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SUMMARY 

A quantitative study of the specific: inhibitory power of cholesterol and other 
:erols on the hemolytic properties of streptolysin O is reported. This streptococcal 

~xocellular protein is a cytolytic toxin which disrupts cytoplasmic membranes of 
euka,/ote cells. The structural characteristics, particularly the stereochemical ones 
reql r~d for a steroid molecule to inhibit the cytolytic activity of streptolysin O, have 
be~ lavestigated in detail. By immunodiffusion techniques, in agar gel plates or tubes 
containing sterols, the formation of hydrophobic complexes between streptolysin O 
and inhibitory steroids, but not non-inhibitory steroids except lanosterol, is shown. 
Upon interaction with inhibitory steroids streptolysin O loses its immunoreactive 
properties towards neutral|zing and precipitating homologous antibodies. 

An interpretation of the mechanism of  biomembrane disorganization by 
streptolysin O is discussed in the light of  its steroid binding properties. 

INTRODUCTION 

Streptolysin O is a lethal and cytolyt;c streptococcal exocellular protein of 
about 60000 daltons [l, 2]. This toxin I)ses erythro~ytes and many other animal 
cells by disrupfiun of the cytoplasmic membrane and those similar surrounding 
intra-cellular organelles [3] following the binding of reduced active toxin on cell 
surface [4]. 

It has long b.-en known that cholesterol and related sterols possessing a 3 ~- 
hydroxy group and side chain, inh~bit the lyric activity of streptolysin O [5-8]. 
Inhibition is also observed with cholesterol-containing material such as serum ~- 
lipoproteins [7, 9], lipid ex~'racts from skin [10] or erythrocytes [4, I I ] and artificial 
liposomes composed of both lecit[Jn and cholesterol [12] but not of  lecithin alone. 

The same sterols inhibit the cytolytic activity of the other thirteen streptolysin 
O-like toxins (ccreolysin, pneumolysin etc.) [13] as well as that of various saponins 
[14] and polyene antibiotics [15]. 

Several lines of evidence suggest that all th.-se agents exert their cytol)~ic 
prGperties by interaction with cell membrane cholesterol [13]. Previous work I~as 
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shown t~at ¢holesferoi ~lneOUS emulsions no longer iahibit erythrocyte lysis after 
binding streptoly.~in 0 on cell membrane [4]. On the other ~mnd, filipiu and saponin 
interfere with toxin binding on erythrocytes or on cholesterol-containing iiposomes 
[12]. Cholesterol is a permanent and ubiquitous constituent ofthe lipid bilayer in the 
membrane of eukaryote cell~ but lacks in bacteria and most prokar,,ote cells [16] 
which are insensitive to both strepto~ysin 0 and polyenes [13]. The latter are known to 
form comple~es in vitro wt h c h o ~ l  and related sterols in a stoichiometrically 
and stereoct,.-micaHy defined numner [15, !7]. Exogeneoas sterols very likely inhibit 
lysis by streT ~olysin 0 or polyenes by preventing competitively the binding of these 
agents on tr =mbclm¢ cholester,~l. 

A quantitative study of streptolysln O-sterols interaction in vitro, performed 
with highly purified toxin and its effects on the cytolytic properties and immuno- 
chemical reactiv~y of the toxin, arc reported here. It may prove useful for a better 
ut~derstauding ¢,t'the medumi~m of the membrane-disrupting action of streptolysin O 
and as a probe for the inve~tigatiot~ of the molecular orpni~ation of biomembranes. 
We demoust~ate in this study the formation of insolubie complexes between strepto- 
lysin 0 and sterols complying with strict structural and stereochemical characteristics. 
We also discuss the consequences ~fthe steroid-binding properties of the ~oxin at the 
level of the phospholipid-cholesterol bilayer in cytoplasl'dic membranes. 

MATEglALS AND METHODS 

Streptolysin 0 and other streptococcal proteins. A highly purified preparation 
(Py) homogeneous by immonodiffusion and disc electr~phoresis tests obtained as 
described previously [! ] was used to avoid eventual interferen~ of other streptococ~! 
exoproteins with sterols. A less purified prei~ration (P2), containing both streptolysin 
O and nicotinamide adenine dinneleotide (NAD)-glycohydrolase, and a ~rude 
fraction (F~) containing these proteins and seven to ten other streptococcal ex~ 
proteins [I ], were used in some r.xperiments to demonstrate t':e specificity ofstreI'+o- 
lysin O reaction with sterols. 

Toxin preparations were activated by reduction with cysteine [18] and titrated 
about 5" i0 s hemolytic units/ml. They were diluted to the required titers with 0.15 M 
isotonic-phosphate buffered saline pH 6,8 (buffer I). "¢rum albumin generally added 
tc phosphate buffered saline as a stabilizing agent was omitted to avoid any possible 
uptake of sterols by this protein [19]. 

Toxoid. Streptolysin O w~  detoxified by adding a formaldehyde solution and 
wes incubated at 37 °C as described elsewhere [4]. 

Assay ofstreptoly$in 0 and toxoid. The hemolytic a~ivity of previously reduced 
stn;ptolysin was assayed with washed standardized r:t~bit erythrocyte suspension 
(3 .10 s cclls/ml) in buffer I as described previously [Ix]. One hemolytic unit is the 
amount of streptolysln O required to produce 50% I!~is of 0.5 ml of erythrocyte 
suspension after incubation at 37 °C for 45 rain. it is t cuiv~dent to 2.7 ng (2" 10- s 
/JM) protein [! ]. 

The comb~ling activity of the toxin with homckgous antibodies was deter- 
mined with standard anti-streptolysin O antiseruw '~stitut Pasteur Production, 
Paris). One combining unit of toxin (Lh T) is defined ~ tar amount of streptolysin O 
which in the presence of one international unit of anti-~'ptolysin O still lyses 50 % 
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of erythrocyte suspension [18]. Under the experimental conditions employed, one 
combining un!t of native active toxin is equivalent to 45 hemolytic units. The com- 
bining titer of streptolysin O toxoid, devoid of hemolytic activity, was determined by a 
blind-test technique [18]. 

Steroids. Cholesterol (5-cholesten-3~-ol). cholesterol acetate, cholestanone 
(5~-cholestan-3-one), coprostanol (3~-cholestan-3p-oi) were obtained from Steraloids 
(Pawling, N.Y., U.S.A.)" lathosterol (7-cholesten-3~-ol), epicholesteroi (5-cholesten- 
3~-ol) and cholenic acid (3~-hydroxychol-5-en-24 oh: acid) from Schwarz-Mann 
(New York, N.Y., U.S.A.); dihydrocholesterol (5~.cholestan-3p-ol), 7-dehydrocho- 
lesterol (5, 7-cholestadien-3~-oi), ~-sitosterol (24 ethyl-5-cholesten-3p-ol), 5~-cho- 
lestane, 20~ hydroxycholesterol, estradiol-!7~ (I, 3, 5, (10) estratien-3, 17~-diol), 
6-ketocholestanol (5~t-cholestan-6-one-3p-¢l) and lanosterol (8, 24 ianostadien-3~. 
ol) from Sigma (Saint-Louis, Mo., U.S.A.); 3 chlorocholestene (3 chlorocholesten-5), 
cholecalciferol (9, lO-seco, 5, 7, 10 (19)-cholestatrien-3~-ol), stigmasterol (5, 22, 
cholestadien-24-ethyl-3~-ol), tigogenin ((25 R)-5-spirostan-3,6-ol), pregnenoione (3~- 
hydroxypregn-5-en-20-one) and dehydroepiandrosterone (3~-hydroxyandrost-5-en- 
17,~e) from Merck (Darmstadt, G.F.R.); ergosterol (5, 7, 22-cholestatrien-24 

~,yl-3~-ol) from Fluka (Buchs, Switzerland); 11 ~-hydroxycholesterol (1 ! ~-hy- 
, o~y-5-cholesten 3~-ol) was a gift from Dr. Poirier (Roussel-Uclaf Laboratories) and 
-*ecdysone from Dr. Ozon (Paris VI University). 

The sterols were checked for purity by thin-layer chromatography using 
different solvent systems [20]. A high degree of purity w~s found in sterol samples 
except for 7-dehydrocholesterol in which four spots were found. 

Steroid aqueous susp~sions. Steroids were dissolved in acetone (i mg/mi) and 
then diluted in buffer I to the concentrations required. The dilutions obtained were 
dispersed by vigorous stirring in a Vortex apparatus (Scientific Industtes, Springfield, 
Mass., U.S.A.) and used within ! h. Dilute sterol-dispersions were dispensed by 
means of pipettes, rinsed several times with the dispersion owing to the extensive 
adsorption of sterols to glassware [21 ]. 

We also used cholesterol dispersion q50/~g/ml) in 0.01 ~ Tween 80 as rec~m- 
~ ended by Gershfeld et al. [21 ] and in lecit~n-polyoxethylene glycol 6000 mixture as 
described by Badin and Denne [22]. The latter dispersion was kindly supplied by 
Dr. Badin (H6pitai Lariboisi/:re, Paris). 

Steroid agar gels. Glass slides (25 × 75 ram) wele covered with 5 mi of melted 
agar gel prepared by incorporating 0. I-0.5 ml of steroid solution (I mg/ml in metha- 
nol) under Vortex stirring into S ml of 1.5~ agar (Special Agar Noble, Difco, 
Detroit, Mich., U.S.A.) in N~CI solution ( !.5 mg/ml). Diffusion and immunodiffusion 
of antigens alone or in the presence of antibodies solution were allowed to proceed 
from 5 mm holes punched in the- gel (Figs. 2 and 3). 

lmmunodiffusion in tubes in the presence of steroids was performed as de- 
scribed in Fig. 4. lmmunoelectrophoresis ran for 2 h under 20 volt,~ with the same 
type of gels containing 0.1 M phosphate buffer pH 6.5 (Fig. 5). 

Estimation of the inhibitory dose of  sterol on hemolysis. Sterol dispersion suitably 
¢tiluted was added to reduced toxitJ solution of known hemolytic titer according to the 
protocol of Fig. 1. After incubation at 20 °C for ~0 min, the residual hemolyti~ titer 
of streptolysin O in the mixture was determined. "he inhibitory dose 50 (IDso) of 
sterol was calculated as described in Fig. I. 
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Antistreptococcal amtibodi,:s. Concentrated human ?-globulins (16.5~o), de- 
livered by the Cent~  National de Transfusion Sanguine (Paris) having an antistrepto- 
lysin O titer of 600 I.U. per ml and giving a great number of precipitation lines with 
strep+,ococcal exocellular proteins preparation [1 ], were used for immunodiffusion 
experiments. The term "a~tiserum" is used in the legends for 7,-globulins. 

R.ESULTS 

Inbibidon ~ f the lyric effects of  streptoly$in 0 by cholesterol 
The quantitative study of the inhibition of the [~tic effec~ of streptolysin O on 

rabbit erythrocyt~ by increasing amounts of cholesterol (0.2 to 4 nmoi) incubated 
with 100 hemol.,:i ~. units of purified toxin preparaticm Pt (270ng equivalent to 4.5 
pmol), has b ~ n  carried out as described in Fig. !. A non linear inhibition of lyric 
activity as a function of cholesterol concentration was observed for the three different 
aqueous di*pcrsions of cholesterol used as well as for the other inhibitory sterols. 

For this type of dose-re,~ponse curve, the inhib/tory dose 50 (IDso) of choles- 
terol is ~ore  reliable than the 100~  inhibitory dose, particularly for comparative 
purpose,~. For cholesterol dispersion in buffer I, the latter was around 40 ng (approx. 
O. I nmol) and the IDso about 5 ng per hemolytic unit. At these concentrations choles- 
terol ~s soluble in the aqueous menstruum used, since the average solubility of this 
sterol in water oc phosphate buffer is ! .8~0.8/lg/ml co~responding to about 5.  ! 9 -6 
M [21, 23]. In aqueous pseudo-solutions, cholesterol and related sterols occur in micellar 
states [23, 24] involving the stacking of the molecules which is concentration-depen- 
dent and greatly affected by the eventual presence of dispersing agents [19, 21 ]. 
Therefore, stacking is less pronounced in dilute cholesterol i~eudo-solutions amt the 
IDso is likely to be a better quantitative parameter for the estimation of the inhibitory 
concentration of sterol; the enhancement of this effect has been reported when choles- 

i l O 0 ~ e  ~ 

tO 20 30 40 50 
Ster~ concentrQt ~ 

Fig. I. Residual hemolytic activity versus sterol concentration. Iq~ ~nl ot strcptolysin O (10 II~molyti¢ 
uni~/ml)  were ineu~t¢~l at 22 "C for  30 rain with I ml o f  ste ~ suspension. Residual hemolytic 
activity was d e t e r m i ~ l  as stated in Materials and Methods, The g~aph is plotted on the basis o f  the 
data recalculated for I hemolytic unit of streptolysin O. The 1! ": o of ster~l is the quantity which 
decreases by 50 ~ the hemolytic activity of the reduced toxin with, :spect to a control in which sterol 
dispersion is replaced by an equal volume of phosphate buffereO ~ ¢ .  ipH 6.8). (G -C)), dihydro- 
cholesterol; (O--O), 7-dehydrocholesterol; (Q---O),chole.~ol;  ( O - - - O ) ,  cholesterol, in- 
corporated in lecithin-polyoxyethyleneglycol emulsion [22]. 



292 

tCrol is incorporated with dispersing agents such as phospholipids [25], polyethylene 
glycol [22] or Tween 80 [19]. The potentiation observed is attributed to a better 
availability of cholesterol critical groupings to streptolysin molecules. We found a 
3-fold increase of inhibition for the optically clear pseudo-solution of cholesterol 
dispersed in lec/thin-polyoxyethylene glycol 6000 mixture (IDso approx. 2ng). 
In contrast no potentiation was observed with cholesterol dispersed in buffer con- 
talning 0.01 Tween 80 which has been reported to prevent the well-known extensive 
ad,~orption onto glass surfaces of cholesterol dispersed in buffer alone [21 ]. This may 
indicate that in our conditions even possible glass-adsorbed cholesterol molecules 
remain capable of  combining with toxin as is the case for glass-adsorbed Gut ganglio- 
side towards cholera toxin [26]. It is to b~ noted that Tween 80 proved critical in 
cholesterol binding on Acholeplasma laidla,eii membranes and polystyrene beads [21 ]. 

The stoichiometrical aspects of streptolysin O interaction with cholesterol 
will be discussed in another section of this article. 

Structural requirements for inhibition of ~treptoly$in 0 activity 
Twenty four steroids differing by number and orientation of various polar or 

a! ~I ~r groups, conformational state, side chain, number and position of double bonds 
v~ been tested. Only ten (Table I) proved inhibitory at various degrees. Th~ struc- 

~,lral requirements for inhibition were the following. 
(1) Presence of a 3~-(equatorial) hydroxy group on ring A of the cyclopentano- 

perhydrophenanthrene nucleus. This strict stereochemical and chemical requirement 

TABLE I 

50 % INHIB ITORY DOSE OF VARIOUS STEROLS UPON THE HEMOLYTIC ACTIVITY 
OF STREPTOLYSIN O 

Steroids were dispersed in phosphate buffered saline p H  6.8 from stock solution in acetone as 
described in Materials and Methods. The values o f l D s  o oftbe sterols employed have been determined 
by plotting residual activity of  streptolysin O versus sterol concentration as illustrated in Fig. I. 
Any steroid, the inhibitory effect o f  which was 5~-fold less than that o f  cholesterol (250 ng per 
hemolytic unit), was considered as non inhibitory. Cae hemolytic unit o f  toxin is equivalent to 2.7 ng 
of  p~otein. Non inhibitory sterols: epicholesterol, cholesteryl acetate, 3*chlorocholestene, dehydro- 
epiandrosterone, preg'nenolone, cholestane, 6-ketocholestanol, 5~t..cholestane-3 one, lano,~terol. 
estradiol, tigogenin, cholecalciferol, ~t-ecdysone. 

Inhibitory sterols Inhibitory dose 50 

ng sterol/hemolytic unit mol sterol/mol toxin 

7 dehydrocholestero I 3 312 
Cholesterol 5 520 
Coprostanol 7 720 
Dihydrocholesterol I 0 1040 
Sitosterol I 0 1040 
Lathosterol 10 1040 
Stigmasterol 15 1560 
C~olenic acid 20 2080 
I I =-hydroxycholesterol 20 2080 
20 ~'-hydroxycholesterol 50 5200 
Ergosterol 50 5200 
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is illustrated by the ineffectiveness of any steroid having a modified 3p-OH group 
either" by suppression (cholestane), oxidation (cholestanone), esterification (choles- 
terol acetate, 3-chlorocholestene) or epimeriza~on into ~ position (epicbolesterol 
with 30t-axial OH group) 

(2) Presence of  a k, "er¢i aliphatic side chain of  stdtable size at carbon 17. Suppres- 
sion, shortening or iength~ni,~g of the hydrophobic i s o o ~ l  side chain of cholesterol or 
the introd :¢tion of functional groups on it greatly affect or suppress the inhibitory 
effect in t,le case of dehy~oepiandrosterone which lacks side chain and tigonenin 
,~hich has a complex cyclic structure instead of an alilphatic side chain. Modification 
of the eight-carbon chain by introduction of an ethyl group at C-24 (fl-sitosterol) is not 
critical since oPly a 2-fold decrease of the inhibitory effect as compared to cholesterol 
is found. When the side chain has an extra double bon¢~ at C22-23 and either --C2H5 
(stigmasterol) or - -CHs (ergosterol) group the inhibitory effect b~omes 3-fold and 
10-fold we.,.Icer. Watson and Kerr [8] reported that desmosterol (double bond at 
C 24-25) .rod fucosterol ( =  CH-CHs group) were as effective as cholesterol With 
cholenic ~x:id, which has a 5-carbon chain ending by a carboxy group at C-2:;, we 
observc~ ~, ~ weak inhibitory effect as also shown by other authors who found that 
by contrast the methyl ester was inactive. Therefore, a non polar side chain appears 
to b~ not absolutely critical. Very poor inhibition was observed with 20 ct-hydroxy- 
cholesterol which differs from cholesterol by a hydrexy group instead of a methyl 
groulJ at C-20. Eli~'ctive inhibition requires therefore the presence of this a~-olar 
group on the side chain. 

(3) Intact B tin@. This requirement is illustrated ~y the failure of choleca]ciferol 
to ivi libit toxin activity. This secosteroid which has both hydroxy group and isoocty/ 
side chain has no longer the conformation of a steroid nucleus due to the ruptt~re 
of B ring [27]. 

By contrast the saturated or unsaturated state of intact B ring aacl the positions 
of dc>uhle bonds are not critical for inhibition. Dihydrocholesterol (saturated ring) 
and i!athosteroi (C-?, 8 double bond) are a little weaker than cholesterol, wherees 
7-del~ydrocholesterol (C-5, 6; 7, 8 double bond) was morc inhibitory. On the other 
hand. the stereochemicai relationships of rings A and B to each other are also not 
critical. The 5/! cis (non planar) and the 5~ trans (planar) steroids such as coprostanol 
and dihydrocholesterol respectively, originating from the presence of a chiral center 
at carbon 5 are both inhibitory. By contrast, only plana~ steroids inhibit polyene 
antibiotics [17]. 

The three above-mentioned criteria are minirr:al ones and have to be fulfilled 
simultaneously. 

In general, any additional group either pola ~ ,~r apolar at various positions 
decreases or suppresses the inhibitory potency. M .,rcover, in a steroid molecule 
diffe,ing in several respects from cho!esterol, no mutua~ ~ompensation occurs between 
the different additional groups to create or enhance ~l:hib;tory effect. This seems the 
case for inhibitory steroids such as 6 ketocholestam,! and lanosterol. The latter has 
two methyl groups at C-4 contiguous to the 3p-OH .~oup. 

Interaction of streptolysin 0 with sterols in gel~ed tr,,~:~ 
(a) Diffusion of .~treptolysin 0 in cholestero/.¢~ntaining agar pla,es. Highly 

purified preparation Pt w. ,  allowed to diffuse from w~ ~ls punched in agar plates into 
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Fig. 2. Complex formation in agar gel between cholesterol and strepto~ysin O at various concentra- 
tious: A, B, C: 0.1, 0.2 and 0.5 ml of cholesterol solution in acetone (I mg/m0, mixed with _S ml or" 
melted agar gel (50 °CL Wells from top to Lotto a, 10 pl of streptolysin O at respective concentrations 
of 3000, 1000 and 300 combining units/ml in buffer, Precipitation halos form overnight. After several 
washings with 0.3 M NaCI and distilled water, the plates were stained with Amidoblack acetic 
solution. 

which cholesterol was incorporated at various concentrations (Fig. 2). Three different 
dilutions of toxin were introduced in each plate. Within a few hours, precipitation 
:ones appeared progressively around toxin reservoirs. Diffusion was allowed to 
continue overnight. The plates were then repeatedly washed with 0.3 M NaCI and 
finally with distilled water to eliminate soluble materials or complexes and then stained 
with Amido Black. The halos appeared as blue discs visualizing the presence ofstrep- 
tolysin O as an insoluble material trapped in cholesterol matrix. Similar stainable halos 
were observed ~i th  other sterols of  Table I which were found to inhibit toxin activity. 
By contrast, no halo formed with any of the non inhibitory sterols except for lano- 
sterol which behaved in this respect as inhibitory sterols. We found the forn~ation of 
similar halos when digitonin solution was allowed to diffuse similarly in cholesterol 
gels. This saponin is known to precipitate sterols which have a 3p-OH group by forma- 
tion of insoluble complexes through binding with this group. It is vet3 ~ likely that  like 
digitonin the halos which form between streptolysin O and inhibitory sterols are con- 
stituted by insoluble toxin-sterol comFlexes. The extent of  complex formation is 
reflected by the variation of  the area of precipitation halos depending on the relative 
concentrations of each reactant in the medium (Fig. 2). For a fixed concentration of 
cholesterol, we observed an increase of halo area with increasing concentrations of 
toxin or digitonin. By contrast, for a fixed concentration of  these agents, the area of  
the complexes formed decreases for increasing concentrations of cholesterol which 
sequestrate them more strongly and reduce their diffusion owing to their insolubiliza- 
t/on. 

(b) Double immunodiffu. :on of  toxin against homologous amibodies in sterol- 
containing agor plates. As shL,wn in Fig. 3 for agar gels containing either cholesterol or 
epicholesterol, a normal antigen-antibodies immunoprecipitation Land was formed be- 
tween streptolysin O and anti-streptolysin O antibodies in epicholesterol gel whereas 
only a faint band occurred in cholesterol gel. By increasing cholesterol concentration 
in the gel, immur, oprecipit.ltion of toxin-antitoxin system was completely inhibited 
whereas normal reaction occurred under the~e conditions between diphteria t..~xin and 
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Fig. 3. i~uble immunodiffusion in sterol 8fptr f~el. A, cholestwoi agar gel; B, epicholest©rol agar gel. 
0.5 ml of sterol solution in acetone (I msJml) was mixed wi~ $ nd of melted agar (50 °C). Upper 
well, 10/41 of streptolysin 0 (300 combining units]ml) in btd~r; bottom well, lOpl antiserum (600 
international combining tmits/ml). 

homologous antitoxin taken as a control. By contrast to cholesterol, it is noted that 
no halo ~round toxin reservoir appeared in epicholesterol. 

Therefore, streptolysin 0 is no longer able to react with precipitating homolo- 
gous antibodies when complexed with inhibitory sterols. A similar finding was ob- 
serve~t for neutralizing antibodies as reported below 

(c) Specificity of streptolysin 0 a~nity for zterols amono stre,~tococcal exo- 
cel!ular proteins. Double immunodiffusion in cholesterol agar plate against human 
7-globulins was performed with crude fraction (F~) as described in Materials and 
Methods. The pattern of  immunodiffusion bands in plain and cholesterol agac ~lates 
was similar except for a major band present in the former but not in the latter gel. 

Fig. 4. Double immunodiffusion of  streptoi~in O and N ' i ~  glycohydrolase in sterol agar tubes. 
Four aga ~ layers are disposed from top to bottom. (i), nett~ril a~;ar onto which antigen solution is 
appli,~ci. ( l l ) ,  steroid agar, for strept~lysin O trapping, prep ,t :el a.~ described in Fig. 5. (!!I), neutral 
agar for immunoprecipitation reacti~n. (IV), antiserum into -p ~rated in agar. ( I) ,  phosphate buffered 
saline; (2), cholesterol; (3), 7 dehyd:ocholestornl; (4), dihv( ~ cholesterol; (5), dehyd'oepiandroster- 
one; (6), cholestane; (7), lanosterol. 
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We checked in a control experiment that this band coalesced with that of  pure strepto- 
lysin O placed in the same plate. 

We also observed that only native toxin has a steroid binding capacity. Immu- 
nologically reactive but hemolytically inactive Ft preparation modified by thermal 
denaturation at 45 °C or by action of 0.1 ~o formaldehyde (toxoid) did not form 
halo in cholesterol gel and gave ~ immunodiffusion pattern identical to that of  control 
gel. 

These experiments show that except for native streptolysin O the other strepto- 
coccal exoproteins do not exhibit aff-mity for cholesterol. This is especially the case for 
NAD-giycohydrolase. The purified preparation (P,) containing both enzyme and toxin 
was allowed to diffuse in agar tubes agaipct ?-globulins through a gel-layer containing 
sterol. Two immunodiffusion hands were formed in control plain agar tubes and in 
those containing any of the non inhibitory, sterols except lanosterol (Fig. 4). The latter 
and inhibitory sterols retain streptolysm O in the steroi layer acting as a microchro- 
matography affinity column since, only one diffusion band is formed corresponding 
to the NAD glycohydrolaseoantibody system. In this case lanosterol also exhibits a 

~rticular behavior as it seems to be complexed by streptolysin O without inhibition of 
~.~ lytic properties. 

(d) lmmunoelectrophoretic analysis of streptolysin 0 and NAD-glycohydrolase 
in cholesterol agar gel. As streptolysin O is specifically ¢omplexed by surrounding 
cholesterol molecules, it appeared interesting to investigate toxin behavior under an 
electric field in cholesterol agar gel as compared to NAD-glycohydrolase which has no 
affinity for this sterol. Immunoelectrophoresis of P2 preparation was carried out in 
normal and cholesterol agar gel (Fig. 5). In the latter only NAD-giycohydrolase 
migrates and gives a precipitation arc with human ?-globulins whereas streptolysin O 
remains trapped around antigen reservoir. Therefore, streptolysin O-cholesterol 
compiex is neither dissociated nor displaced under an electric field. In a control 
experiment carried out in epicholesterol agar gel both antigens migrate normally as in 
plain agar and form corresponding immunoprecipitation arcs. 

Fig. 5. lmmunoelectrophor~is o|" ~treptolysin O end NAD-glycohydrolase. (A), neutral agar: 
(B), cholesterol agar gel as described a Fig. 5. (I), antis-rnm (~i0 international combining u~its/ml): 
(2), three-fold diluted antiserum; (3~,, antigen: 10~ul of p3rtially purified streptococcal preparation 
containing streptolysin O and NAD glycohydrolase obtail ,ed by isoe.lectric focusing [I ]. lmmuno- 
electrophoresis wa~ performed in 0. ! M phosphate buffere¢ saline pH 6.5 for 2 h at 22 "C (20 volts). 



297 

Effect of sterols on toxin n.eutralization by antistreptolysin 0 antibodies 
After incubation of toxin with inhibitory or non-inhibitory sterols, the com- 

bining titer of streptolysin O with neutralizing antisera was determined as for a toxoid 
." blind-test technique [18]. 

Preparation P~, diluted to 2 combining units/ml, was incubated at 20 ~'C for 
15 rain with inhibitory t ~erol added at the limit conceatration giving full inhibition of 
the lytic activity. Non inhibitory sterols were added at equivalent molar concentra- 
tions. A~ the et~d of the incubation time an equal volume of active toxin dilution ,at the 
same c,~ncentration was introduced in each toxin-~terol m~xture and the overall 
combining titer was determined with titrated antise~a. We used human ~,-globalins, 
anti-streptolystn myeloma and various equine antisera as previously described [28]. 
The neutrali2ing antibodies are either directed against fixation site or lytic site,~s) or 
both [4]. For all sera or antibodies tested, we observcd that for toxins incuhate~, with 
inhibitow sterols the titer found was that of the additional toxin added after ineuha- 
tion wit~ sterol whereas, for non-inhibitory sterols including lanosterol or sterol-free 
controls, toxin titer was twice as high (overall titer). This also shows that streptolysin 
O mc.~ecules already complexed with cholesterol are no longer able to combine with 
any type of homologous neutralizing antibodies. 

DISCUSSION 

Streptolysin O appears as a protein which specifically binds cholesterol and 
other sterol molecules possessing a 3fl-OH group and aliphatic side chain provided 
that other groups do not occur near these two critical and stereospecific structures to 
prevent interaction. This steroid-binding property is unique among bacterial protein 
toxins and similar to that known for a number of proteins ,~rom higher organisms such 
as cellular receptors of steroid hormones or various serum proteins which specifically 
bind and transport steroids. Strict antipodal structural or conformational specificities 
of steroids are required for binding as described in this article. It is also the case for the 
other proteins mentioned above [29, 30]. 

Upon steroid binding, strepto!ysin O loses its lethal properties on laboratory 
animals and its cytolytic effect on eukaryote cells, most likely by competitive inhibition 
for its binding on membrane cholesterol which is requirea for triggering cytolysis 
[4, 13]. 

Highly purified streptolysin O, free from other streptococcal proteins, was used 
for a quantitative and comparative estimation of inhibitory potency of sterois and as a 
possible approach to the stoichiometry of streptob/sin O-s~erol interaction. Under 
optimal conditions of cholesterol dispersion one hemolytic unit of toxin (2.7 ng) was 
inhibited by about 4 ng of cholesterol. This value ~ close to that reported for crude 
preparations by Delattre e t a ' .  [2. ~] We found sir~lar val,Jes for inhibition of one 
hemolytic unit of partially purified preparations of t:tanolysin, Clostr:,tium perfringens 
0-toxin, botulysir., Bacillus alibi hemolysin and lisxriolysin (unpublished) immuno- 
logically and chemically relat, d to streptolysin O [ l J]. 

Similar values of inhibition by cholesterol '. ~: been reported for I?neumolysin 
[31] and 0-toxin [32]. The much higher inhibitoR' ~mouuts of cholesterol (0.14-1.5 
~g) reported by others remain unexplained [8, 33] 

We h~.ve also shown that the immunochemi :ai properties of stteptolysin O 
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are also modified, since toxin mixed to cholesterol no longer combines with neutral- 
izing and precipitating antibodies. Kaplan and Wannamak.'r [10] reported that the 
immunogenicity of  the toxin is greatly reduced or suppressed as evidenced by the 
significant depression in antibody response in rabbits injected with a mixture of 
streptolysin t~ and cholesterol-containing skin lipids. Among; other biological proper- 
ties affected by cholesterol one should mention the suppression of the inhibitory effect 
of sublytic doses of streptolysin O and 0-toxin on chemotaxis and mobility of neutro- 
philic leukocytes [3~, 35] and the stimulation of human lymphocyte transformation 
in vitro [36]. We established that insoluble complexes form in vitro between inhibitory 
sterols and streptolysin O, whereas non inhibitogy sterois except lanosterol do not 
react. The deviating behavior of this sterol awaits further investigation. 

The complexes formed were visualized by allowing the diffusion of streptolysin 
O in gelified medium containing any inhi'.,itory sterol. A similar precipitation pattern 
was found under the same conditions with digitonin. Owing to the strict stereo- 
specificity of inhibition or insolubilization, complex formation appears as a specific 
sterol-protein interaction. Holmgren et at. [37] also observed in agar gel the formation 
of an insoluble precipitation band upon diffusion of choler~ toxin against GMt gan- 
g',oside. This ligand specifically inactivates the toxin in vitro and is known to he its 
: e'!ular receptor. 

Our findings are supported by the experiments of Duncan and Schlegel [38] 
on streptolysin O and those of Smyth et at. [39] on 0-toxin who observed by electron 
microscopy, ring and arc-shaped structures when these toxins are mixed with choles- 
terol dispersions or after interaction with natural or artifi~a! cholesterol-containing 
membranes. These structures did not appear with the non inhibitory cholesterol 
esters. A hypothetical model ofconformational change in the streptolysin O molecule 
has been proposed by Duncan and Schlegel [38]. 

The stoichiometry of streptolysin O-cholesterol interaction in vitro was not 
possible to estimate accurately. As cholesterol occurs in complex polymo~phic micelles 
in water [23, 24] only one or few molecules of micelles are likely to interact with the 
specific cholesterol binding site(s) on any molecule of toxin. In addition, it is difficult 
in this case to inte~ret any stoichiometric data since binding of any amphiphilic 
ligand to a protein involves competition with the self association of the amphiphile 
[,4o). 

The ratio of 500 molecules of cholesterol to inactivate one molecule of toxin 
calculated from the data based on the evaluation of the inhi bitory dose 50 per hemo- 
lytic unit (Fig. !) is but a rough figure of the actual ratio. It is to be note~ that the 
ratio of ganglioside GM I to deactivate cholera toxin is 300 to ! [41 ]. 

The formatien of hydrophobic complexes in strict ,~toichiometric ratios has 
been reported for polyene antibiotics [15, 17] and some saponins [14] which like 
streptolysin O and related to~ins are cytolytic. Their activity is inhibited by those 
sterols responding to the same structural features found for these toxins except for the 
non-planar (5/~ cis) steroid nucleus. In spite of the very different structures between 
these agents a close similarity occurs as regards their interaction with sterols in vitro 
and with membrane cholesterol in vivo as evidenced by biological propertie and 

.electron-micro,~copic pattern [17. 15]. 
Cholesterol is a critical constituent of the biomembranes of tugaryote cells 

involve, in the regulation 0 ¢ the rigidity, stabih~y and per~eability of the bilayer 
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thr¢~agh a po ten t  condcas ivg  effect on  phospholipi~J.~ [42, 43:[. 
I t  is to  be no ted  ~iat  the very sterols shown co in'fibit streptolysin O or  golyene 

activity have b ~ n  found  to  ensure max imum stab~iity in model  artificial systems or  in 
b i t .membranes  in which cholesterol  was replaced by these sterols [44]. The high affinity 
o f  streptolysin O o r  polyenes  to cholesterol  mos t  likely deviates this sterol f i om its 
interact ion with phosphol ip ids  and  considerably weakens membrane  stability k eding 
to  cell collapse. The m£ tecular mechanism and  the  r e ~ o n s  o f  the  prote in  molecule by 
which streptolysin O intcracts wi th  cholesterol  and  related sterois in vitro and  in w;vo 
as  well :~s the  nature  o f  the bonds  involved and  the  composi t ion  o f  the c o m p l e ~ s  
still rein fin to  be ~ tab l i shed .  I t  is to  be no ted  that  according to  the  presently accepted 
models  o f  b iomembranes  [24, 42] only the 3~-OH g~oup o f  this sterol is exposed to 
the water  inter~'a~ at  cell surface, whereas the side chain extends towards  the hydro-  
phobic  center  o f  the  bilayer and is therefore  not  available for  toxin binding. One may 
thus speculate why this side chain is required in addit ion to  the O H  group  in vitro, for  
sterol-to×ir, interact ion and  the  Centre  Nat ional  de ta Recherche Scientfique. 
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