
which inactivates the toxin, or preincubation of  the toxin with anti-7.-toxin (B) 
rabbi l serum reduced marker release significantly. 22,u of  7.-toxin preheated at 100 C 
released 2~o of  the glucose, while 22 and 44,ug of  toxin treated with specific antisera 
released only l0 and 15'7{, o f  the glucose respectively. Control  preincubation of  lhe 
toxin with normal rabbit serum did not ztfl'ect 7.-toxin activity, v~hich at these con- 
centrations of  toxin releases approximately 80"~, of  the available glucose. 

1.0" 

0.8 ¸ 

0,6'  
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0.4 

0 . 2  

~ L  

~ 2b 3'o " ,6o '" ,~o 
TIME (MIN) 

~oo l 
90~ EGG LECITHIN 

~ ~o 

5 O  

4 O  

3 0  
o 

I 

u -  , , , , , , . . . . . . .  

20 40 60 80 I00 120 
oc- TOXIN (B) ~g/ml 

Fig. 2. ~-Toxin (B) was added at 0 min and incubated at 25 °C with Mycoplasma stain Y. , 
M.l'coplasnla no addition; O, M3'coplasma 1150 ~g/ml c~-toxin(B); . . . .  , MycoplasmaiO.05",~ 
soditml dodecylsulfate. 

Fig. 3. Liposomes were prepared as described in Methods,  and the final concentrat ion of phos- 
pholipid in the incubation mixture was 0.6 raM. Liposornes were incubated at 25 °C and assayed 
for internal glucose release. 
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To investigate fur ther  the specificity of  ~-toxin act ion of  l iposomes,  lipid 
spherules prepared with egg lecithin were compared  with those made with beef 
lecithin. 50°[, of  the internal marker ,  glucose, was released from egg lecithin l ipo- 
somes when the toxin concent ra t ion  was 15/zg/ml and from beef lecithin l iposomes 
at a toxin concentra t ion  of  30/~g/nll (Fig. 3). Since s taphylococcal  :,.-toxin has 
been historically identified by the relative sensit ivity of  rabbi t  e ry throcytes  to toxin- 
induced hemolysis,  it was of  interest to compare  the sensit ivity to ~-toxin of  l iposomes 
prepared from lipid extracts  of  e ry throcyles  of  different species. As seen in Fig. 4. 
l iposomes prepared from total  lipid extracts  o1" rabbi t  and ilum&n erythrocytes  are 
equally sensitive to toxin- induced marker  release. Indeed, the sensit ivity to >-toxin 
of  l iposomes prepared from lipids obta ined from membrane  extracts  appears  to 
be very sit-nilar to thai of  artificial egg lecithin l iposomes in that  they all displax 
500(, marker  release at about  15//g/ml >-toxin (B). 

Recently, K a t a o k a  el al. [26] have used enzymes as macronlo lecu la r  internal 
markers  in s tudying an t ibody  complemenl -dependent  damage to l iposomal  model  
membranes .  In order  to determine whether  or not :,.-toxin-induced l iposomal  damage  
released a macromolecu la r  marker ,  >-toxin(B) was incubated with l iposomes 
conta in ing both glucose and hexokinase (tool. wt 102000). A l though  ~-toxin released 
both internal  markers ,  Fig. 5, it did not ielease them in parallel  fitshion. While  
50",, release of  the hexokinase marker  required a concentra t ion  of  4 0 - 5 0 / t g / m l  
~-toxin (B), 50°~, of  the glucose was released at a concentra t ion  of  15 ug /ml  of  toxin.  

70- 

60- 

u~ 50- 

40- 

3o! 
~9 

2 o -  

I0- 
01 

RABBIT I00  

9O 

~' ~ 8 0  tn 

HUMAN ,,~ 0 
L,J 70 
d 
a: 6 0  

5o  
x: 
a: 4 0  

3 0  

2 0  

I0 

20 4C 60 80 I00 

o~- TOXIN (B) /Jg/ml  

GLUCOSE 

20 40  60 80 I00  

' ~ -  TOXIN (B) ,ug /m l  

Fig. 4. Erythrocyle nlembran¢ lipids were extracted and liposomes were prepared as described 
in Methods. Final concentration of phospholipid in each case was 0.6 raM. Assay was as in Fig. 3. 

Fig. 5. Liposomes were prepared by swelling rabbit erythrocyte membrane lipid containing 
4/~moles of phospholipid in 0.4 ml of 0.3 M glucose which contained 350/,g/ml hexokinase. 
Liposomes were freed of untrapped markers and incubations with ~-toxin (B} were performed 
as in Methods. 

I)ISCUSSION 

The "spast ic  para lys is"  of  mamal ian  smooth  muscle by s taphylococcal  :,.-toxin 
has been reexamined using a toxin prepara t ion  of  demons t ra ted  homogenei ty .  
Our  results essentially confirm those repor ted by Wurzel  et al. [9]. In addi t ion 
it is of  interest to note that tile : , .- toxin-contracted muscle does not respond upon 
addi t ion  of  relatively high concentra t ions  of  K + o r  C a  2+ but  does contract  to 
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maximum upon addition of acetylcholine. The toxin-treated muscle is paralysed 
in that even the addition of isoproteranol does not relieve the contraction. The 
molecular mechanism underlying this phenomenon remains unknown. 

The guinea pig kidney cortex membrane system of Hegyvary and Post [21 ] 
was chosen to investigate the effect of :,.-toxin on membrane-bound ( N a + + K + )  - 
dependent ATPase for several reasons. First, tile isohtted membranes have a high 
level of ATPase activity. Second, it had been reported that e-toxin has cytopathic 
effects on rabbit kidney cells growing in monolayer culture [28 ]. And finally, it had been 
reported that ~-toxin on injection into the whole animal, has an inhibitory effect 
on the (Na++K+)-dependen t  ATPase activity in guinea pig kidney [18]. Our 
results indicate that, at least in this tissue, purified c<-toxin(B) does not interact 
with tile plasma membrane in a manner affecting (Na + +K+)-dependent  ATPase 
activity and we suggest that such activities reported in the literature are due to 
contaminants in the ~,-toxin preparations used in the experiments. 

We have extended the observations of c~.-toxin on mernbrane bound ATPases 
to show that ~.-toxin(B) has no effect on the Ca2+-dependent ATPase of isolated 
vesicles of rabbit skeletal muscle sarcoplasmic reticulum. It is of  interest that the 
capacity of such vesicles to transport Ca 2+ was also unaffected by ~-toxin even at 
concentrations of a-toxin that were equal to the to ta l / tg  of sarcoplasmic reticulum 
protein in the assay. 

A number of reports have appeared demonstrating various effects of ~-toxin 
on isolatcd mitocfiondria [13], and on oxidative phosphorylation and ion transport 
in isolated tissue preparations [18,29-31 ]. Recently, Rahal [15] has reported, in 
a comparison of the effects of purified e-toxin and ()-toxin, that many of the pre- 
viously reported disruptions of mitochondrial membrane function could be explained 
on the basis of  ,3-toxin contaminant in ~-toxin preparations. Indeed, in many cases, 
proof  of homogeneity of e-toxin preparations has not been presented. We have 
confirmed Rahal's conclusion that purified ~-toxin does not interact wilh the mito- 
chondrial membrane even when measured by the very sensitive respiratory-driven 
proton translocation assay of Mitchell [24]. 

The observation that 7.-toxin(B) fails to lyse Mycoplasma is in agreement with 
recent literature [17]. Using strain Y, which is metabolically defective, such that 
the organism must utilize lipid from the medium for membrane formation [25], 
we were unable to detect any lyric effect of ~.-toxin. This was true even when the 
cells were grown in rabbit serum, the species of choice for hemolytic assays. 

Although accumulating evidence suggests that lipid may not be the primary 
membrane binding site for ~-toxin, our results show that ~-toxin(B) can interact 
with lipid spllerules (liposomes) composed of lecithin, cholesterol, and dicetyl 
phosphate and with liposomes composed of lipid extracted from erythrocyte mem- 
branes. The interaction was measured by the release of both small molecular markers 
and macromolecular markers. However, despite the known 100-fold difference in 
sensitivity to ~-toxin of rabbit erythrocytes as compared to human erythrocytes, 
no difference in sensitivity to the toxin was observed between liposomes composed 
of  lipids extracted from rabbit or human blood cells. In contrast to our results, 
a number of  investigators [32] have successfully employed the liposome experimental 
system to correlate the selective action of toxins or antibiotics on biomembranes 
with the presence of specific lipids in susceptible membrane types. Thus, Hsu Chen 
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aud Feingold [33] observed that the antibiotic polymixin B, which h~ts a selective 
disruptive efl'ect on nlembrancs of  bacteria and little elTcct oil nlembra~qes of n-lam- 
ina[tan origin, specifically disrupts liposomcs composed of  lipid extraclcd from 
E.sclwric/fia colt membranes. The source of this selective action wlts shown to be 
due to the presence of  phosphatidylethanolanline in susceptible membranes. Our 
observation that no analogous selecli~ilv c,~i.~ts for z-loxin aclion on liposomes con- 
taining rabbit or human erythrocyte lipid indicates that interaction with menlbrane 
neutral or phospholipid [34] is not the source ~fse lec the  :,.-toxin action. 

Buckelew and Colaccio [35] haxc suggested that the selccti~it3 of x-toxin 
toward erythrocytes of  ditTerent spccie~, max be basecl on electrostatic interactions 
of the toxin with negatively, charged moieties on the surface of crythrocytcs such 
its sk,.lic acid. In their \'text., such an interaction would prevent lytic activiiv b~ pre- 
venting penetration on the Ioxin molecule into tile lipid en\ i ronment  of  the men> 
brahe, li has been shown l) x I [1 S C { )1" radiolabeled z-toxin, hm~ever, that the tolal 
binding of :,_-toxin lo erythrocyies oH" diITerent species is correlated with its Ivtic 
activity [4]. Also. an 8-fold difference in erythrocytc nlembranc sialic acid bet\veen 
rabbit and human erythrocytcs [36] m:i.\ not be sul]icient to explain a 100-Fold dif- 
ference in sensitix.ity to z-toxh-l. Further. \~c have observed (Cassidy, P,. unpublished) 
that treatment of  rabbit and humal~ crvthroc\ ' ies ~ilt- trypsin (1 mg/ml} at 37 ( '  
for 60 rain. or inlluenza xirus PR-8 which removes 60 and 4~)<';,, respectively, of 
nlembranc sialic acid from human erythrocbtcs, does nc~l adler z-toxin actixitx c~r 
selectivity toward the cells. 

The liposomal experimental system in the study of staphylococcal >-toxin 
has been employed by a number of investigators since i966 [6]. In describing tile 
original observation, Weissmann et al. [16] stated that "'The direct action of ~.-toxin 
upon synthetic lipid membranes is suli]cierlt to explain its ell'cots on ervthrocvteb.. . '"  
Later in\estig'.ttors of z-toxin's interaction ~itl; Iiposon~es have continued, in geqeral, 
to support this assumption. Irl view of our observation thai tile liposomal system 
has not proven to be : t  useful model in studying >tnxin  selecti'~ it>' for biomembranes.  
we sugge:,t th:tt while a~ inter.action of;,.-toxin -vii h mcmbra!ie lipid may be necessary. 
it lllaV llOt be sult}cient to expl:dn the toxhi's activity. 

The dala presented trove shown lhat staphylococc~tl z-toxin is much illoie 
specific in its interaction with certain biomembrallcs than wits originally believed. 
This mu'rowing o[" lhe effects of" a-toxin suggests that it may serve its a ver> specific 
probe for the presence of  specilic receptors [4] in biomembranes or for the presence 
of speciiic structuring of  membrane components.  Inxestigalions to test this possibility 
are il~ progress. 
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