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Summarg

The preseant thesis deseribes tho general propertics,

mode of action in_vive and in viire, ond o method of purification,

J

of staphylococcal alpha toxin, :

L

The optimum pH mmd temperatuve of tlic haemolytic weaction
e y o vy

. : S

3 oo G N 4 . AT
vere found to be 5.9 and 31°C. respeetively. .iIn proteolytic digestion
and heat sensitivity, the toxin behaved ws a iypieal protein. R

Contrary to current views alpha toxin was found intrinsicélly higat
sensitive. A rovised explanation of the paradoxical “"Arrhenius
phenomenon’ ig guggested end discussed in lipght of thig.

Alphe toxin was not used up in baewolysis; it acts as
& aaﬁulyéta I%uﬂic expeviments showed that at low concentretions
of toxin lthe relotionship between the rate of haewolysis and
concenbration was compatible with an enzymic rveaction. At high
concentrations there was a mevked falling off; possible reasons
Lor this ave sagpested pud discengsed, end bhe liwitations oi hoenolysis
as an indicator system are peinted ont. Also the velocity of haemolysi
was dependent on the concentration of réhbit red blood cells,
Uonsidering the bulk of the evidence it is concluded that alpha
toxin belougs to that group of hacterial hacuolysins whieh are thought
40 be cazymes.

Divalent ions are not required for haemolysis. IﬂhiﬁitQ?ﬁ

of bacterial protenses had no cifect. Heavy metal ions such es Hg
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were found to inhibit at councentrations of 10"3M; below this they
become haemolytic by themselves, Some organic sulphydryl inhibitors
also inhibited alpha toxing it scens therefore that free SH groups may
play a role in hacmolysis. The {trypanocidal drug Surawmin snd related
substances were powerful inhibitors of both the haemelytic end the
lethal activity of alphe toxin.

Phospholipids were tested as possible competitive inhibitors
of alphs toxin in an attempt to gain information concerning the point
of attock. Apart from a crude preparation of sheep brain cephalin,
none of them inbkibited. The possible significonce of this ig discussed.

Death from alpha toxin was found Lo be dose dependent: 1t
was ecither very rapid, or occurred after congiderable delay. Dose
dependence and the pattern of death was largely the same foxr the four
specles exawined, vig., rabbits, wice, fowl and frogs. Rapid death
in seconds or minubes, without histologicel 1esionsAis most likely
explained by an action on heartd or central nervous system. Slow
death in several heurs or days mey result from lesions in a multiplicity
of organg. Large doges {which kiiled rapidly intravenously) when
adninistered subeubaneously ox intraperitoneally killed much slower,
probably because of the time vequired for diffusion of toxin to wvital
organs,

Alpha toxin caused loeal flaccid poarealysis of voluntarvy
mugele when injected into the dorsal sac of § weeks old mice; at high

doses this occurved before eny detectable histological lesion,



G

Muscies of the porvalysed limbg did not respond to elechtrical astimmlation
in situ. In presence of alpha toxin the reactivity of emecised
voluntary museles of mice and frogs to aeetyl choline and electrical
stimulation was ebolighed in vitro, Musecles of curarised wnice
behaved in the same way, ond it is concluded that alpha toxin has

a direct uyotoxic action.

Heart musele appeoared less sensitive., Hearts of mice killed
with alphe toxin continued to beat for a few minutes after death and
hearts of frogs fox up to several hours. In tissue culturcs wmousec
heart explants were legs affceted than the whole animal. Theveas %
128 MHD is an L.D. 50 for 20 g, wmice, explants of 20 - 1,000 cells
were only modevaddy affected by 2,000 MHD/&I: some explonts continued
to beat, some stopped édter 30 win., bubt recovered overnight. The
possible significance of this is discussed,

Alpha toxin, purified by a combination of gel filtration on G.75
and DEAN A,50 Sephadex and fractional methanel preeipitation, behaved
as a serologicnlly and physically homopencous protein. The
gsedimentation constant was 3.1 & at 0,13% protein, which is close to
that of 3.0 § sugsusted vecently by Bermhieimer and Schwartz (1963).  The
potency was 119,000 Mﬂﬂ/mg. protein. The proeduet was wnstuble and
evidence was obtained which suggested that on standing or dialysis alpha
toxin tends to polymerise with the appearanee of a heavy (16 8)

component,
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"Thy natural magle and dirve property

On wholesgome life usurps immediately.®

Hawlet, Act. LIL, Sc.2.
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PRIITACT

The uge of polilgons probably represents men's carliesth
knowledge of chemistry: the strilking elfects of minerals
and snake venomg wore known to the Bgyptlans, and curare
0 the primitive tribes of South America. dimllarly the
toxic effocts of bacteria, e.g. the neuromugcular gymphomns
of Telbanug and Diphtherla, the vemiting of Cholera, the
violent paing of Plague and the skin manifegtatlions of
Septicaemias, were woell-known before Lthe digcovery of
NIiCro-oRganisms . Wihe Little worms of the most abrocious
pests are of bthemselves of a poigonous nature” and "ag
oftea as they enbter the humorgl mass, defile it with
their excremont, adulberate 1t, pollube it (Vallisnieri,
1713).

In the post Pasteurlan era a greab body of knowledge
of bacterial btoxing began 0 geccumulate. In the laboratory
identification of pathogens, the ln vivo action of toxing
provad an excellent diagnosbic criterlon. wWith the
discovery that many boxmins remeined antigenlce when deprived
of their hammful effeots (Hoxolding), toxing became useful
tools For immunisation. The recognition that bacteria
produce a multiplicity of differeant toxins led, in turn,
to numerougs clagsificabions inbto Gramepogitive and Grap-

negative, heat stable and heat lablile, exo snd endo~toxing,



Tho astronomical activity of bacbterial exotoxiag
compaved with poisong of plant or animal origin, prompied
an increaslang interest in their blochemistiy, node of
action and polint of abitack. The laat two decades saw
the osrygballisation of two bacveriasl toxins and the
purification of a Lfew. The tropism of neurotoxing
became an established concept and thelr pharmacological
polnt of atback pinpointed. The bilochemical mechanigmg
however, are still largely unknown. Rather surprisingly
the mochanisgm of actlon was ascerbained in the case of a
toxin which, bthough hlghly purified, has not been

crysballised: alpha toxin of ¢l. welchli hag bhoon

identified as a Leclthinase C.

The aim of the pregent work was bo sbtudy the mosb
potent btoxin of the Staphylococoug, l.o., alpha toxin:
to purlfy it, ascertaln its propertles, 1bs mode of actlon
and, if posgible, its polint of abiack. The logilcal
approach would seem Ho be Lo purify the boxin firasb.
However, nelther with Botulinug nor Tebanus toxlin had
purification led to the greater understanding of thelr
mechanismg of action, whereas the study of the kinetics

of crude preparatlons of Cl. welehil alpha toxin did,.

Ag0o the results of each of the investigabtlons woere
likely to influence the approach to the othera; knowledge

of the nature and proporties of the toxin could give a



gulde to the purilication melthod to bhe uged. Pinally,
in view of the multiplicity of toxians known to bhe
produced by the Sbaphylococeus conslderable difficuliies
wore anblcipated in geparvating and purifying one of thom.
It wag therefore declded to proceed simultaneously with
the purldfication of the toxin and the study of its nabture
and properbles.

As it frequently happens in the coursgse of work,

ochgervatlons were made which were ncither expected at iLhe

n )

gsbart of the lanvestlgabtilon nor could be fully explained

o

in the light of presgent knowledge. They are Ilucorporated
in the Thegls as paprt of the weallity of slpha toxin; it
i freely admitted thot they pose questions rather than

angwer them.
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LWERODUCTTON

The acceptance of tho gexm bheory of discase implies
the exlstence of g mechanism whereby pathogens can
egtabllish themselves within, and then disrupt, the tissues
of the hogt; bacbterial polsgons, at firgt an intcllecbusl
pogbtulate (Klebs, 18723 Lisbtor, 1880) soon booaue reality
and part of what ig called "mechanism of pathogenlicity®,.
The dnitial search Tor bacterial toxing was coanfused,
however, by bthe finding, in diseased or damaged tissues,
of the so~-celled ptomaincs (Breiger, 1885), subsgtancoes
walated o the alkslolds. It was some time before it wag
reglised that these, though btoxic, were not products of
the pabhogens, bulbt resulbed from break-down of host tilissues.

The first evidence of a true bacberial toxin probably
came from loelffler (1884), who, from the occurrence of
bacteria~-freo lesgions 1n organs dlstant from bthe site of
inoculation, deduced that Diphtheria bacllli killed by
Torming a toxin and liberating it into the blood. This
was shorvly afterwards isolated Ly Roux and Yersin (1888)
and showa %0 be lethal for guinea pigs. In the space of
a fow years, Tetanus and Bobullnus toxins were discovered
by Behring and Kitasato (1800) and van Brmengem (1896).
A1l three toxing reproduced (in experimental animals) the

full symptomg of the nabural discase; active and passive



immunlsation protected not only againgt the toxin, bhut
aleo against the organlsms themselves. This success,
though actlng as a stinulus to fubure immunisation work,
delayed the recognition of more complex mechanisms of

pathogenicliy. It was not, and indeed could not, %

reallised at that time that Diphthexria, TPetanus and
Bobulism were excepbtional diseases, caused by a single
tboxin, and the findings led to the beliel that all
bacterial diseasges were caused by a single toxin, which,
gooner or later, would be found, This atbractive
generalisabtlon was later proved to be incoryrect, but the
concept that btoxle products could medlagte in the causation
of bacterial diseases has remalned valid. The knowledge
of the nature and mode of action of toxing 1ls gtlll a

key to bthe undergtanding of even s0 complex a mechanism

as that of staphylocoecal infections.

Staphvlocogous pyvogenas

Part of the early difficulties and confusion gua
nabure and propertles of gtaphylococcal toxing stemmed

from bhe absence of an adoguate definition of pathogenie

gbaphylocooccis Before dlscussing sbephylocoocal toxins,
therefore, I would Llike to meview vary briefly some of
the past and present bLaxonomic critoria used in deflaing

the spacles.



"Micrococel” or round-shaped organlsms were
observed (van Recklinghaugen, 1871; Waldever, 1871;
Birch~Hivschfeldt, 1872; Klebs, 1878) in suppurative
leglong and blood of patioents dying of pyaemia. Pasteur
(1880) was vhe first to grow micrococel and Lo reproduce
guppuration in experimental anlmalg. The "grouped
micrococcl” were subsequently differentiated from

Streptococel (Opston, 188L) and called Sbtaphvlococel.

It was alsoc Ogston (1880), and Vernoull (1880) who aoticed
that yellow coloured pug wasg common in severe leslons;
plenent producblion became the basls of claggiflication
(Fosenbach, 1884) and gtill survives in the comnon name

Sbaphylocoeus aqureus.

Claggification on grounds of pigment production was
supplenented by biochemical tests (CGordon, 1904),
agpecially the fermentation of lactose, glucose and mamnite
and gelebtia liguefectlon, It ig now, however, reallsed
thet pigment productlon is an unstable character (Biggew,
Boland and Q'Meara, 1928%), that many pigmented staphylo-
cocel are non-pathogenic (Wood, 1952) and that conversely
a proportion of sbaphylococel, pathogenic by other criteria,
arve deflclent in pigment production (Rochalx and
Rivollier, 1939; Barber, 1942); similarly, the

correlatlon botween fermentative pabiern and pathogenicitby



was found ungastisfoctory (Cumming and Cumming, 1913}
Winglow, Rothberg and Pavsons, 192035 Wood, 1950).

The breakthrough came unrecognised with the dlscovery
by TLoeb (1903} and Much (1908) that staphylococci produce
an @nzym@'whimh will clot plasma; 1t was notb, howeﬁem,
until the work of v. Darvanyil {1925, . . .) and Chapman
(1940) that this property was correlated with pathogenicily.
Todey it is widely accopted as bthe begt glngle criterion
of potentially pathogenle stephylococel, in fach,
coagulage production is oow go much relled upon that bthe

old bterm “Btaphylocogccus pyoeenes” (Blek, 19569) ig

gradually veplaclng the relatively newer one of

Jtaphylococcus aulceus,

Tor the identlfication of a micro-organism, almost
invariably more thean one character is necesgarys; in this
respect coagulage productlion is unlgue. Falae positives
can arise due to oclobbing of cibrated plasma by Giram
negative organisms which utilise citrate (Haxper and
Conway, 1948) and by some gtreptococcel (Bvansg, Buebbtner
and Niven, 1958); in addition falge nogatives due to the
enzymie destruction of coagulase by smoobth variants
{Lomingksi, Morrison and Snith, 1955) may be observed.
Nevertheless, a properly carpvied out coagulase bost

inddcative of Sbaphilococoug pyogenes has stlll




0 be challenged. The production of another enzyme,
phosphatase, has boen found %o closely parallel coagulase
production (Barber, Brooksbank and Xuper, 1951) and the
phosphatase test, carried oulbl alone cor in conjunction
with the coagulase begl, is widely used.

Modern sevologlcal methods (Cowan, 1938, 1939 ;
Christle and Keogh, 1940, Oeding, 195%.) and phage btyping
(Fisk, 19422, b: Wilson and Atkinson, 194537 wWilllams
and Rippon, 1988) are not so much concerned with
identification of pathogenic sbaphylococeld as with the
defining of groups within 1b. AL present, the concept

of Sbtaphylocooceug pyogenes 1s one of a (ram~positive

goccus of oharecterigtlc arrvengement, able to clot plasma
vuder gltandard conditions and producing one or more of

four well-~defined boxing (alpha, beta, gamma, delta).

Staphyvlocoecal boxing

The Jlummense blbliography ol Stophylococcal toxing
hag been the subject of excellent reviews (Blalr, 1959;
Rigdon, 1940; Blek, 1952); it would be superfluous bo
repeat tholw efforts hera.

In the developument of knowledge of staphylococcal

toxing bthree plinses goom O oNELEO. An Inltial perilod

of activity bebween 1870 and 1920 comprised the discoverny



of bthe voxin, the antlbtoxin, and the Lirst desoriptions
of voxliec acbivities; Ffacbually lLittle can be sdded o
the obscervatlions of this period.

The second phase, between 1988 and 1940, saw the
energence of alpha toxin ag a dlistinet enbity. It was
initiated by the dligasber abt Bundaberg, in which 18 of
&L children, died in bthe course of lmmunisation agalngt
Diphtheria. The vaccine was conbtaminated with a
Staphylococcus and ‘the Hoyal Commission (1928) lnvestigating
the tragedy concluded thal "....dsath resulted from an
-oveywh@1m¢ﬁg toxeemia ab the early stage of the invasion

bhe organlaiie? In counseguence, many workers uwurned
thelr attention to the toxing of the Sbaphylococcus in
general, btheir wmultiplicity, production, propertlies and
thelir possible role in pathogeniclity and probechlion.

The emergence of g polent exoboxin, alphﬂhﬁoxin,
which wag lethal. for laboratory animals and was prodﬁ%@d
by the great majorilty of patiogenic sbaphylococcel, led
almogt logleally to the bellefl that sbaphylococecal disease
was analogous to Diphtheria, and that neubralisation of
the boxin by its snblboxin would alleviate the syumpioms

of infectblon. Both pasgsive lmmunisation with a hyperimnune

sera and sctive lmmunisation with toxold were employed.
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Many conflictlng and contradictory reports have beeu
published on the effectivenesy of such therapys; ab firgs
results were ancouraging, but lgter reappralsal and use

of more rigorvous controls indicated that abt best experimental
animals could be protectsd for only a Tew days. The
rasully In humans were agaln conflicting; some patients
regponded well, while others showed no improvemen bt The
saneral opindlon, arvound 1940, was of failuwe, and with bthe
tremendous Initlal success of antibloblcs activity in this
Lield was virtually terminabed. The background to this
failure of antiboxic therapy is admirvably discussed 1in the
review of Dlek (18959, Dp. B48~557).

With bthe recent revival of lnterest in Stephylococei,
the pregent phase in the hisitory of staphylococeal toxin
began. Like veseawmch into other bacterial toxing the
fleld is now domlunated by contemporary blochemlsbry in
bhoth approach and bechniques.  Though the possibility of
medical application is not fargotten, it is the nature,
properbies and mode of actlon of toxlnsg that are the
primary obJectivaes. Only when these aims have been
realiged will the role of the sbaphylococcal toxlons be

further undergstood,
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Marly Higbtowry of Staphylococcsl btoxin

The first experimental demonsgbtrabion of a
gtaphylococcal voxin was probably brought by von Leber
(1888)3 the actlive prineiple (Phlogozin) when precipitated
by alceohol and injected into the anterior chamber of bthe
aye of rabbitg cauged inflammation. In the same year
de Christmas (1888) reported that culture fluids
(sterilised by heabing to L0O0PC. or by Tiltration) and
their aleohol precipitates caused inflammation of the skin
ln the conjunctiva of wrabblits; the actlvity dlsappsared
on avboclaving at 1280°C. Two yoars later Breiger and
Fraenkel (1880) showed thabt "htoxalbuming” obtained by
saltling oub or aleohol precipitabion of cultvre flulids of
gbaphylococel killed guinca pigs and rabbits; the Tormation
of gterile pus and Intengse inflammatory reaction with
necroglis at the site of injection wag also observed.
Counflrmations of the lethal property of "staphylococcal
soxin” were soon fortheoming from Rodet and Coummont (1892),
von Lingelsheim {1900) and Kraus and Pribram (1906)3
very large doges of boxin kllled rabbilts quickly on
Intravenous Ilnjection.

A Tundamental contributlion was made by van de Velde

(1894)3 in a sebt of heautifully deslgned experiments he
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showed that leucocybes in pleural offusiong of rabbits
infected with a virvulend strain of sbtaphylococel were
hadly damaged. The active princlple, bormed "loucocidint®
eould be cbbained ip vitro, was head labile {destroyed
on heating to 60°C.), but non-toxic for rebbits and dogs;
the bterm leucogldin has persisted. Van de Velde also
noted that hils straing, one virulent and one avirulent
both haemolysed rabblit blood. The haemolytic propexty
of staphylocoecel wag confirmed by Kraus and Clalrmont
(1900) and by Neligger and Wechsberg (1901:) who obtalned
cell free haemolysin, confirmed the leucocidic acbion on
rabblt leucocyites, and gbandaprdlsed the technique of
assegsing haemolysis around colonieg of gtaphylocoecl on
blood agar plates (NWelsser and Wechsberg, 1908). Anti-
gerum to many of thege preparatlions of staphylococcal
toxing neutralised the various agtivities (van de Velde
and Denysg, 189063 Xwraus and Clairwmont, 1900; Neissexr and
Wechsberg, 190l; Kraus and Pribram, 1906).

It 1g difficult in rebtrogpect to account fox
digerepanclos In activity of different preparvations
obtained by using diffevent stralns and methods of

preparation, The conflichbing fludings of vean de Velde



and de Ghrigbtmag regarding the heat senglitivity of
staphylocoacal boxin may have besn due to the paradoxical
effect of healt now known as the Arrheniug phenomonon
(Arrhenius, 190%), which will be discugsed later (p.35 ).
Howevew, the failure of van de Velde's toxin to kill
rabblts ls surprising and not easily explained. If
indeed his boxin wag, whal labter became known ag, the
alpha toxin and which ig also known to be a leucocidin
for rabbit leuvcocytes, then 1% may have been a matter of
concentratlon, the amount of toxin pregent in hig
preparations being insufficient to kill. Certalnly bthe
production of this heemolytlic toxin by both a virulent
and an avirulent strain of sgbtaphylococel does nobt militate
against it being the alpha boxin, since some strainsg of
poor rabblt pathogeniclity are now known 40 be good alpha
toxin producers; bLhe clagsical example of such a case is
gbrain Wood 46 which is used in laboratorieg all over the
world for the preducblon of alpha btoxin apd ig lethal for
rabbits only at very high doses,., Neverthelesgs, it is
possible that he wag dealing with an entirely differenh
toxin, although such a haemolytic and leucocidic non-

lethal factor did nobt subgequently omorge.
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Bearing in mind all the gualifications and
regtrictliong of interpreting pionseer work carried oub
almogt 60 years ago, it is interesting bo nbte that by
the beglnning of the 20th centuwy the four main properitleg
now agsoclabed with alpha toxin, namely, lethality,
dermonecrogis, hoomolyslg and damage of rabblilt leucocytes,
had been degeribed although admlttedly not with the game
gtrain, yobt bthls factor did nolb emerge as a geparate entity
until gome‘ﬁﬂ years latel.

Ag early ag 1900 the Lfirst abtlbempt was made to
determine the mode of action of sbtaphylococegl filtrates
in vivo (Welsser and Levaditi, 1900). Multlple sublethal
doges were injected into rabbilts and death occurred in
H « 15 days. JIschaemic necrosls of the cortex of the
kidney was Tound and histology showed that the small
vessels were blocked by disrupted leucocybteg. Studying
the mechenism of rapid death in rabblts, Russ (1916)
observed a fall in blood pressure and heart Lallure which
ha abitributed to obgtruetion of the pulmonsry clireulation.
Yet another mechanism wag suggested by Lae Fevre d'Aric
(191945 the convulsive symptoms of repld desth led him
0 believe that the boxin acted on the central nexrvous sysboen.

The pvoblem of how staphylococcal toxin causes death




abbracted congiderable attention in later years and
regegrch followed along lines, strikingly similar to the
fundamental original work just mentioned; wvascular damage
with lowering of blood pressure, direction action on bthe
heant, actlion on the central nervous system, The

investigations will be dlscussed lu a laber secbion (p.b2).

The Elurality of Stavhyvlococceal toxing

By the early 1200%'s then it wag clearly egbablished
that cell-free products of gbaphylocecel were toxle both
in vivo and in vitros  in keeping wibth the time, the
product was referred to as "the exetoxliny,. Jome
lnconsistencles and dlgorepancles in the regulis, C.Ze,
ieat sensitivity and lethal aotivity (see p.l3) slowly
aftrae%eﬂ the gltentlon of some workers, but 1t was only
some 20 vesrs later that these Inconglstencies became
a0 conglgtent as Lo lead finally to the suspleicn that more
than one active princlple was present in the staphyloeoceal
TOXLN. Parbtly, as already mentlouved, the discrepancies
were due to bthe lack of a ¢learly defined idea of the

gpecles Sbuphylococous DVOLENESs. To & large extentd,

however, confugion wag due btoe the looge description of
haemolybtic gystems and abgence of gercloglcal crilteria.
The in vitro indicator systom for assaying sbaphylococcal
toxin was haemolysis, bubt the specles of RBCs varied from

worker to worker and was often uvagpeciiiced. It had been



pointed oul that one and the same TLilbrate lysed RBOs
of different specles bo a dirfferont titre or occasionally
did not lyse gsome of bthem abt all (Neisger and Wechsbherg,
190L). 4lso Te Tevye dvAric (1919 noticed that with a
glven riltrate guinea plilg RBCs were g. 500 times more
resistant than those of the rabbil. Gradually there
emerged a dlfferentiation of haemolysing according to
gpecies of HBCs on whiovh they acbed,

In 1921 Walbum degeribed a hesemolysin which on goab
RBGs had hardly any effect ab 37°C. bubt caused vapid lysis
on cooling to 0%, This so-called "hot-cold" haemolysin
was reluovestlgated by Biggey, Boland and O'Meara (198%)
and found active on dieop RBCa. The haemolysin was
subgequently found by Glenny and Stevens (1935) to be
gerologlocally distincet from the haemolysin which acted on
rabbit RBCs atb 57°§; they btermed the rabblt lysin Yalpha®
and the "hob-cold" lygin Ybeta” - a tormlnology which has
survived. The uwnity of even the rebbit lysin was soon
challenged (Dolman and Kiltching, 19853 IMlaum and Forsmenn,
19%63 Burky, 1983). DMorgan and Graydon (193%6) showed
that btwo gerologically distinet lysing which they called

alphal and alph8p, both acted on rebblt RBCg. Tha



exlisbence of two snbigenically differect rabbit lysins
wag confirmed by Suith and Price (1938} who supgested for
thelir lysin the berm gamma LHoxln. Although the identloy
of alphag and gamma bhas never beeon eanbirvely proved, it

is probable. Gamina lysin ects on rabblt RBCs and gives
a sharper end poind than alpha. Ib lyses (in addition to
rabbit RBCe) RBCs of dlfferent species, thovgh generally
o a lower Gitre, and lg less lethal than alpha-lyein.
Gamma toxin was not readily aapepted as a sepairate enbiby
although bobth Smith.and Price {(19%%) and smith (1956)
have brought adequate proof of ite existence:; the labber
hag shown that rough fariants of gbaphylococcel produced
vivtually only ganma boxii.

A Fourth haemolyaein was recenbtly reported by Willlams
and Harper {(1947) and later fully invesbigated by Marks
and Vaughan (1950) and Marks (1951). The lysin, termed
deliba, is nopn-~ontigenlce snd soluble in ethanol snd ether
bul not in acebone, and thought Lo be probably a fatbty acld.
b 1s neubralised by the albumin fraction of normal serum
(Marks and Vaugban, 1950).

Thegse four haemolysing probably do not represent
the full complement of sbephylococcal lysing. The history

of their discovery, however, i1llustreates cleaply bhe
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Cauges of divergent resulbs snd confusion in early work;
the imporbtance of using double oribteria, l.e. serology
and specles specificilty of RBC were only recently
rYecognlisocd, The animal experiment by itself without the
uge of speecific antitoxing does not greatly help to
dilferentiate toxing becauge all of them are capable of
causing inflammatory reection and, when injected in
sufficient amounts, death; the rapid lethal action of
alpha toxin isg nevertheless qulve outstanding.
Gradually, asg bthe coneceph of one “"Sltovhylococous
gzotoxin” disintegroted, move and more scbivities,
originally abttzibubed to the "soxin', were shown to be
geparate entitlies Irequently agsoclabed wilth 1te. 80,
in 1928, Jullianelle showed that leucoeidin activity did
not always parallel haemolysig. ‘fhe leucocidic, haemolytic,
ond dermonserotic properties of a number of gtralns were
later ilnvestigated by Panton and Valentine (193A) who
in btuviwn digeoverved that bthe Tacbor responsible for the
leucocidice action on human Jlewcocybtes was digtincet from
the rabblt haemolygsin. Now, while alpha btozin is a
leucocidin for rabbit leucoccytes, the Panton Valentlues

leucoeidin, usually bermed ¥.V. leucocidin, ls a geparate



non-hoemolytio entity and ig nobt lethal Lfoxr rabbibs,
albhough 1% dooes aclt on the levcooytes of the rabblt.

Recently Gladgtone and van Heyningen (1L957) suggested bhat

in addition bo P.V, levcoelidin and sliphe toxin staphyvlocooci

produce yet another leucceldle subgtance, namely,
leuvcolyain, Thig factor is reporied 4o he thermosboble
and acbtive againgt the leucosybtes of all species besgbed,
apart from those of the sheebe

Agaln,staphylococcal Lilbtrates cccasionelly contained
a toxin bthoughh to be respongible Tor sbaphylococcal Ffood
poiscning (Dack, Woolpert, Corrle and Wipgérs, 1930),
digtinet from alpha toxin, called enterotoxin (VWoolpert
and Dack, 19833 Dolmon, 1934).

Toxr & long bine, despite its enbirely different
activity, bub becauge it was commonly assoclated with
toxin products in hunsn stralung, cosgulags was thought o
be identical wibh exotoxin. ﬁamnﬂ however, the nob
infrequent discorpelation of thege characters In bovine
ghraing and the inocreaging evidence In favouw of differing
phyaical and chemical properities, led o the recognition
of coagulase ag a separate enbily. By the application of
similar methodg and reagoning, an evepr-incressing numbey of

gbaphylocooecal enzymes and activators {(llpases, proteases,




hyaluronidase, phosphotase, gelatinaseg, phospholipase,
soaphylokinase) ofben present in staphylococcal filtrates
or cell=~frea Tlulds, were sghown bo be Independent of and
unrelated to any of the major toxing. It seems only
reasonable to assume that more than in the case of obher
micro~organismg the finding of an ever~inocreagsing number
of enzywes in sbaphylococcal filtrates will be successful.
Slnce the staphylococcug lg a highly exacbing organigm,
it seens only a maltber of search and energy before a
plurality of enzymes will be found. The converse is also
pogsible, that is, the finding of uncharacterised probeins
of as yeb unknown role. Indeed, recently Bernhelmer
and Schwartz (1964) Pfound some ag yeb uncharacterised
provelng of unknown role, which seemed to correlate with
the degroe of pathogenleity.
Alshough this Thesis is concerned with alpha towin,
it was bthought that the brief hlgborical refervence o
abaphylococcal produets 1ln general may help the reader
to appreciate the difflculiles attending the purification
o’ alpha btoxin and the cloar demongtrabtion of 1ts blologlcal
propertios. It is only by careful comparison and
exclusion of a lavge nupber of factors ﬁhaﬁ one can
esbablish with any dogree of cerbainbty bthat a particular

activity atbtributed bto alpha toxin is indesd due to 1b.
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Staphy locomal Alpha Toxlin

Ag menbiloned, 1t ig pirrobable that because of its
outgtanding haemolytic and lethal activity alpha toxin was
the Tagbor responsible for meny of the effects daseribed
in the period when only a single Ysbaphyvlococcal exotoxin®
wag recogniged. O the various activitiesg shown by "toxice
filtrates®, Tour are ebill generally considered to be
menifesbationg of the alpha voxin molebty, and the present
day definition of alpha btoxin is thalbt it is haemolytio
for rabblit BBUg, damagling to rabbiit leucocyites,
dermongerotic, and lethal For a nuber of spscieg.
AtGempits Vo digsoclabe bthege gotivities have eltvher i'ailed
mr.ar@ unconvineliug because doubt arlses whether the btoxin
invegtligated conbtained only alpha toxin. Thug, Lfop
ingtance, Parker (1824) Tound thabt some sbraing produced
dermonscroboxin and a pobent haemolyain, bub often Aid notb
kill on intravenous injection. Since it is now known
that gamma toxin algo necrotises but Kills only at high
doges, it lg possible that Parkerts giralng produced gamma
poxin and little or no alpha toxin.,  Burky {(1983)
degceribed flltrates whioh were lethal but nothsemolytic;
one cannot be cerbain which toxin was preﬁanﬁ and the causoe

of degth van only be surmised. Therae lg inoreasing
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evidence however of the presonce of endotoxing in
gtaphylecooel {Jeagsen, Weter, Gormynski and snzail, 1981)

and awbolysed preparvations may contaln such factors.

In the cage of Flaum and Forsumann (19%6) who reported some
Filtratos which haemolysed but falled to cause dermopnecroslis
1t Is again impoggible to declde which haemolyain could

have been present. Tt ig also pogsible, as poinbed oub
previoualy, that bthe four toxlns so far described do nod
ropregent bhe full complenent of stbaphvlococcal toxing.

By contragt, the ldentity of the four activities of
alpha toxin, or even nore stricetly of the three character-
lgtic ones, l.e., haowolysis of rabbilt RBCs, leucocidic
acblon on the rabblt leucosybtes, and rapid death, hag a
great many supporbers (Burnet, 19303 Geangouw, 193d-5;
Nelig, et al., 19343 Seiffert, 1938; Ramon and Richou,
1936 "3 Parish and Clark, 19523 Rigdon, 1958573 Hartley
and Llewellyn Smith, 1938H; Levine, 1939). The basgig
of bthe argunent in favour of unitby ig the parallelism of
the aotivities in culture fluidsg, thelr simllar physical
properties and the fact that they awve quantlietively
neubralisged by alpha-anti-toxin.

By 1940 then, it was gonerally acceptved that alpha
Poxin was o gingle molety, however, the problem of unity

or plurality was ralsed again by Bublew, (1959), on the
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grounds that 1n the course of purification a degree of
geparation of activities was observed. More wecenltly,
atbempts to purlfy alpha toxin have not uwpheld this finding.
Indeed, Madoflf and Weinstein (1962), Bernheimor and
Schwartz (1963) and Lomineki, Arbuthnott and Spence

(1963, in press) all conclude that highly purified albpha
voxin is haammlyb¢e, dermoneorotic and lethal. Short of
decigive prool which would entell obbalning ian concentbraled
forxm the lethel Tactor withoub haemolytlc ameblivity ox

vice versa the present pogltion iy one of unlby.

The produchion of sbaphvlococcul alpha Loxin, The

garliest gtudies of factors influencing the production of
gbaphylogoceal Loxlnq alnad at oblaluning encugh btoxin o
demeongbrase 1tg varlous acbliong. The oxperiments of this
period are difficult to interpret: the crliterlia of a
pathogenle sbaphylocoocus and of ibts boxing have radlceally
choangod . Algo, the methods uged are inadeguabely
documenited,

The Lirst effort to sbtondardlgse vroductlon was by
Neiggeor and Wechsboeorg (1201): the basls of thelr mediuvm
was meat infusion Broth. Although widely uged fox the
noxt B0 years, this mediuvm 4id not yield high-tibtre toxin.
Tairly cavly on Walbum (1909) and Rugsg (1918) intwroduced

the technique of oxbracting cultures of sbaphylococol




grown on solid medium; this procedure vesulbted in fluidse
wich in haemolysin and was reintroduced by Bigger, Boland
and O'Meara (L9270 However, it le now obvious thab
Bilggelr, Boland snd O'Meara were studying beta toxin;
thelr preparation was a "hop-cold® lysin acting on sheep
RBC «

It was not wntil the work of Parker, Hopkins and
Guobher (1986) thabt a major advance was made, Using a
fiuid proteose pephone mediwn biley achieved é marked
inerease in toxin yield in an abmospheore of 10% G0, which,
they suggesbed, preveanted s hapmful rise in pH. Soon
after bthis, Burnet (1980) dbalngd even betber vields by growlng
gtaphylocoegcl on a semnl-sellid agar mediunm in an atmosphere
of 207 C0oy and ln spite of meny efforbs to deovige an
alternative to bthis procedure, it ig gtill probably the
most rellable.

The beneficial effect of COg hag until now never been
fully explalined. The suggestion that 1t acte by bulfering
the medium was and atlll is popular (Bigger, 19533 Nolis,
10850 Nelis eb al., 19343 Hlek, 1959). However,
replacing the 00p by bulfers (Rigdon, 1985) has not proved
entirely zsatisfactory; also mubtanbs have been found

which produce high yvields of slpha btoxin in the absence of
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COs (Burnet, 1930). Both these Tindings suggest bhat

L}

COp acts in a different wayi this ils supported by the

rocant work of Ganezarski (1962) who demonstrabed the
incorporation of €405 into sbtaphylococcal probeing including
the alpha toxin molety. It would thus appear that GQB is
involved in the metbtabolic pathway of synihesig of alpha toxin,
probebly in o fixgtion reaction; mubanbs with high yvields
of alpha toxiun in bthe absence of Clp probably have an
alternative pathway.

Agar lg though®t to enhance the yield of toxin by
abgorbing some uvnldentlfied component of the medium op
produet of the sbaphylococcus, inhibitory to the toxin
(Mclean, 1937). Its action can be simulated by othewy
absorbantss Seiffexrt (1985) and MeLean (19%%) showed
that cellophane, kielselghur, kaolin and even filter papewn
acted in the same way. The asebion of agaxr wag, however,
found not bto be as gbraightforward ag fipst thoughty the
polygaccharide poxrbtilon of the agar molecule was found o
vemove bthe inhibitor and the calelium portion to be
inhibitory by itseld (MceIlwain, 1938).

The ugse of soft agar ig technically inconvenlient and
introduces polysaccharide lmpurliby e Albernative mebhodg
were therefors sought and mechanical agitation of purely
Liquid medium proved to be useful (Casman, 1938, 1940;

favorite and Hammon, 19413 Duthle and Wylle, 1945).
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A6 their besd, bhe resulis are of the same order as those
obtalned with the golt agar technlgue, and these methods
introduced difficuliles. The rate of bubbling of the cog/
alr mixbture and the rate and direetlon of shaking proved
critical (e@.gs, Favorite and Hammon, (1941) found that
while horizontal shaking resulbted in good btoxin productlon,
end-over-end shaking geave almost no toxin}e  Over
tvigorous shaking or bubbling of gas mixbures presumably
degtroys the boxin by denaburetion (Gladstone, 19383
Rudl, 1986).,

The debulled recipes of the nubtrient medium vary
ceonsiderably from worker to worker, and individual preference
plays a counsiderable pavt,. Many combinationg of peplones,
enzynic digests and meat extracts have been vecommended
with varylng degreog ol 8UcCOSSa Also acld hydrolysates
of protein and meat have booen sucgessfully used (Mercier
and Pillety Mercler and Lehoult, 1946).  Since the
expeorimental work of the present Thesls was completed,
Bernheiner and Schwartz {(19658) have desceribaed a purification
procedure for alpha btoxin produced in a medium devised
by Pinsky {(unpublished) based on an acld hydrolysabe of

CASELN.



Following the work of Knight and his colleagues
(Knlght, 19363 Knight, 1937a; Kuight, 193%by Kanlght, 1937c¢3
Knlght and Mcellwain, 1958) who showed that nicotinic acid
o3 nicobtinamide together with thiamine were requirved for
the growbh of sbaphylococel in o bagal wediuvm of amino
agidy, these components end crude preparations of yeast
extract have been incorporated wlth some success (Favorite
nd Hammon, 19413 PBramann and Worlin, 1951; Bernhelmer
and Schwartz, 1963).

o

The addition of feymentable carbohydrate hag been
advocated by some workers (Bigger, 193%; Nelis, 193%
Nellig, Boukuert and Plcard, 19543 Bernbeimey and Schwartz,
1963) end scrupulously avolded by others (Parker, Gunbher
and Hopking, 19283 Forsmenn, 19%%); 4ts beneficial

ffecet has been atitzlibuted to the lowerlag of the pH of
the reaction. The conflicting resullba of dilferent authors
nay be due o the diffevent concentrationg of sugar ugsed,
although it is also pogsible that Lthe btoxin gbudied was nob
always alpha boxin (gee DeRA).

Difficulbies 1o purification of a bacterial toxin from

complex medlia can readlly be appreclated; the medium
already conbalns consgidereble amounis of protein and obther

components which nake purification difficult. In thig
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raegpect 1t lg inteveglbing to note that bthe bacterial
boxing which have been most succegsfully purlfied, viz.,
Tetanus and Botulinug toxing produced very pobtend

toxin in medla conbaining small amounts of non-basterial
protein (Mueller and Millew, 19453 Nlggetal, 194%).

It would be of enowmous advantage, btherefore, if
gtnphylocoscal alphs toxin could be produced in synbhebic
medium. That sbaphylococcl will grow in syntheblc
medium ls woll known {Knight and Mellwaln, 1938
Gladstone, 1937; lominskl el al., 1950). In a complebe

anino acld medliwm, conbtalnling 16 amino acids, eneurin,

nicotinamide, glucoge and inorganic saltg, which
suppoxrted the growbh of staphylococsci, only tracses ol
alpha toxin weye formed (Gladstone, 1937). Working

on the bagis of Gengou's (1935) finding that the

addition of amino acids, egpe¢lally arﬁiﬂlne, Lo &

basic mediuvw whlch 6id not itself yield btoxin,

stimulated the formation of slpha btoxin, Gladstone
(1938) succeeded in producing welatively swmall amounts

of alpha toxin on a Tully synthetic medlum. Not only
the Individual amino acids, bub also thelr concentrations

wera importenb.
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At a givem concentration an amino aclid may stinmulate
haemolysin produetion, at a higher concentratlon the

game amino acid would 1nhibit the production of haemolysin.
Arginine was the most imporbtant amino acid and to a lesser
axtead proline and glycine alge affected haemolysin
productlion. The optloun quentibles were M/110 arvginine,
M/280 proline and ¥M/L98 glycine.  Tywosine, histidine,
glubanic acld, lysine, oxy-~proline and agpartic acld could
he omitted and leucine was found vto be lahibitory. Tho
bagic reuuirement ol amlno aclids was arginine, glycine,
alanine, proline, valine, phenylalsmine, cystine,
trypbtophan, and methionine. Ozxygen was essentlial for the
production of toxin and COgs enhanced the yileld.
Unfortunately the yleld of toxin from thlg medium ig as yes
not sufficlent Lo justify ils use asg o preperatlve
procedure. It 1a interesblog bthalt since the work of
Gladstone there has been no other deveted Lo the
modification of a completely syntheblc medlium for the
production of alphs toxin, The results of lominski et al.,
{1950) who used a gynthetlc medium foxr the production of
gbaphvlococcal coagulagse, also show that at best ounly

vory low yields of this enzyme were obtained. It seems
likely that the interrelationships of the basic amino

acids is go complex that a great deal of effort would be
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required to obtaln ylelds of toxin comparvable with those
obtained in complex medis; if indeed this could over be
done at all.

A% bthe outset of the presgent work many different
media were tried for toxzln productlon; bthe mogt reliable
and the one gliving bthe highest titreg was undoubtedly the
one guggested by Burnebt (1930) and for this reason il was

solacted,

The purlfication of shbaphyvlococcal alpha toxin.

ALcohol precipibation wag used by early workers in
the preparation of gbtaphylococceal toxing, bub it was notb
until bthe 1980%'s with the lmproved techniques of production
that concentratlion and purification was achleved. Again
the ploneer work was done by Burnet (Burnet and Ireeman,
1938), who succeedod in obtaining potent preparations by
precipitatlon of crude Lfiltrateos with glaclal acetlc acid
ab pH 5.0. For move bthan a decade this preparvatlon,
gontainlng 30,000 minimum haemolytic doses (MHD)/mg. of
Nitrogen was easily bthe most potent. awod recovery of
soxln and toxolid was also achleved by Bolvin and Tzard
(1957) using trichloracetic acld at pH 3.5 in the cold,
and by Holt (1986), with a salting oubt procedure, employing
full saburation with ammonium sulphate. Kodoma and
Wishivama (1938} achleved precipltation of alpha toxin

with mebhanol. These methodg, however, did not attenpt
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fracbionation and were only concentration procedures.
With the emeeption of the lnberesting, Dub also
vasuccosaful, abtempt of Grabla and Nelis (1938) to
purify bthe toxin by ultbracenbrifugavion, carly interest
wag ot s0 much in the purlificatlion as in the preparation
of poteunt Ltoxoid fox therapeutic use (Holt, 1936; Boivin
and Izawrd, 19373 Xodoma and Nishivama, 1988) or of toxln
for the mechanism of Ghe toxolding reaction {(Burnet and
Frooman, 1932).

Afber a lapse of some ten yeavs the problem was
re-axanined thig time with the sole alm of purdfication.
A#ber their success in purifying and crystallising and
PTotanug toxin (Pillemer, Wittler, Burrell and Grossherg,
1948) Wittler and Pillemer turned thelr abtention to the
alpha toxin of the staphylococcus {(Wittler and Pillemewn,
1948} . They evolved a wmebthod involving the gtrich
control of pBE, lonlc strength, temperature, provein
concantration and methanol counceuntrabtlon; toxin wasg
flrst precipitated by ascidlficatlon to pH 4.3 with glaclal
acebic acld gnd additlion of methanol to a concenbration
of 15%. This wag followed by repreciplbiation wlith aeid
alone and extraction of bhe precipitate wilth 0.)5 M acetabts
buffer pH 5.5. Although potent, containing c. 40,000
MED/mg . of protein (exitrapolated from the resulbts of
their in vivo experlments) it ls now kunown to be lupure.

A complex procedure, combinilg many of the previous
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methods wag degeribed by Turpin, Relyfeldt, Pillet and
Raynaud (1964); inibtial precipitation with wetaphosphorie
acld wag followed by successive reprecipliabtlons with

high molarity phosphate, acld and methanol, and cellosolve.
The resuliing material was Laiprly potent and free of
nueleic acld but it conboined alb least three antigenic
componenbs. Subgeguent uge of cellosolve, ethanol and
ammonium sulphabe (Bubtler, 1958) yielded neither pobtoent
nor serologlically pure voxln.

In addition Lo precipibtation procedurss, obhew
techniques, inecludivg column chromabography (Lalll and
Orlani, 195%; Slwmonettl, 1954) have been vsed withoub
SUCCOSE . Recenbtly, however, electrophorvegls (Robinson,
Thatcher and Gengoon, 1958) and a combination of
electrophoresis and column chromabography on carboxy
methyl cellulose (Roblungon, Thabtcehor, and Monbtfoxrd, 1960)

K]

resulbed in congiderable purvification hut, as ofbten in

the past 1t 1g not clear exactly which toxin wag belag
sbudled; also thelr preparabions were contamiuvabted with
a probease. Aun added limitation of the method ig that
only small volumes of a 100 - 200 ml. of crude Loxin can
be purified in a single run {(Thabtechexr, personal
communication, 1968).

Compared with the velative inactivity of the lagb

fPifbenn yvears, the past year has brought a renswed




inberest in the field. Indeed since the work for bhe
present thesls was begun, bthyee imporbtant communications
have appeared on the subjech. A complex procedure
combining preciplitation wlth zine acebtate, column
chromatography on G.25 Jephadex and DEABD cellulose, and
papey cuebnlu slectrophoresis hog been described by

Madoff and Weingtein (1962). The value of thig method

ig diffleult to assess because albthough the resulting
proteln preparetion had a ocsleulated potency of 40,000
WfD/mge. protein, the gotual strengbth of the preparation
was only 400 MED/ml. {conbtaining 10 ug. of protein).
Simllarly a nebhod employing column chromatography on
both DEAE cellulose and hydroxy apatite (CGoshi, Cluff

and Norman, 1963) resulbed in a Soxin of high caloulated
potency (80,000 ¥HD/mp. probein) bub agaln the acbual
potency of 1,000 MED/ml. is very low; also bthere is a
dlscrepancy petween the lethal dose of this preparation Tor
mice and that expected for alpha toxin, which suggeabs
that thege workers werve dealling with o toxin other than
alpha, pogglibly gamma HoXin. M esrlier simple two stage
method Involving contbinuous paper electrophoreslis at two
different pl's was descrlibed by Kumarsrocken et al., {(19682).
Unfortunately, bthe potency of thelr prepavation ig nob

3

gbated and can ounly be inferyved from a previous paper



mailto:m@th.od

w~ 5l
{{ Xumar and Lindorfer . 1L968) as being
in the rogion of 150 MED/mg. protein.

AllL of thosge preparatleong are reported to give a
gingle line of precipltatlon against antiserum to crude
poxin (Madoff and Weingbein, 19688; Kumers Locken et al., .
1962) or to partially pure toxin (Goshl e al}s 1963);
Kumay, Lockenmebda (1962) also =eporbted a single line in
irwunoelsctrophoresis . The avrikingly low potency of the

o

proparvations, however, dossg not exclude the pogssibllity
that othen anbigens weve merely absent through dilution,
Both the actual and calculated potency of the preparation
of Kuwoay, Locken et al., i® 80 low thab the sedimenbation
gongbant oFf l.4 5 determined for thelr toxin may well be
that of a pwroteln other than alpha toxia, contaminabed
with a gmall ameuwnt of alpha toxin. U bthe other hand
it Is quite posglble that though weak the toxins of
Madoff and Welnsteln and Goshi ot al., ave indesd pure.
In ghort two bypes of proparation have emerged;
thoge which ave concentrated but impure, and those which
are pure bub weak. Part of the present thesis has been
devoted bto the finding of a nethod which would at the

sane btime vield toxin of high potency which was

physically and immunologlcally pure.

(8ince the experimental work for the present bthesis

wag completed, and the relevant peper submitted to the
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publishers, the comprehensive gtudy of Bernheimer and
Schwarbz (1.968) appeared. Usging a different method
which combined the use of Tractiocnsl precipitaticn with
ammonium sulphate and curtvaln electrophoresis, they
obtalned pure alpha toxin which showed essentinlly aimﬁ}ar
propertics to the prepavation obtalved in the present

gbudy » The aedimentation congbant of 3,0 is nod
significantly different fwom that of .l obtzined in the
prosent gtudy.)

The physical and chemical properblieg of
alpha toxin

Llttle success nas been achleved as yelt in the
characterisation of the physical properties of alpha
toxin, presumebly bscaugse of the difficuliy in obtaining
agultably pure preparablong.

iho effect of heab on alpha bLoxin. Mogt protelnsg ave

denabured on heating, although sowme, notagbly ribonuelease,
are quite heat reglshant. There have been numsrous
gontlicting reports concerning the heat sensitiviiy of
alpha toxlin. Very early in bhe gbudy of svaphylococeal
woxing, a8 already menbioned, it energed that diffeorvent
preparatlons behaved differently when heated {(gsoe p. 13 ).
Some worikers Iound that the toxin was desbroyed by heating

%o 60°C. (van de Velde, 1894; Welisger and Wechsberg, 1901)
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while obhers found that it regigted heating even Lo
1009C,. (Leber, 1888, de Christmas, 1888). This
digerepancy atbracted the attentlon of perhaps the
groatest physical chemist of the period, Arrhenius, who
cheerved the paradoxicsl behaviour towards heat now kunown
ag bthe "Arrhenius phenowmenon' (190%7)3; crude boxly when
heated to 70°C. lost almost all its haemolytlo activity,
but on peheabing the now inacbive mixbture to 100° g

Jarge proportion of thig activlity returned. Thig did
not geem the behaviour expected of a Ltypical »protein.

In additlion he noted thabt an lnocuovg mixbure of toxln
and antitoxin whoun heated for 5 min. to 100° again became
acblvely haemolytic.

The mechanism of thilg phenomenon was inveublgated by
Lansteiner and Rauchenbiechlor (1909) who confirmed
Arvrheniug! original Tinding that hacwolytic activity
disappeared at 659 . and reappeared on reheabing o 1009C.
However, they added thab when toxin wasg diluted in broth
or saline it no longer showed bthe naradoxiocal behaviour
bowards heat; it resisbed heating both to 65°C, and to
100°¢.  TFrom Gthis they deduced that the inactivatlon ab
6690 . in undiduted preparabions was nob a property of bhe
goxin ltself, but may be due Lo ths formation of an

inactive complex with a component of the culbture Tiltrate,
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which on reheating abt higher temperature disgociated
with the releage of acbtlive toxing 1un support of this
they prepared autolysates of staphylococci which
inaebivated the btoxin when heated with it at 65°C.
Such ezplanabtion of the Arwheniug phenomenon asswues
that intrinsically the boxin is heat sbable.

The inactivation Lollowed by reactlivation on furthem
heating wag, however, not easily repeabable (Neisger, 10183
Abkin , 1810) snd the work of Landgteilner and von .
Rauchenbichler (1909) was widely lgnored. Nevertheless,
throughout the years many confllceting reports concerning
the heat senslblvity of the toxin have appeared. (Burnet,
193l; Gross, 1831 § Dolman and Xitehing, 1930; Flaum,
1938; Singer and Hagan, 1941). In an abbempbt to explain
these, it was suggesbed that there arve bwo lysing of
differing heat senmsitivity {Rigdon, 1938) and also that
bthe sensitivity to heat dependg on the age of the culbure
from whioh the toxin ls prepared (Smlth, 1941);
heemolysin from young culiures was Tound more hoat
gensltive than that obtalned from old cultures. In
addition, toxin prepured in fluid medium was found o be
more regisbant to heat at 60°C. Lthan that produced in agar
(Beumer, 1Y39a} and toxin was also found more stable to

heabing at 80YC. in the presence of sucvogse (Bewner, 1939b).
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Most of this work, however, dves nob take labo acecounb
the origlnal paradox desocribed by Arrhenius (1907).

The conditlong necagsary Lfor bhe laactivation ab
80YC. and the apperent reactivatlon on boiling have been
investigated by a few wonrkers. The ilmportance of the pH
of the reaction mixbure was polubted out by Gengou (1985)
and Beumer {199%%a); the former Lfound that the toxin was
healt gtable abt a slightly acid piH aad thermolablle at an
alkaline pH, whereag the latter cawme to the oppoglte
gonclusion. A comprehensive gbudy of the lnactivation
at 60YC was made by Tagex (1941), who demonsbtrated thab
saveral aubolytic products of dliffersnt bacteria and
other subgtances ineluding gvepsin (not acting in virtue
of proteolytic acbivity) and lecithin cowbined with the
poxin at 60°C. bub nob ah 80YC. Recenbly Robinson,
Thateney and Monbford (1960) Tound that even partially
purified tozin was heab sbtable, and Blek (1959) concludes
that all thig evidence guggests that alpha Lygin ltgelf
ig highly bhermostable and that the apparent lnactlvablon
is due to anobher mechanlgm.?

Recently however (Lominski and Arbuthnott, L96R)
ib wag shown that partially puvified, and purifled
prepavations of alpha toxin (Lominskl, Arbuthnott and
gpence, 1983, in press) weve irreversibly destroyed on

heabing to 60°%. for %0 min; the Arrvhenlus phenomenon
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wag found to occur with orude toxin, in view of the

L3 a

intringlc heat sensibtivity of alpha boxln thse mechaniam
of the Arvhenius pheunomenon needs Lo be recounsideved.

In the preseunt thegls sxperiments dealing with the heab
sensltivity ol crude and partlally purified preparatlons
are included, and posgible explanuations of the paradoxical
Arrhenius phenomenon are discuased.

The eftect of pH. Mogt workers recommend that alpha

toxin should De agsayed at & pH close Lo neutrality,
probably becausge bhis ig customary leboratory procedure.
Possibly tho first abtempl bo luvesbigate the pH
dependence of alphs Loxin was made by Rud (1955) who
found that ofter 1 hr. ab 870C, haemolysis was vivbually

]

unaffected over a wide pHd range (B85 - 8.9); when the
degree of haemclysls was mssessed after 15 min. incubatbtion
alt 3790, howevor, he Found thah the maximum haemolybic
aeblvity cccurred ab pH 5.5. Simllar findings were
roported by Mangalo snd Raynaud (1959) who found thatb

the btime bo B0 lysis of rabblt erythrocybtes was shortest
at pH 5.2 {over a range ofl 4.4 Lo 7.4). By contrast
the pH optimum debernined by Jackson and Little (1957)

wag 648 50 7403 Ghese workers did not however determine
the rate of haemnlysis. It is also important

romember that In the assay of haemolyslis the steblility of

the erybthrocytes themselves may be cmsilderably affeated

atb Aifferent PH values (Rud, 1955) and that the buffer



uged may influence this gtsbility.

fhe effect of temperature on haemnclysis. In contrast

to the numerous studies oun the effect of temperature on
the boxin itself, only bwo wozxkerg have inveshigated the
effest of temperature on the rate of haemolysis by alpha
boxin. Rud (19885) found that the rate of haemolysis was
maxinal at a bewmperature of 309, when haemolysis was
egbimated after 15 min. in the presence of a small doge
of toxin; agsin the effect of temperabure was found,
similar to the effect of pi, to be time dependent. AfHer
1 hr. incubatlon there was a broad opbimum range between
20° and 300, On the other hand Mangalo and Raynaoud in
1959 found that there was a plabteau of optlmum activiby
between 52°C., and 57°C. Ho activatlion energy, similar
to that calculated by Bernheimer (1947) for obher bacberial
lysins has been recorded for alpha boxin.

The iso-~electric point of alvha toxin. Here agaln there

have only been two atbempty to determine an important
phygical propexty of the toxin. In 1948 Wittler and
Pillemer in a series of solubility studiegs found thatb
maxinum ingolubllity ocecurred at pH 4.3 and suggested

that this was the iéael@cﬁric point. An entirely
diffevent value of 6.5 was determined by Bubler (1959) who
frachlonated the btoxln by Tigellius electrophoreslis. At
present until further experiments have been caryied outb

it 1 im osgible to decide which ig correch.
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The Ultracenbrlifugation of alvha toxin. As previously

mentioned, an early attempt Lo purify the toxin by uvltra-
centrifugation (Gratla and Nelis, 1939) was unsucgessful,
and the vecend work of Kumar and Lindorfer (1968) suggests
a value of l.4 ag the sedimentation ccnﬁtanﬁ of alpha toxin.
This ig open Lo congiderable criticlism, however (see p.34).
Since the experimental work for the present thesls wag
completed, a value of 3.0 § has been gugegested (Bernheimewr
and Schwarty, 1963). Brperiments described in the present
thesls and in press (Lominskil, Arbuthnott and Spence,

1963) indicate a value of 3.1 8 which is not signillcanily
different Lrom that of Bernheinmer and Schwarts (L963).

The Ingtability of alpha toxin., It dis well-known that

wmany eradé preparations of alpha toxin are wngbtable

(Le Tevre d'Aric, 1919a; Rud, 1958) and that highly
purified preparablons are even more unstable (Madoff and
Wolnstelin, 19623 Goshl et al., 19828; Bernhelner and
Sehwartz, 19633 Lomingki, asrbuthnobt and Spence, 19635 =
in press). As yeb no explanation obther than thatb

the boxin ig presumably toxoiding has besen suggested

o account for Lhlg Propersy. It is, however, generally
accepbed bthaet Tobanug btoxin and Diphtheria toxin ape
also uwnsbable when purifled, and that this ig due to
polymerisation. Part of the present thesis describes
exporiments whioch suggest thalt the alpha toxin also

vends to polymerisa.
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The Chemical nature of alnhe btoxli. Until 1959 there

was very Libtle positive evidence that slpha toxin was =&
provelin, although 1t was generally aceepted to be one.

It did not pasg through dialysis mnembrasnes, 1t was
precipitated by protein precipltants, 1t was anbipenic,

and it was destroyed by Lfrothing. These criteria in
thengelves, however, are not sufflelent Lo esgbabliash
probein nabure, they could be satisfled hy a polyseccharide
fopr lngtance. In addition, thé peculliar behsviour btowards
heat waog not typilcal of a probeln.

The first dlrect evidence cawme frop the work of
Robinson et al., (1960) who showed that the haemolyitlc
acbivity of the boxin wag deglbroyed by pepsin and Lrypsin.
Bxperiments which have already been published (Lominski
and Arbutbhnott, 1968) and which will be described in the
present Lheslis, showed that partially purified preparvations
of alpha toxin were degbroyed by trypsingand pepsgine 8lso the
vacent amino scid anolysis of Bernhoimer and Schwartz (1963)
paveal d'that the purified btoxin had bhe compogition of a
typical protein. By contrast the puriifled toxin of
Goshi et al. (1963) contained a swmall amount of
polysaccharide aﬁd wag degtroyed wmore readily by zlpha
and beta amylase than by btrypsin.  From this they conclude
that bhe active gite of the toxin is polysaccharide in
natburea, Thils finding, nowaver, could nob be confivmed

by the writer, and as monitioned, bthere is a possibllity

w
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bhat this preparation may convaln a voxin other than
alpha, possibly ganma. in councliusion, it would seam
that the bulk ox the evidence ig in favour of alpha boxin
haing a bypical nrobeln.

Phe action of varlous chemicals on aloha boxin. There

o

has, ag yeb, been libttle sysbemmatic inveabtigabtion of
gsubgbanceg whieh elther inhiblt orx activete alpha boxin;
bhere exlsts walnly a number of gealtbered and unrelated
findings. &8 early as L1919, le Fevre d'aric (1919%) examined. the
effect of a number of metal colloids on a st.phylococcal
toiin which from hig degeription appears Lo have been

alpha btoxin. The lethal effect was vnaffected by silver,
gold or plativum, but wag inhiblied by ilron and mangenese.
Only manganeso inhibited haenolysis. Thig inhibitoxry
property of manganege wag bthought to be due to its

oxidative propertics. (A similar explenation has more
recently besn suggested by Petherwick and Singer (1944)).
These sbudiss were exbended by Purdy and Walbum (1921) to
include a great wmany metal salbss; they Found that some
mebals inhibited, whereas othoers acblvated hasmolysls.

In contrast wivth le Pevre d‘Aria (19181 manpancse was FTound
to gbimulate activity. Also among bthose mebtals whilch
acbivated bhe toxin were gold, silver, mercury, cobalb,
magnesinm, cadmium, and nickel, Inhibitors included barium

caloiwm, zine, lead, copper, iron and chromiun, The




ralue of these findlags is doubtful because the haemolysin

was asgegsed on goalb HEBC and feow experimental detallg

1t seems likely that it wag beba and nob alpha toxin which

wag being agsayed.

Two vitawmins have been shown 50 have antitoxlc activitys

vitanin C inhiblited beemolysis at high concentrations,

bub not the lethal activity (Meroier, 1934 . Thisg wasg

explalned by Mercler by the Pfacet that the inactlvabtion

could be wreverged by dlalysis (Mercier, 1938b) and that

provebly a simllar dissociation occurred in vivo. On

the other hand, vitamin K has also been found to inhibitb

(Mule and Sedatl, 1849). Both of thege substances are

thought to play & rols in cellular oxidative mebtabolism

and 1t may be that bthey inhibit toxin hy oxidatlon. It
Y is interesbting Lo anote that deboxication caen be achisved
algo by treatment of the toxin with light and methylene
blue (Li, 1936) and as has already been menbtioned, by
Nanganeses. In addlitionr, the holopgeng, lodine and brom.ine,
which are powerful oxidising agenbts, slso inhiblt salpha
toxin (Forkas, 1947). Thig property of ready o®ldatlon

may also account for the tendency of toxin to spontansously

detoxify ltsell. It 1s vumzling therefore thalt the amino
acid analysis of Berpheilmer and Schwartz, (1963) showed
the complete absence of cystelyewhich ls the most llikely

component of probteins to be lavelved in oxidatlon reacbions.
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H second group of chemicals known o affect the toxin
are acldss Strong acids such e sulphuric and hydyra-
chloric aeids were found to destroy the toxin ab a
roncentratlon of He (Nelis, 19334 . Weak acidg guch ag
lactic, acedic oy barveric, did nobt affect the Loxin even
at falrly high concentrations (Nelis, 1933), Otheors,
however, such as benwmoloe, gelicylic qnd belba~oxy-n apﬁhoie
acld degtroyed the toxin only slowly {Welis, 19379 .

These rosults arve remarkable because of the apparend
regigtance of the btoxdn Lbo acidg; Lor ingtance 5
sulphuric completely deslroyed the toxin only after over-
night incubation at 379 and 1% 416 only particlly affect
the toxin in the same time. HNelis hinsell (195%)
suggesbed thot his medlium conbalned protective substances,
although a sinllar reglstancs was reporied by Stockingerp,
Ackerman and Caypenter (1941) who found that the boxin
rebained Llts acbiviby after overnight standing at pHg
bobween 4.2 and 10.8. When inaetive btoxin was obbtalned
by the treatment descrlbed above, the resulting
preparation Aid nob vcact with antitoxin,

The toxolding of alpha toxin with Tormellin was f£ivst
described by Burnet (1929), who later went on to study the
chemis Lry of the reaction (Burnet and Freeman, 1932).

Thege workers found the rate of bogolding to be dependent

on the concentration of formalin and proportional to the
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gouare root of the hydroxyl ilon concentration. The
reaction had a hilgh temperebure coefficlent. Since the
1980z the toxolding of alphs toxin with foimaldehvde hasg
heen confirmed hundreds of timeg. It is standard procedure
to dncubate the toxin at HYCIin the presence of 0.4
formalin coverulght. However, some workers obtalned
complete toxelding only after 5 to 10 days (Nelis, 1933).
It is geunsrally acceplbed that bthe boxoid is almost as good
an lmmundsing agent as bthe toxin itself and hilgh titres
of antltoxin can be attained quite realdlily. It is also
interesting o nove that toxin detoxified by breabment

by methylene blue and light 1l also a good sntigen.

Another sntirely different type of inhlbltion is known,
Rigdon (193%6a) found that when 5. sodium chloride wag
injected inbo rabbits and alphe boxin then injected iunto
the hleb that the degres of necrogls was reduced and instead
of appearing on the surface wag evident in the desper
layers of the skin.,  Similerly sSwmith (1957) found by

gident that the necerotle ection of alpha boxin was

5

inhibited by glycvercl and thet slmilar inhibitlon was
ohtalned with ethylene glveol, sucroge, and glucose; she
sugaested thatb the inhibition was due to the destruction

of the Ltoxin. The problen wag re-examined by Rigdon (1.93%)
who Tound that altbough 5% sodium chloride reduces the

rate of heemolysis, mixing toxin with 125 sodium chloride
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prlor bto tltration bud wo effect on the haemolyblc activiby.
Also avery, Rigdon end Johlin (1857) found other saltse
of sodium and potassilwa bad a similer effect and thab
magnesiun sulphate inhlbited haemolysis and neerosis
veculiarly however, Lithiuwa chloride inhibited necrogis
but not haemnlyslis. It hos been sugrested bthat hypertonic
golutions of these salbyg had 1n gsome way probecteod the
gallyg from AomnaEe .

Phogsphollipids have an inbibitory soticn on alpha boxin.
That lecithin inhibilted bthe haemolytic action of
staphylococesl toxin was nobed by Weinstein (1937) who also
obhaerved the odd reversol of the inhibition hy cholesterol.
Rocently inhibitlion of the lethal activity of a’vpha toxin
by pxlor injeoctlon ol snake venowms has been obsecrved
( Yorth and Doery ',..1953). fhey abbributed this
inhibition to the releage of hreaskdown producits of
phoespholipids. Recenbly (1961) they degceribed a simllawp
inhibition of the lethal actlon of alphsa toxin by core-
brogsides. The exact neture of inhibition by phospholipids
ig not clear, albthough 1t may be a vital c¢lue to the

finding of the biochemical point of stback of alpha toxin,

The mochgnlism of gobion of alvha boxin.

Thisg important aspect of alpha toxin has been largely
ignored; what has bean done is to some extent contradictory.

Host studies bave beon made usling erv*hfoayu s as




gubgtrate, since this enabley gome degree of quanbtivetive
avaluation,

The controversy cenbres around whebher ithe toxin
conbines stolehimetrically with the red blood cell or
whather 1t acts enzymically. ‘The latbter concept was
First sugzested by Forssman (1983, 1934a,b,c) on the
grounds thabt the pesctl .n bebween staphylolyvsin and re
blood c¢ells of rabblt and sheep was characterised by a
weak, irrzegular snd eamsily reversible adgorpiion. Ox
the other hond evidence in favour of a strong algsorption
wag pub forward by Levine (1938, 193%9) who found that the
hasmolytle, dermoﬂeorotia and lethal effects of the toxin
were reduced D dncubation with Thighly concentraoted
gsuspengiong of red blood cellsTe 4 logarithmic plot

the amount of aclLivity adaorbed against bthe smount
remaining resulbted in & gloping stralght line; the
gquanbitative relatlon bebtween thewm was given by the
equations=

Img ¥ = log 2.2 + 0.7 Tog X

where ¥ equals the number of haemolytic unlis sdsorbed and
X eguals the number left. Trom this Levine concludes
that the resction boetween btoxin and the red cell obeyg the
law of the Freundlich adsorpbtion ilgothesrm. This lmplies
that the reacticn betwesn Loxin and the red cell isg

gtoichiometric.
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in reply to Levine's findings, Forssman (19359)
published & reappraisal of his own findings and repeated
gome of his esrlier experiments in more detail. In
gconclusion he added that "o embody bthege phenomensa in a

ybhematical formula ls nobt an easy task, at any rate they
cannot he clagged under the formuls emploved by Leviae',
Posslbly as a result of the interveantion of the Seocond
World War the controvergy was nob continuved and the matber
was allowed to resi.

Intepest in this agpect was slow o reburn and even
the dmportant work of Bernheimer (19244, 1947) went
aprarently upnoblced. The kinebtics of & number of
bacterial haamolysing, othsr bhan sbtaphyloccccal toxins,
wore investlgated by Bernheimer (1944, 1947) along with
thoge of gome organle lytic agenbs sueh as gaponing
may of the bacberial lysins showed a characteristlc
direct proportlonallty between the rate of haemolysis and
the concentration of lysin. Bernheiner concluded that
Tin view of the ijact that all the lybtic agenbs showing

X

the dlrect proporbtionaliby appear to be proteing, it
geems 1not improbable thabt some or all ol the lysing of
this claags apre enzymest,

It was not untlil 195% with the work of Jackson and

Little that the kinetlces of staphylococcal toxins were

examined ., These workers using a colorimetrlic method
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of asgaylig the rate of lygls obgerved that bthe alpha
toxdin was gimilar to bobth "other bacterinl lysins agd
organic lytle agents®. In an attempt o determine an
accurate mebhod for asgessing alpha btoxin activ iﬁy by
measuring the tlme vo reach 50% haemolysis, Mangalo and
Raynaud (1959) found thabt the relationship betwsen THO
{time to B50% haemolysis) and ¢ (concentration of alpha
toxin) was given by the equatlonie
Log 150 = =a Log (C)+ b,
in which a equals 0,54% 0.03 and b was found to have a
value vayrylong belbween 0.22 and 0,6%. Kinetic gtudies of
the rate of haemolysis by which alpha toxin yielded resulis
similar to those of Bernhelmer (1944:3;194%) weroe carried oub
by Lominski and Arbubhnobt (1968) and are %o be descibed
in the present thesis. With certain limltations they
support the view that the alpha haemolysin acts enzymically.
Algo from the resgults of thelr "gplit titration resulbs®
it would appear thab as suggested by Fousman (1939) the
adsorpitlon reachlon, iIf it does take place, must be
reversible.
Quly a little work was devobted to the posgsible

subgstrate of alpha toxin. Ag early ag 1930 Seiifert

sugeested bthat the polnt of attack was the 1ipid poxtion

# the red cell., Recenbtly Robinson et al. (1960) found
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that in highly purified preparations alphe toxin was
ingeparable from protease actbivity; in later work, however,
goparation hasg been achlieved by furbher putificatiﬂn
{Thatoher, personal communicabion, 1968).

The problem hag been abtbacked in an unusual and
interssting way by Nowxth and Doery and thelr colleagues
in ausbralia over the past Ffew yoars. AS previoualy
mentvioned (p, 47 ) in 1958 North snd Doery described the
protective actlon of cerbala venoms agalnst bacterial
exoboxing, especially staphylococous alpha toxin.
Tractions of the venom of the Augstrallan Tiger snake,
wich in haemolysln and pooy In neurotoxin, probected mice
when injected together wlth, ox prior to a lethal dose
of alpha toxlin. Similar protection could be achieved
with venonms of other snakes or even of the honey beso.

A1l of these preparationsg conbained phospholipase A
aotlvity aund they suggested that the natural protective
response to the toxin involved a releage of phogpholipase
from the tlssuves which then hydrolysed vhospholipld to
lysophoaphatides and long chain fabbty acids. such fatby
aclids were alrealdy known to inhibit alphs boxin snd also
diphtheria toxin (Nelis, 1933a, ). This work has been

continued asnd extended and it wag rocently shown thatb




cerobrosides also inhibited alpha toxin in vive (North
and Doery, 18061). 4t the end of last year the same
group of workers reported that crude and partially pure
preparabions of the toxin contalned a phospholipase which
catalyged the breakdown of an unspecified phosphatidyl
inositol and lysophosphatidyl inositol to dlglyceride and
inositol phosphate (Magausson, Doery and Gulasekarem, 1962).
4 similar actlon on phosphatidyl inosltol in striated
musale of the rat ond red blood cells was demongtrated,
Howeven, "evidence was obtalned that the phogpholipase
of thisg btoxin was not divectly responslble for the lethal
effect in mice and hacmolysish. Nevertheless, 1t seews
possible from the work of bthis group and experiments bo
be deseribed here that Sellfert was correct 1n sugrpesting
that the site of abback lles in the 1ipid porticn of the
6ell.

The mwode of actlon of alpha teoxin in vivo.

In spite of the many efforbts by workers of different
experimental goiences, very libtle concerning the action
of the toxin in vivo has been added to the findings of
the early workers. The action of sbtaphylococcal toxin
on blood pressure, on the heart, on the small vessels and
on the nervous gvsbtem were all recorded before 1LB20

(van de Velde and Denyg, 1895; Neisser and Levadltl,l900;
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Kraus and Pribram, 1906; Russ, 1918; le Fevre dtArvic, 191%.
Latexr work ln addition bto confirming these findings has
gerved the importent purposge of 3howing that all these
acbliong can be attributed to alpha boxlin; ibs wide
gspectrun of activity has been established. Ton addition
the simple yol exbremely lmporteant conclugion cen be made
that the action of alpha toxin depends on the doge and
roube of edminlstration.

Kraus and Pribram (1908) were the first to notlce thab
gbaphylococcal toxin caused a fall in blood pressure and
heart Tallure, and that bthese were unaifected by section
of the vagus nerve. Ten vears labor Russ (1918) made
& comprehensive gbudy of the effect of gbaphylococcal
toxin in vivo and conflymed the fall in blood pressure;
in heart lung preparabtiong he found that Hoxin caused
fallure of the rieght heart and concluded that thlg
resulbed from obsgbtruction of the pulmonary cilrculabtion.

These findings were exteaded by the work of
Kellaway, Burnet and Williams (1930) who investigated
the effect of glpha toxin on the blood presyure of rabbits
and csts. Intravenous injecbion of Hoxin had a twoflold
affect: there was an inltial fall, followed by an
"axcegsive recovery® and then s rapld terminal drop in

hlood pregsure. The lnitial Toll wag shown to be caused
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by "pharnacologleally actlve congtlbtuents of the media®
and the Yrecovery” due te the relogsge of adryenalin,

The terminal fall was considered to result from the
obgtruetlon of the pulmonasry clrculation by alpha toxin.

In addition the toxin wasg found to have an effect on the
heart itself. Collapse and death of the experimental
animal was dus to the combined acbtion of these two effecits.
On the othex hand, Rigdon (1935} found no obstruction of
the pulmongry e¢irculabion; in & laber astudy he found it
impogsible Lo dlstingulsh betwesn the acbtion of boxin and
the congtibuents of the modium In causing the fall in blood
progsure {(Rigdon, 1936b). Tho blood pressure of lmmune
dogs behaved in exasbly bthe same way on bthe lnjectlon of
toxin. It must be pointed oulb however bthat Rigdon's
boxin appears to heve been very weak. In contrast Dicker
{(1955) found thet 15 dally injectlons of staphylococcal
exoboxin had no sffest on bvLlood vregsure,

In addition to finding a progressive fall in blood
pressurs Nelis and Boukaert (1938) degceribed the appearance
of cardisc irvegularibties on elactrocardiogram bragiiss,
such ag, exbrasystoles and fibrillation. The work of
Dingle and his colleagues (Dingle, Hoff, Wabum snd Carey,

1937) d4id not confirm thig findings; they concluded thatb




TThese results fall to dempusitrate any caugal relatiouship
between the cardiac lrregularitiss as such and rapid

death from intravenous injection ol the exobtoxin of

e AUraus but they do indicate that death ls due to o

toxic action on the myocardilium®, It has been genewrally
accepted as a resgult of all this work that alpha btoxin
acts by lowering the bleod pressure snd danasing the
myocardium, There is, however, a distinct lack of
recent work on thisg asgpect and it would seem profibtable
to carry out simlilary studies wlth pure toxin and modern
Improved apparatlg.

The necrotic actlon of staphylococcal boxin on skin
and kidney has been long known (see p. 4, 2')0
For many years 1t wag belleved that these Goxic
manifestatlons were due to distinet toxins {(Parker, 1924;
Weld and Guunbher, L93L) olthough it is now generally
agccepted thet they are merely examples of the many actionsg
of alsha toxin. Wheress the effects on blood pressure
and the heart were malnly studled using large snd repidly
lethal doges of toxin, necirotic lesliong are apparent only
when bthe snimal survives somse Lime aftoer challenge. In
the very first dessgoription of the effect on kidney,
Neigsger and Levaditi (1900) abbribubed the cause to

formation of generalised Infarcts ag a resuli of the
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obatruetion of the swmall vessels by disrupted leucoovibes.

s_h

Although 1t ig now widely accepted that the action is
indeed on the small vessels there is some controversy

as Lo the exact mechonlshie On injection of subelathal
dosag of alpha toxln, De Navasquesz (1938) observed the
byplcal symmetrical cortical necrogsis of bthe kidney and
suggested from histologleal ovidence that the intravenous
injection of alpha toxln cauges paralysis of the interlobar
arteries and eflevent arterioclss resulting in gsbagis and
subgoquent neorosis. Digtenglion of the glomerular
capilleries with leakage of toxin and subsequent damage

of the c¢ells ol the btubular epithelium was the suggested
mechanism of van Ghlan and Weld (1938).  This wasg
supported by the work of Simmonds, Linn and Lange (1946).
The popsibility that the lschemic effect was due entirely
to vagospasm of bthoe small vessels was put Lorward by

Thal {(1951). Recently alpha boxin bag been showa to Kill
suspensions of kidney cells in tlssue culbture (Gablicks
and Solotorovsky, 1961).,

That the dermonecrotlo reaction also involved the
gmall vessels has been known since the work of Pavker (1924),
The mechanism of thls reaction was Invostigated by Thal
and Beuer (19584), who showed thab rather thsn being typical

indlamnmatory regction it resulted Trom spasm of the
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amall vessels. By inJecting trypan blue inbto the blood
stream they showed that the area of gkin affected by
Boxin became lschomic. In addition by direaet observabtion
of the mesenteric blood vessels bthey observed that boxin
cauged prolonged gnd sovere gegmental spasm of the
arterlies and veilns, and albered capillary permesbility
10 such a way that stasis occurred. Similarly Thal and
Molesbtbina (1955) found that introduction of the toxin
direotly into the pancreatlc duct caused a highly fatal
hasmorrhagic pancreatle necrogls due bto the suppression

the pancraatic blood flow; injection of dye into the
blood stream of anlmals previously lnjected with toxin did
not result in the blackening of the pencress. Recently
the same group of workers showed that alpha toxin caused
gpasim 0f snooth muscle tisgue and gugeested that a simllazw
gpasi of the smoobth musale of the blood vegsels would
result in a fatal drop in blood pressure {Thal and Bgner,
1961) . Tt scems likelyv that bobth spasm of the blood
vasaels and a dlrect action of alpha toxin on the cellular
elements of a tlssue may be involved in necrosig.

In one of the earllest studies of staphylococcal
toxin the cytolytic action on nerve cells wag demonstrabed
(van de Veldo and Denys, 18985). The action on nerve

tlasue wag however igunoyed until le TFevre dvAric, who wag
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investigating the vapid death of experimenial animalg
from gtaphylococcal toxln, supggested that the dvapnoea and
general convulgsions which characterige rapid doath may
be duwe to lts action on bthe nerve cellg of the vegpirabory
gentre in the brain (le Fevre d'iric, 191%a). In a
geries of papers on the eiffects of staphylococcal voxin
on bhe central nervoug sysbom Travassos (1933%a,b. )
found that death from intracerebral injection ol btoxin
is characteriged by btetanle spasus, rapid resplration and
finally Cheyne Stokes bresthing. £1g0 injecvion of boxin
into the lumbar reglon of the spinal cord resulted in
paralysis of the hind legs followed by spreading of the
gympbtoms to the cerebral reglon. Simdlarly the direct

ey

action ol alpha toxin on the respiratory centre was shown
by Wells (1935) and Nelis and Bonnebt (1985):; +these workeng
observed thalt death ofben resulited before the heart had
stopped bhesating. By inJecting partlslly formalised crude
toxin into the femoral artery, Nelis (1934) caused
pavalysis of the hind limb on the corresponding side in
abblls. It is pessible that bthlis was s vesgulb of the
direct action of the toxdn on the skeletal muscle.
Although it can be geen from the above account that the

action of toxln on the nexvous gystem hag not been studied
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in as much detall ag obher sctiocnsg of the boxin the
impregsion has been gained from axpemimeht@ inecluded
in the present thesis that action on the nervous sysben
may well be one of the most important properties of
alpha toxin.

In addibion to the effeclts of alpha toxin alroady
degeribed 1t seemg to act on almost every other tissue.
Pogt mortem chenges Iin the gbomach, intestine, lungs,
kidneys, liver and spleen have been descwibed (Nelis,
Boukaert and Plcard, 1934),. Direot scbtion oun the
allmentacy tract (Borthwick, 1933) and on the knoe joint

have also been described (Rigdon, 19%7). Recenbly

L

a divect action of alpha toxin on the gtriated muscle

of the mouvse has bheen recorded (Lominskl, Arbuthnobt,

geott and MeCallum, 1962). Indeed the toxin hag

T

been described by Blek (1959) as a “eatholic eytotoxic
agent’.

A vel little work has been carnried out on tissue
culbured, Culbures of chick hsarb fibroblasbs ave
affectnd (lasfargues and Delauney, 1946). However,
gvidence thabt bthe boxin does net act on all cells comeg
from the Findings thabt laryngeal cells (CGablicks and
Solotorovsky, 1961) and epithelisl cells (Thal and Bgner,
1961) are unaffected by the toxin, It is algo
interesting to note thav btrypanasomes are reslstant to

the boxin (Nellg, Bouksert and Picard, 19354).
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The bilochemical polint of attack ls as veb a
mygberyy Indeed it is not yvet kvown whether or not the
toxin acts on the surface of cells or by disruptlng an
eggentlial metabolic reactlon in the interdor of the cell.

rom bthe Taot Lhat it acols extremel

o
=

¥y ooulcekly and that it
hag o magg of approximately 45,000 (Bernbeimer and
Sehwartz, 1963; Lomingki, Arbuthnobt and Spence, 1983,
in press) it seems likoely that the subsbrate is widely

digbributed and ilg probably to he found on the surlace

of tho call,




The Bxperimental Section is presented in
four parbtg, each dealing wilth a different aspeoct
of Staphylococceus alpha toxin, The toplcs are
s0 diverse that bo discusg them In a single
Digscugglon Section would be confusing. For this
reason, each agpect ls discusged geparntely
followlng the relevant Bxperimental Secotion. An
overall picture ol the malin conclusions will bhe

given in the Sumnaxry.
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I

IHE HARMOLYTIC ACGTION OF ALPHA TOXIN

Thisg seotion desgeribeg experiments designed o
determine the unabure, properbies and mode of asctlon of
crude and paprtially purified preparations ol staphylosoccal

alpha toxin in vitro using heemolysls ag Indicabor sysitoem.

MATERIALS AND METHODS

Production of crude alpha toxin. The organism malinly

uged for the produetion of alpha toxin throughous this study
was sbrain Wood 46 (NGTC 718L); in somo experiments
another alpha toxin producing strein, 5 A8, was also uged,.
As menbioned previously seversl mothods were screened
for the productlon of toxln. Thege included standing
buffered broth cultures, shake cultureg ln meayv extract
broth In the presence and in the absence of COp,
agitation by bthe method of Duthie end Wyllie (1945) using
broth and semi-golid agar medlia, and semi-golid medium
composed of casein hydrolysate aﬁd veaslt extract. The
begbt yvield wag undoubitedly obtained by using a modification
of the method of Buruet (1980); this was used bhroughoub
the present work, except when the effect o heat was belng
studied, and when broth culbtures were also employed.
Culbures were grown for 48«72 hr. at 37°C. in an

atmosphere of 80% COp and 80% alr on a semi~solid medlum
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congisting of 0.35% 0x0id agar No.3, 1% peptone, 0.5%
sodluwn chlorlde in ox heart Infusion broth, which since
it wap preparved For dlagnogtlc purposes contained 1 in
20,000 p-~amino benzolic acid.

Toxin was then exbracted by freewming at ~£0°C. aad
thawing the agar once; the cells were removed by
centrifuging ab 8,000 w.pet. for 30 min, In wogt
experiments thlomersal was added to the resulting super-
natant to a coneentration of L in 10,0003 toxla wag sbored

either at 4°C. or at =200C.

Partial purification of alpha toxile A modification

of the method of Witbtler and Plllemer (1948) was uged:
glacial acetic acid was added bto the orude boxin at 0°C.
$0 a pil of 4.0, followed by the addition of methanol bo

a ooncenbration of B0% (v/v) abt ~B°C. Afber the mixbure
had been allowed to sbtand abt thls bemperature overnlght
the preciplitate was gpun at 5,000 r.p,m. in a refrlgerated
MaS.He conbrifuge at «500 for %0 minutes and redisgolved
in one btenth of the original volume of crude toxin in
0.14 M phosphabe buffer pH 7.25 (Hendry, 1948). The
coneenbrate wag then aclidlfled ab 0%C. with glucial acebic
aclid to pH 4.0 and allowed bto stand overnight at this

temperature. The resullting preclpitate wasg spun as

before and redigsolved in the same volume of Iisotonle
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vhosphate huffer abt pH 7.80. This partially purified
prepavabtion was sbtored either at 49C, in the presence
of 1 in 10,000 thiomersal or at -20°C. in absence of
thiomersal,

The potency of preparalbiong ab different sbages in
purificatlion was assayed by estimating the haemolytic
potency per mng. of Witrogon. Witrogen wag debermlned
by the Micro Kjeldahl mesthod.

Titration of haemolvasin, The hasmolytic bitre of

glpha toxin wag dsternined by makling serial doubling
dilutiong of btoxin in 0.5 ml. apounts of a diluent
gonbtaining 25% ox heart infusion broth, 754 normal galine
gnd 1 in 10,000 thiomersal; 0.5 mle amounts of a 8%
sugspension of 4 tlmes washed rabblt erythrocybes wasg
added to each tube bringing their Tinal concentrabion o
1%. The end polut was usually assessed visually, the
dilubion of toxin causing 504 haerolysis after 1 hr. at
Z7°C, being ﬂﬁﬂbpﬁad as combaining 1 MHD; repeat
titreations and reading by different individuals gave the
same end point. Tn gome experiments the end pouint wasg
devermined specitrophotometrically, estimabing the amount
of haemoglobin relenged, at an optlesl dengity of 540 mu.

Moagsurement of the rabe of haemolvails. The rate of

haemolysls was determined in four types of experimend;

the effect of boxin concentration, red celld concentration,



—

G517 e
PH and bemperature on haemolyslg.

Mogt kinetle experiments in whiech the relation between
the rate of hasmolysis and the concentrabtion of alpha toxin
wag investigabed, were carried oub ln the B.B.lL. nephelo-
meter, because ab that time bhe department had no
gpectrophotometor. Mixztures of 1 ml. of a &% suspension
of rabblit erythrocytes and 4 ml,., of igotonlc phosphate
buffer pH 6.8 - 7,0, dlluted 1l in S in saline, conbvaining

the deslred amount of toxin were prepared in 6 x ¥ in.

[}

{15 z 1l.25cm.) mabeched glass bubes. The turbidisy of
mixburey was then determined at regulay intervals in an
BelBaele nephelometer, previously calibrated by measuring
the turbldity of graded suspeunsiong of erythrocyies, and
the turblidity units were velated to the percenbage
erybhrocytes present, Calibratlon and kinetlcs were
carried Qut'asing the game sugpension of voed cells on the
same day. AlL of those experiments wore caryied oub at
room Lemperaiturc.

In kinetic experiments uging highly purified alpha
toxin and In gtudying the effect of pl on haemolyslg the
same principle was emploved bult the turbidlty measurements
were made uging a Hilger and Walts spectrophotometer ab
a wave length of 650 mu at which the turbldity was un-

affected by haemoglobin released in haemolysis (Mangalo
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and Raynaud, 1959). Heactlon mixtures were ag followg:=-
H.5 mle of Hendry's buifer of the appropriate pi, 0.5 ml.
of &% rabblit erythrocybes and 0.5 ml. of voxing Ce 3 ml.
of this was then plppeted into a lo.u® cuvebte. in
nephelometric experiments the Final red bloed coll
soncentration was 0.4% while in spectrophotometric
gxperiments the final concenbration wazm 0.280. The rate
o haemolysis was caloulabed in sach case by determining
the slops of the linear portion of the time haemolysis
curve (p. 81 ). In pH-axp@rimanta the spectrophotomete
wag nobt flrst callbrated in terms of percentage red blood
cells and bthe rate of haemolysis in Mlg.2 is given in
arbitrary turbidity units. In determing the effect of

the red blood cell concentratlion on the velocity of

haemolysig the decrease in turbidity abt 650 mu wasg wvelabed
to the actual nuwwber of red cells lysed.

The eifect of tewperabure on haemolysis wasg
invesbigated using yel another method. Tenperatures
were varied over the renge 2£25°C, to 40°C. and abt each
value had to be gtrictly controlled. Moeagurement of the
rate Of“haammlysis turbidimebrically @ithaﬁ in the
L.Hal. nophelometer ox in the spectrophotometer would
have involved removing mixtures from the water baths,
with btemporary change ln tempsrature and lubtroducing a

high degree of inaccuracy. It was decided thorefoxe
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to allow the boxin and red cells to interact at the
degired bemperature for a given time (4 min.) then stop

Pt |
88 O

O

the reaction by adding a large exe antlitoxin and

immediately rewove the unlysed cells by spluning at a seb
ppoead Tor & mlin. The amount of hsemoglobin in the
gupernatant was then determined gpectrophotometrically

at 540 mu and expressed as the percentage of the amount
liberated by complete haemolysis of the guspeungion by

alpha toxin. The relation betweon opitlcal density atb

540 mu and haenoglobin concentration was found to be linear.

Bryithrocviog. Citrate was used as an anbicoagulant in

all casos. Rabbit blood wag collected by bleeding from
the marginal ear veln of chinchllla rabbibs. Towls were
bled fxom the maln wing veln, and gulnea plgs were
exsangulnagbed by severing the Jugular veln. Frogs were
anaesthetised under chlorolorm and the hearts held over

a universal contalner, the tip of the ventricles was cub
and blood collected. Mice wore anaegthetised under
chloroform, the heart expoged and the ventiricles culb;
blood was oollected from the pericardium in pagbeur
pippetesg.  Fresh clbrated human blood wag kindly supplied
by Dr. He B, Hubtchleson of the Department of Haematolog]
and defibrinated sheep bleood ("Wellcome Brand") was used
ags source of sheep red colls. ALL blood samples were

washed Pfour times with normal galine and the med cells
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kept in the packed state for up to D davse
Roagentg.  ALL reagents were of B.D.H. AnalaR o
"laboratory standard™. Thanks are due to T.C.1. Lbd.,

and Bayer Chemlcals Lbd., for snalogues of "Suramin®.

HESULIS

Properties and Nature of Partially Purified
Alpha Toxin

Paprtial purificatlion. Afber the flrgt precipltation
with lﬁ% methanol at pH 4,0, theve was an 80-100% recovery
of the toxin with a 15«~fold increasgse in the number of
MHED/mg. of mitrmg&n; at the second sbtage, after ro-

precipitation there was an overall yield of 40% with a

a5~fold increage in haemolytie potency over the crude

| TOXIN. Table 1 summarises the results of a typleal
| exporiment. Such preparetions conbained ab least 4

antigenic components ln the double diffusion test (p.l99).

Table 1

0

The number of MHiD's per ml. and per mg. of nitrogen
of partially purified preparationsg of gbtaphylococeus
alpha toxin

Stage of prepapration MHED/ml . MHD/mg. Nitrogen
Crude filtrate 2,000 T B0
Pirst precipitation

(acid and metvhanol) 15,000 14,000
Second precipltation

(methancl. alone) 8,000 20,000
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ABSORPTION - SPECTRUM OF PARTIRLLY
PURIFIED ALPHA TOXIN
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The abgorptlion spectrumn of such pavtlally purified alpha

poxin (Fig.l) has a plateau between 2850 and 260 mu,
indlecating the presence of nucleoprotein or nucleic acid.
Treatmont of partially purified alpha toxin with ribvo-
nuclease for periods of up o 24 hr. had no effect on the
haemolytic action of the toxin and subsequent work o be
degeribed (p. 136 ) showed thalt the nuclele acid component
of such preparatlons wag sn lupurity.

The effect of proteolyble enaymes on aloha Ltoxin, Ag

previcusly mentioned 1little dlg known of the nature of
alpha toxin and ltg gensitiviity to proteolyltic enzymes.
Tor this reagon the effect of pepsin and brypsin was
invesblgated. Table 2 and Table 3 gunmarlse typical
eRrperiments.

Table 2

The effeet by trypein and pepgsln on alpha boxin

v ot o1 Titre

Aysten ‘afber Shra. at 37° C.
Alpha toxin contrel pH 5.0 1/4,000
Alpha toxin + trypsin(lmg/ml)pH 8.0 1/16
Alpha toxin ubntrol pH 4,0 1/128

Alpha toxin+ pepsin (3mg/ml)pH 4.0 1/4

Nelther pepsin nor trypsin abt these concentrations
were haemolytlc by themselvos,
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Table &

The elfect of 0.3 mg/ul trypsin ot pH 7.0 at 57°C,

Time Haemolytic bLitre
Control Trypsinlged toxln
2 he, 1/8,000 1/8,000
9 hr, 1/8,000 Complete haemolysis
to 1/18 and pavtial
to 1/1,000
20 hz, 1/8,000 1/64

Although in pepsin experinents the low pH at which
the expeviments had o be carried oult caused a considerable
drop in the haemolytlic acbiviity in the control (indicabing
elther a denaturation by low pH or possibly desbruction
by a protease present in the preparation) bthe remaining
haemolytic activity was degbroyved by pepsiln,

Trypsin also degbtroys bthe haemolytic action of
alpha toxin (Table 2). However, at smeller concenbrations
of trypsin (Table %) even 9 hr. incubabion falled bto
degtroy all of the toxin and a substantial "balling"” of
incomplelte haemolysls was noted, The signliicance of
this finding is nolt yet c¢lear. These experiments however
indicate thabt alpha btoxin is digested by proteolytic
enzymes and ils therelore probably a-typlceal proteln.

The effect of hsat on alvoha toxin, Ag mentloned in

phe Introduekion {p. 39 ), the heat seunsitivity of
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alpha toxin has been a subject of consldersbhle
controversy ever ginee the discovery of the toxin.
The doxin was found to show the pvarsdoxicsl effect bowards
heat known as the Arrhenius phenomeanon, being inactivated
afber %0 min. at 60°C. and roappearing on rehaabing ab
100°C. for s few minutes. In an attempt to clarify the
situation 1t wag decided to compare the effeot of heab
on the crude and partlally purliied preparatlons.

In a preliminary expeoriment an abienpt was made to

exanlne the affecet of pH on the Arrhenius phenomencn as

¢

1t was felb thet this may be an important facbor. Ag
cenn be geen from Table 4 1t wags found that alpha boxin was
more gensitive bto heabting st 60YC. for 30 min. at pd 5.5

but was also more easily regtored on reheebing ab 100°¢.,

Table 4

The effech of heat on erude alphs Ltoxla

Hoat treatment pH
) | | 545 6.4 8.6

Unheabed 1/500 1/500 | 1/500
60%, for %0 ming. 1./4 1/64 1/38
100°9C,. Tor 15 mins. 1/84 1/64 1/8
8000, Tor 30 ming. ro=

heated o 1009C. for 1/3.28 1/188 | 1/38

15 ming.
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Table B

The effeet of heat on partially purified
alpha toxin

Partlaelly Paytially

Hoat treatment pure bLoxin |pure toxin
pH_ 7.0 DPH.  B.H

Unheated toxin 1/8,000 1/4,000

B0 min. ab 80°C. | 1/4 1./ 4

1% min. at 100°C.| 1/4 1./4

30 min, at 60°C.
veheated 15 min.) L/4 1/%
at 10000,

The paradoxical effect was also found alt pH 6.4 though
lesa marked, while at pH 8.4 1t wag ot obgerved. Undey
optimun conditions (pH 5.5) thore was a £5% recovery of
the toxin on weheating and thig was shown by specific
neutralisation with anbl alpha toxin to be due to alpha
toxin.

In view of the influence of the menstrum {(Landsbeiner
and Rauchenbichler, 1909; Tager, 1941} on the effect of
heat it was declded to compare bhe heat sensitivibty of
crude aund parstially purified preparatliong. A conparison
of Table 4 and Y shows bthalt even at optimum conditions
(pH 5.5} parvtially purified slpha toxin was completely
heat sensitives the Arrvheniug phenomenon was abgent and
the haemolytic actlvity was nob vestored on reheatlng

at 100°C. gince the preparetions used in the experiment

with partially purified alpha btoxin were more potent than
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thoge uged in crude boxln experiments one night have
expectad a more wmarked demonstratilon of the phonomenon
if it had been presenb. It appoars therefore thab
alpha toxin purified by acld methanol fractiovation is
heat seugltive like a typical probein.

Having established that partially pure alpha boxin
was heat sensltive 1t was decilded to bewt the effect of
hroth on thig sensitivity. Table 6 sumiarises bhe result.

fable ©

The effact of meat exbtract broth on the
sensitivity of alpha toxin bto heat.
Purtm 11y purlfed [Parbially purified
“—-.."" P S P b 11t q-a. R wr ol
Heat treatment texin in saline boxln in broth
Unhonted 171,000 1/L,000
{'30 fi}iﬂa ?1'1‘3 GQOG. 1f& l/&
Reheated foy 15 min.
100°¢, 1/16 1/128

Here the toxin preparation used wag different from thab

in previoug experiments and was possibly less pure. 5o
that even the control btoxin was restored by one bube bulb

by comparison the toxin in broth was conslderably more
haemolytic un reheating. Only about 12% of the btobal
nobivity veasppeared and thils was logs thon the recovery
obgerved in crude toxin (Table 4). Thus it would sesm

that broth is not the only Tactor debermining the
raappearancs of activility. Nevertheless 1t does spuggesd
that some degres of protection can be conferred on partially

purlfied preparations by msat exbract broth.
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The effect of pil on hasmolysig, The effect of pH was

gbudled in twe ways, by assessing the end point of alpha
toxin titrations In lsotonie phosphate buffer of different
pHs after 1 hr., at 379C. snd by neasuring the rate of
haswolysis turblidinetrically over the sawme range of pH
valueg,

It was Tound that, alber 1L hr. incubation, the titre
was Hha gsame over o pH Tange of HB.8 b0 7.7, It dropped
to one elghth at pR 4.3 and to one hall at pil 8.8.
However, the libtre sesmed to be inflluenced to a greater
exbent alfter aboul 6 min, whon the titre at pil 5.2 was
gongiderably greater bhan alt the other pH valuesm; wibh
Lthe progress of tilme the tibres at DH 6.5 to 7.7 inereased
more rapldly so that aftor 1 he. bthe titves over the range
D.8 o ¥.7 were identilcal.

The influence of pH on haemolysis was investilgated

3

more exootly by determining the rate of haenolysis ovewr
g similay vangs of pH values turbidimetrically, asg
described (p. 89 ). A dilublon of boxln was chosen which

would give 90% haemolysig In 12 to 1D min; ©the resulbs

are shown in Fig. 2. ‘fhe pli optimum was Tound o be 5.0
The Influence of Tomperabure on haemolygsis. The
influence of temperature on the reactlon was lavestigated

by tlbrating btoxin abt differont temperatures {(Table 7).
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As mentioned on p. 63 the wvate of hasmolysis
in thls experiment wag measured in turbiditby

unibs.
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Tabla ¥

The effect of temperature on alpha boxin
Pomperabirs Mibre (after lhr.at 37°C)
4%G., L/62
20°C.. 1/500
a37°0, 171,000

in order to detormine the opblmum value move accurasely
the rate of haenolysisz was heasured over a narrower
rengze of temperature by the mebhod described on.p.<éq
The average result ol three congecubtive experlments
g gilven in PFlg.3; the optimum temperature appears o
be %1°C. with a falrly marked falllng off in activity

bolow and above bhis vealne.

Digeussgion

The results of proteolytle digestion with trypsin
and pepsin suggest that alpha Goxin is a protein and
agree with the findings of Robingson et al. (1960). The
nuclele acld which showed up in the absorption spectiwn.
of partially purified preparablons was absent from moro
highly purified toxin (see p.4A0%) and is therelore an

dmpurdiby .
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The belief that alpha toxin is heat resistant was
a great obsitacle In accepting its protein nabure; even
now some agpoects of bthe tozxin's behaviour towards heab
can only be explained in a speculaibtive manner. Some
conflicting reponts of the paslt concerning heat senglibivity
of the toxin may be ascribed to confusion of alpha toxin
with other staphylococeal toxing.

However, whexre alpba toxin for cerbain was investigated,
the Arrhenius phenomenon is sblll a sbumbling block.
Inadequately defined experiental condlitlons may accound
for gome workers having misged the effect; for ingtance in
the present studles the effect wag very styiking at pH
5.5 but was absent at pH 8.6 (in agreement with CGengou
(1935) bubt conflicbing with Beaumer (19%9a)}. Such
difference in pH can account for failure to demongtrate
the Arrvheniug effect, bub in no way helpsin undergbanding
the effect when it doeg oceur.

Harller explanabtions of the Arrheniug effect agssumed
that alpha toxin was intringlcally heal resigtant and
gimed at explaining why a toxin which can resisi bolling
was sensitive to heating at 65°C, Jith the knowledge
that partially purified (Lomingkl and Arbuthnott, 1968)
and to a greater eoxbtent highly purified alpha toxin
(Mado T snd Weinsbteln, 1962, Bernheimer and Schwartz, 1l963;
Tominski, Arbuthnott and Spence, 1963) is thormolablle,

the position has become roversed. It 1g not only thoe
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heat gensgitivity at 65° but also the heab resigstance
(of crude toxin) bo heaibing ab 100°C. that now require
explanation.

Landgteiner and von Rauchenhichlex (1909) and more
recently, Tager (1941) explained Arrhenius® findiang by
pogtulating that ab 65%¢, alpha toxin combined with a
congbituent of the culture fluid to form an inactive complex
whioch on reheating atb 100°C. dissociated and releaged achive
toxing some adeguabe sxperlmental evidence in support of
this is gvailable, The eoxplanation was very satisfying
as long ag alphs toxin was thought to be h@at‘stableg
in fact, itg Tirst part, that is, the combination with a
congtituent of the culture medium, ig gbill acceptable.

The second part of the older explanation of the Arrheniug
phenomenon is no longer vealld, since pure alpha toxin is
heat senglitlveo. It hag now to be postulated that in

crude prepavabtlons alpha toxin, when reheabed to 1009 either
existes iun a different form or else that it is protectbed from
heat. Probeotion may be given by bhe same constibuentd

with which 1t combined to give an inactive complex atb 650,
or by another component of the culture f{luid. Hoeat
provection of a provein by snobther protein ls not unknown.
Uoagulage ig highly thermolabille when purified bub can
resist bolling when lmpure (Lominski, unpublished).  Again,
admittedly in a different btype of sysbem, thoe 'phage of

Be. Megatherium is inactivated at approximately 60°C in
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filbrates bub will withstand boiling when present in
the gpore of a lysogenic strain (Dooren de Jong, 1951).
Sueh an analogy may be faulty but short of a bebierw
explanation it may help to reconclle apparvently conflicting
Facts. What does emerge ig the fact that partially
puritied or pure alpha toxin is, like mogt typical
proteins thermolabile.

Algo included in the preagent section are experiments
on the opitimum conditions of pH and temperature for the
haemolygls reactlion. The opblmum pH, Ffound in turbidi-
metric experiments, of 8.0 lg slightly higher than thatb
of 5.2 recorded by Mangalo and Raynaud (1959). The
influence of pH on haemolysis was not demongbtrated in
bitration cxoeriments when the tllbre was read at lhr.,
although 1t was detected when the titratlong were read
a few minutes after incubation. Thig wag glmllar to the
finding of Rud (1955) who found that lyels was rapild atb

about pH B.H over the Lirgt few minubog but that aftor

1 hye there was no difference lun tilbtre over the pH range
5.5 to 7.5, Rud atiributed this to increassed sensitivity

of rabblt red hlood cells at low pH and recorded gome
gpontaneauy lygls at pH 5.5. I the pregent work,
however, no gsuch gpontaneous lysis was noted even ab
PH 4.4, It seems possible that pH 5.5 1s indeed the

opbimun pH of haemolysils although this is slighitly




gurpriging since bleood and tissues in which the
toxin acts Jn vivo have a pH of aboutl 7.4.

The opbtlmun tepperature of haemolyals in the
present work was found bto be 31YC. with a falrly marked
falling off above and below this bewmperabure. Thig
contrasta with the broad platesn of aetivity bebween
2200, and %7°9C. obmerved by Mangalo and Raynaud (19859)
but is similar bo bthat of 30°C. debermined by Rud (1955)
in a comparable sbudy. Again, it is inbteregiing to
note that $1°C. is congiderably lower thean memmalien
body temperature,especially. in a fever at the helght
of infection, when one would expect the toxin to be

liberated, the body btemperature lg even higher. A

o
Pt

fever temperature would tend to lubibilt the toxin and

therefore bo gtem it actlon.
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Mechanleom of Haemolvais

As mentioned in the Introductlon (pp.<4-7-49) there
has been ceonsiderable controversgy concerning the
mechanlsm of haemolysis by alpha toxing gome believe
that the reactlon betweesn erybhrocybes and boxin isg
gbolechlometric while others believe that it is enzymic.
Ag yet no really convinceing evidence to suppord eibher
hypothesis has been broughb. It was decided to
investligate the problem uglng two different techniques.
The first was an exbension of the early work of Forgsman
{1983-19%9) énd Ievine {1938~39) the sgecond, a more
recent approach based on g ghudy of the rate of lysis,
wag simlilapr bo that carrled oubt by Bernheimer (1947)
with obher bhacterial lysing.

3plit btitration experimenis. The Gtitre of alpha toxin

wag debermined in the ugual way; an intermediate dllution
of the titration wag then rebitrated agalnst a fresh
aliguot of w»abbllt erythrocytes. Thisg process wag re-
paated unbil six consecubive btitretionsg had been carried
oulia In cach case the abgolubte tibre remained the

game (Table 8)., The same btype of experiment was now
carried out using the orgenlce lytle agents sodium lavryl
agulphate and saponin (Table 8). With theme the absolute

titre dropped congiderably in the process of rebitration.



Alpha toxin was not therefore used up in the reachion

whereas both saponin and godiun lauryl sulphabe were.

An enzyme as a blologlical catalyst should not be used up

In the reacblon which it ceabalyses;

alphe toxin fulTils this basgic requirement.

Lable 8

it would geem thab

Split btiltrationg of pavtially pure alpha toxin,
gaponin and sodiwn lauryl sulphate

Titration Nature of - Pillution in Abgolute
Noe Titration the firgt tube titre
L Primavy titration| 1 in 4 1 la 8,000
of alpha btoxin
Se Retitration of 2 | 1 in &850 1 in 8,000
B Retitration of B | 1 in 4,000 1 in 8,000
Luc
1. Prinary tltration| 1 in 80 1 in 40,000
of gaponin
Se Rotitration of 2 | 1 in 1,280 1 in 20,000
B Retlbtration of B | 1 in 10,000 1 in 10,000
La Pelmary titration| 1 in 40 1 in 10,000
of godium lauryl
sulphate
i Retltration of &8 1 in 3820 1 in 5,000
5, Rebtitration of 4 | 1 in 1,280 1 in 1,280

Although the above experiment does suggest that

alpha toxin lg not usged up in the course of haesmolysis,
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1t does not answer the question of whebher or not it is
adgorbed and then released. It was therefore decided
Lo attempt Ho adgord alpha btoxlin with rabbilt red blood
1ells. Alpha bowin was mixed wibth suspensionsg of 20%
and 50% rabbit red blood cells in lsotonic phosphabe
buffer pH 7.03 controls of alpha toxin in the sbsence
of red cells were also seb up. The mixbures were
incubated either at voom bemperabure or at 4°C., and
gamples were taken abt O, 185, 30, and 60 min. These
sanples were uvow bltrated for alpha toxin activiity before
and after spinning, Hto remove bthe red cells. In these
experiments no adsorptlon could be demonstrated; the
plere of the controls, and the best before and after
gpinning, weyre the same.

Binetic Bxyperinenty

Iinzyme wreactiong are generally characterised by
investigating the Kkinelbics of the reaction. If alpha
toxin is an enzyme, then 1t ghould have the kinetics of
an enuyne. It 1lg ugual in snzyme kinetics 4o measure
eilther the decreage in subgbrate or the increase in end
product: however, noither the substrate, nor the end
product of alpha toxin is known. The rabbit red cell
was the only substitute avallable fox the btrue substrato.
Tor this reagon 1t was decided to study Lhe kinebics of

haenolysis, although it was fully reallsed that haemolysils
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is only a secondary reaction and does not measuve the
direed interaction ol substrate with toxin. Reasoning
along similar lines, Bernheimer (1944,47) with bacterial
hasnmolysing obther then alpha toxin, measured the haomolysis
by spianing down mlxtures of red cells and boxin atb
intervaly and estimating bhe amount of haemoglobin
releaged in the gupernabanb. This method, however,

seemed to entall two potential sources of insccurac

il
e

>
firgt during spinping, some rod cells alrea.y renderad
fragile by the action of toxin, could he lyged, and
secondly, the tlme lag between the taking of the gample
and the reading of Lthe result would be at least 4 - 5
minubes. In addition to these pogsible inaccuracies,
this technlique also geverely limits the number of
mneagsurements which can bo made, egpecially ab high
goncentratlonsg of haemolysin. For thege reasons a
method was sought which would epable direct estimatlion

of the concentration of red cells remalning alt any given
time. Measuranent of bthe fturbidity of red cell
gugpensiong in the E.B.L. nephelometer or in the Hilger
gpecbrophotometer seomed to provide such a method. 3ince
the laboratbory had no specbrophotometer when this work
wag begun, inltial work was done uging bthe nephelomeiter.

Details of the mebhod are outlined on p. 67
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The influence of toxin concentration on haemolvals,

Under given conditlons, two moleculesg of sn enwyme

ghould be capable oF breaking down twice as much subgsitrate
in a glven time as one molecule; the velocity of the
reaction should In theory therefors obey the simple
expression v = k(). v=veloeity, k = a congtant

and (&) = the enzyme concenbtration. That is, the

rate of haemolysis should be directly proporbional to

the amount of toxin preseni.

The time picture of haesmolysis in a typlcal exporiment
for a nwnber of concentrations of haemolysin is geen in
Plg. 4. Bach curve hag an & shapPo. There is a time
lag during which 1ittle or no hasmolysis takes place,
followed by an increase of the rate of haemolysis unbtil
a sbtralght line ls formed; ©finslly, there is o slowing
down of the rate of hasmolysig. At high concentratlons
of alpha btoxlin the 3 shape is legs well defined; there
are merely slight inilectionsg of the curves at the
beginning and the end of the resction. The slope of the
linear portlion of the curves can be btaken as the prate of
haenolysis as 1t wag in the experinents of Bernhelmer
(1944,47). A plot of the rate so determined ageinst the
concenbration of toxin is shown in ¥Fig. B. At lowex
concentrations of toxin the velatlon betwaen the rate and
the concentrabion lg directly proporidional and is thug

gompatible wibth an enzymic reactlion. At higher
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concentrabions, however, bthere is a very marked falling
OfT. Thig leg not uncommon and mlght be dus to several
pogslible reasong,

(@) Limitations in bhe capaclty of the

‘metnad due to the apparatug.

(b) Limltabions 1w the method due bto
bhe measurenent of a secondary
reaction.

{c) Tailure to measure the initial
velocity of the preachion,

() Insulfficieub substrate.

{e) Presence of an inhibltom.

() Presence of a destructive protease,
Possibilities (@) and (#) were digcounbted when it was
Tound that very highly purifled preparations of alpha
toxin (p«I%6 ) showed exactly the game characteristies
(Figes 6). 1t seemed that {a), (v) anud (a) were therefore
the most likely possibilivies, and these are dlscussed
in debail {p. 98 ).

The effect of red cell concenbration on the velocity

of bhe reactlon. The Michasilis Menten (1813) concept

of an enzymle reaction, which 1la generally considered to
ha the sinplest way of expresging bthe reolatiocnship between

I3

an enzyme and lits subgbrate, states that

3

¥a,

B -+ 5 <= 8BS —> & -+ products
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From this expression it iz obvious that the rate of

the reactlon depends on the concentrabion of subgbralte.

In order to exanins the effect of the concentration of

red cells on haemolysls bhe vate of haemolysis at

diffevent concentrationsg of wed blood cells in the presence
of a constant amount of alphe toxin was measured.

tiviby

!—-D

Booguge the nephelomceber logt so greatly in sens:
above concentrations of 0.5% red cells, 1t woag decided
0 caryy out these experiments in the spectrophotometer,
by measuring the vate of decreage in turbidity at 850 mu.
The linal concentration of alpha toxin wag g.
800 MiD/ml. and red cell suspensgions studied were 0.085%,
Co88%, 04445 and 0.000, slthough the percentage rate
of haemolysis for all Tfour concenbrabtioas was not widely
different, vhen one inberprets bhese findings in tepms
of the absolube awount of work done, it appears that the
same btime ig rvequired for the brealkdown of 50 of a
suspengion of 0.88) red cells as is required for the
brenkdown of BO% of an 0.280 suspension. Thus at a
congbant concentration of toxin more than four tlmes as
rmuch work hasg been done in the presence of four times as
much gubstrgte, and the veloolbty of the reaction does
depend on the concentration of red blood cells (Fig. 7).
The relationship between subgbrate concentrabtlon and
the veloelby of an enzyme reactbiou ls usually a straight

1ine which roachos a maxinum and flatvens oub. This
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wag not observed in the present gxperiments. Higherp
goncentrationg of wed cells could not be used to deabermine
whether or not bhe curve in Flg. 7 Llattened oub because
above 0.88% red cells the sensitivity of the instrunent
fell off so greably as o make it useclesg. Wwithdrawal
0f samples from more concentvrated guppengions Ffollowed

by dilution to a level which could be wread, also proved
ugeless; it introduced & tlme lag, 1limibted the number of
readings to 1L per minute and for about at least 1 mianute
brought down simulbaneously the concentrabtion of toxin

and red cells te the level ona wanted to avold.

Discugsion

Partislly pure alpha toxln hag been ugsed for a study
of the meshanism of action in vitro, using heemolysis as
indloeator gysten. In split tltration experinments alpha
toxin was not used up during haemolysig whersaeg two
bypleal organic lybtic agents, saponin and godium lauwyl
gsulphate lost a considerable amount of thely haemolytic
activity on retitration (Table 8). This lg evidence in
favour of bthe hypothesls that alpha toxia acts calalybtically
rabher than stolchliowmetrically. Ag mentloned previously,
Forgsman (19%3-539) supegesbed that il there was any
adsorption of alpha toxin on rabblt red cellg, thig was
weak and eaglly reversed. On the contrary, Levine
(1938-39) thought that alphs toxin was adsorbed by red

.

sells according to the Freudlich adsorptlion isotheri,
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In the present work no evidence in Tavour of adsorption
hag boeen obteined: no measuybble decvease in activib
was observed in superuatants, after interaction of toxin
and large concentrations of red cells, followed by wremoval
of red cellg. Jn additlon, although Levine'!s findings
(1938-39) can he interpreted in tormg of adsorption, he
geems Lo have overlooked the faet that il one plots hilsg
results of haemolybilc potency for a given weight of soxin,
then the result is an almogb perfect sbralght line of
the typs agsoclated with enzymio reactions. In view of
all thig, i1t seemg probable that if any adsorption doesg
take place, then it must be woak and easily reversed as
originalls suggested by Forsemen (1.958-50),.

The mechanism of actlon was furbher investlgated by
measuring the kinetics of haenmolysis. The time course of
haomolysis followed an & shaped curve (Fige.4). The 8
ghape nay be an expraesgion of the statlstlical digvribubtion
of sugcepbibility of rabbiit red blood cells to alpha toxin
{(van Heyningen, 1962, personal communication). Only a
gysbem based on the action of alpha toxin on a homogeneous
gubstrate would be free of this drawback. It ig impoggible

therefore Lo meke definlte conclusiong regarding the
mechanism of aoblon of the toxin from the mere shape of
the time bhaemolysis Curva. Neverthelegs curves fon
lower concentratliong of alpha loxin ave not symmetiical

slgmoid curvesy bthe lower shoulder of the curve lg movre
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drawn oubt than the upper cue. this would suggest thab
ab lower concentrations of toxin the reaclblon was belng
inhibited after aboub 50% heemolyvslis had been reached.
such an inhibition may be due to end product inhibition.
It is interesting to note that Welgershausoen (196&) Tound
a marked inhibition of alpha toxin hasmolysis by haemoglobiun.
The Increage of haemogloblin with progressive lygls may
therefore inhibit further lysig.

The rate of hacemolysis plotbted asgalinst the alpha toxin
conceunbration is move suggesbive of an enzyme reaction.
At lower concentrations of boxin (Wig. 5) the relationship
between bthe rate of haewolysis and bthe concentravion of
hoxin was linear aund thus compabible with the veaction
helng onzaynlG. Howevaer, al highoer concenliwtions this
relationshiy fell off navkedly. Tue pogsibility that
this falling off was due wo the presence of nn inhibitory
proteln or a destruclbive proteage was considerably reduced
when it was Jfound that lmmunologlcelly pure alphs toxin
behaved in oxactly the sane way (Flg.6). Ovher reasong
for the falling off are however pogsible. Limitations in
the capaclty of the mebthod may be responsible,  This may
be due to either one or both of two factors. Mirst, as
can be seen from Fig.4, at high concentratlons ol toxin
haemolysis bakes place very rapidly; 1t ds possible that

ervors in weading turbidities abt 15 - 30 gec. lotervals
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at these high concentratlions may cause deviation {rom
the true valueg. A very small ermor in reading would
cavae & congiderable doviation 1in slope at thege high
concentrablons. The slugglish responge of the nephelometber
even when working at its besgt, maey also cause some error
in reading. Second, it mugt be remembered thab
hoemolysis ig a secondary reaction and measurement of it
doeg not measure the direct interactlon of toxin and 1its
subgtrate or receptonr. Thus haemolveals camot give a true
picture of this reactlion. At hlgh concentrationz of glpha
toxin tho haemolytic system may be an ingengliive assay.
For insbance, lysis may only require the breakdown of g
limited amount of subsbtrabe. When this hasg beeuw achleved,
the red cells will btend to lyse independent of the
concentration of alpha toxin; further increage in the
amount of toxin would not cauge the expecsited rlse in rate
of haemolyvsis. =~ Ghosts resuliing from haemolygis would,
however, still cortaln g congiderable amount of unchanged
subsbrate which will provide work for the free toxin.
Only at low toxin concentratlons would the relative amounts
of boxin aund red cells be guech bthat a dirvech proportional
could be shown.

The fact bthabt heemolyslis is a secondary reaction
precluvdes the @masuram@nﬁ of the "initial veloolity™ of

the reaction bebtween toxin and its substrate, an essentlal
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meaﬂuramenﬁ_for the propex debermination of enzyme kinetlcs
(Dixon and Webhh, 1958). Por a varliety of reagons most
enzyme reactlong malntain thelr full efficiency for only
a very short period in the reactlon and it 18 esgentlaol to
Getermine the so-~called Yinltlal veloclty' over the fivsh
Fow minutoes. In the presont work the rate of reaction
could only be determined over the linear portion of the
tne haemolysils curves and this probobly does nob measuve
the initlal velocity. Posaibly the nost lnportant reason
howevey foxr the falllng off In Mig.b and 6 1s the presence
of ingufTlclent subgtrate abt high concentrations of alpha
toxin. From & atudy of the effect of red blood cell
concentrotlion on haemalysis by 200MHD/ml. of alpha toxin
(Fig.?7) it was found Phat at a concentration of 0.88% red
blood cells the amount of work done was four btimes that
done b a coneentration of 0.22% red cells; even at 0,887
there was no ilndication thet the procegs had reached a
naximan veloeltv. Thus at a concentration of 0.4% red
blood cells, as uged in nephelometrilc experiments, 1t scemns
1likely bthat the higher concentratlong of alpha boxin were
far from saturated by substraic. dince an enzyme can
operate ab naximum activity only in the pregence of an
axcaess of gsubsbrate, thig lg a drawback. Unfortunately
howsver, as polnted oul, concenbrations of red cells above

0.86% could nobt he shudied besceuse of vechnical difficulties.
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In hig study of obther bacterial haemolysing
Bernhelmer (1944, 1947) d4id not observe this Ffalling off.
Thig may lle in the fact that the highest concentrationsg
0T haewolysin Gegted by Hembelwmer correspounded to
concentrations which would have fallen on the linear portion
of the cuxve shown in Fig.D. Poggibly Bernheiner
encountered the same difficulties as mentloned in measuring

the rete of haeswmolyslig ab high concentrations of haemolysin.

Tn conclusion 1t can e gald bthat alpha toxin
exhibite many of the charscteristics of an enzvie. It
ig not used up in the reaction, the rate of the reactlion
over a cerbaln rangs of concentrationg is directly
proportional to the concsntration of‘tcxin and the rate
of haemolysis lg dependent on the concentratlion of substrabe
(red hlood cells). However, bhere are Laatures which
cannot yet be fully accounted for in terms of a classilcal
enzynic roactlon snd will be Fully wnderstood only when
the substrate ls known. Noveprtheless 1t dlg Lelt thatb
gufTiclient evidence has been obbained to classify alpha
boxin as ouo of these bacterial lysing which bsohave ag
enzymes (Bernheimer, 1947). Without postulabing the
existence of an enbirely novel type of gubstance, 1t ig
intellectually more convenisnt at the present btime 4o

consider staphylococcal alpha toxin as an enzyme.
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The sction of Inhibitors on Haemolysis

The effect of verioug inhibibors on hesemolysls was
Csbudied for two reasons: Lo obtaln more information
concerning the mode of aetion of the boxin and to Tind
a non-toxic inhibitor which could possibly be developed
for use ag an in vivo inhibitor of the lethal action of

alpha Goxine.

The action of 3ulphydryl inhibitorg on haemolvalis.

It was thought pogsible that alpha toxin acbed in
virtue of free gulphydieyl groupg and it was therefore
decided 1o examine the effect of such inhlibitors on
haemnolygls. The first group of sulphydreyl isnhiblbors to
be invegtigated were the heavy mebal galbts and in
particular nercuric chloride.

The inf jucnce of heavy mebal loas on haemolyvsis. The

inhibitory action of heavy metal lons wag investlgated by
adding a congbtand awmount of ilnhibltor to each tube in
tilbrations of alpha toxin. Table 2 shows the inhibitlon

of haemolysgis by merouric, lead and copper salls
K11
Table 9

Inhibitlon of haemolygls by heavy metal 1
at a concentration of 1 x 10=9M,

..«

Metal salb Haemolytic tltre
Morcuric chloride 1/8

Copper sulphate 1/18

Lead Acotate 1/64
Control toxin 1/1,000
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Since mercuric chloride was the mogt inhlbitory it
was selectod Ffor further study. Bsocauge of the striking
inhibition achleved with 10“3M‘mex0uric chloride lower
concentrations were employed in abtbtempits to find the
lower 1limit of inhibition. Surprlsingly, congentrations
lower than 1 x 10™°M caused gpontancous lysla of rabbit
red blood cellg; this collateral finding was gtudied
geparately (4rbuthnobtt, 1962) and will be described later
in the thesis (PIAR).

The inhibition observed at 10™°M could be due either
o action of mevcuric long on the active group of the bHoxin,
or bo reaction with the wred cell, causing blockage of the
recepbor. Mixtures of red cells and 10™9M merourie
chloride were made sgnd afber 10 to 20 min. the red cellsg
wore spun and washed with saline. In gome experiments
the cellg lyged spountaneously because of the carry over
of gnall amounts of mercuric chloride in washlng; however,
in two experiments where enough treated REC red cells were
harvested,they were found to be very resisbant to alpha
toxin. Th@ converse was also avbempbted: boxin was made
2 x 1079 with merouric chloride and subgeguently
precipltated by acebic acid at pH 4.2; the wegulibing
pracipitate was then washed free from traces of mevcuric
chloride with bulfer of the sgame pi, before being re~
disgolved in 0.10M godlum phosphate pH V.2, A control

preparation was precipitated in as neoar as possible
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ldentical conditiong, without Lirst treating wilth mercuric
chloride, The titre of the conbrol was Tour times thab
of the “Hg-toxin®, From this it would appearyr that both
the red cell and the toxin were sensitive to mercuric jions.
It wag also found that the inhibition could be reversed by
the addition of ethylene~diene-tetracetate bto mixtures of
mercuric chloride and boxlin prior to the addition of red

calls.

The inhibltory action of organic sulohyvdryl inhibitors.

The inhibltory actlon of these compounds was assessed by
examining tholr effect on the rate of haemolysis,
turbidimetrically . The firsc o be studied were the
halogenated thiol alkylabing veagents which act in the

following wayie

R-SH + X ~ Cllg = C - R —> HX+ R-&~Clig -
() Go
=)

where X lsg the halogen aton. The compounds tested were

- R

Q=2

iodoacetate, iodoacetamide, chloromcebophenone and
ghloroacetanide. Although iodoacetanmide A4L4 nob inhibit,
all the other compounds of thlg group did to some

extont (Table 10); it ila well known thalbt lodoacetate
doag not inhibit all SH dependont enzymes {(Dixon and

Webb, 1958).,
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Table 10
The effeet of sulphydryl inhlblitors on haemolysis
Tnhibitor Concentratlon « Tnhibltion E
' ' l
- - a. e {4
Todoaceisate 4 x 1079 0 i
{
.. -
Chloroacetophenone 2 x 107YM 15
A .
Chloroacetamide 3z 107YM 285
» o . lu-r'? -
Todoacetamide 2 x 107YM 48
;.
Oxidiged glubathlonel 2 x 10 M 0
Todosobenzoate 1 ox 107M 18
p=lodobenzoate 8 x lO'QM 41,
p=iodobenzoate 4 x 10"y 82

The percentage inhibltiong llgted in Table I0 were
deternined by comparing the slope of the linear porbtion
of the time haemolysis cupves, in presence of the
inhibitor, with that of a norxmal tozxin conirol. Where
inhibitlon dld occur, there was also an exbtension of the
lag phage.

Of the compounds which inhliblt haemolysis by
oxidation of the SH groups with the resuliing formation
of disulphide linkeges oxlidiged glubtathlione did not
inhibit, whereag lodosobenzoate inhibited only by 1.8%
(Table 10). It is lnbteregting Lo note, however, that

iodobenvoate which is not one of the recogniged
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gulphydryl inhibitors was the mogt potent inhibitor
tested (Table 10). The mechanism of this inbibition
ig nob yeb cleaw, but it goems pogsible thal it acbsg in
a gimllar way to the thiolalkylating agents such as
bromo~benzyl-cyanide.

Anothey well lmown inhibltor of 8H groupg,
p~chloromercuribenzoate, could not be gtudlied becausge,
like mercuric chloride, this substance wag found Lo be
a potent lybic sgent by itself (see p. |XD).

In short, of the subgtances which are known o ach
by insctlvating JH groups, some were found to inhibld
lysias of rabbit red blood cells by alpha toxin. The
most potent were bthe heavy webtal lonss obhers inhibited
o varying degreos.

The effect of dilvalent lonsg. Clogtridiug welchil

alpha toxin which ls known %0 be a lecithinase C is
dependent on calelum ox magnesiuvm long Lfor lts activity
{Cakley and Warrack, 1941). Becently Robinson et al.
{1960) found & sbtaphvlococcal hasmolysin to be dependent
on divalent ilongy the haemolytic activity of this toxin
wag conglderably reduced by H.D.T.A. and the activity
wag restored on addition of magnesiuvm or manganege lonsg.
In the pregent study even falrly massive amount of
BeDaTehe (2 x 10™8) did not inhibit haemolysis.  Also

additbion of calclum lons did not aflfect the rate ol
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hasmolysls. Dialysis of partially pure preparatlons
did cause some decreanse in haemelytic activity; it is
unlikely however that thig resulted from loss of divalent
iong and was probebly due bo lnsctivatioa of the toxin
(see p.211), These findings suggest that divelent long
are not required by staphylocoseal alpha toxin for ids
maximun activity .

The influence or ¢nu1b1t0vw of hagterial proboases. Ir

alpha toxin s a protease as hog been suggested (Robinson
et al., 1960) then one would expect it to be inhibited

by inhlibitors of bacterial proioases. Duthie and Lorenz,
{1949} investigated a number of subsgbances which inhiblis
bactorial proteages and gome of Ghese were vested in the
present work. Concentrated golution of human gamma
globuling, ege white, a sallne exbract of soya bean meal
were exanlned for their effeet on haemolysissy none of
them was found to inhibiv,.

Inhiblition of haemolysig by hypertonlicitve. In his

;...:

investigation of the mechanlsm of haemolysis by Cl.
gepbicum haemolysin, Bernheimer (1944) found thab
haomolysis was ichiblied by hypertonic solutlons of
SUCLOSa . It was decided to carry oub gimllar experiments
with staphylococcal alpha toxin in a further attempt Lo

e

clagslfy the roactiol. The following typleal btitration
experiment shows the effect of dilferent concentrations

of gucrose on haemolysis (Table 11).
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The effect of gucroge on haemolysis

| Suercse Titre at varioug

soncentration tine Intervals
15 min. i 25 mim. | 60 min.
0% Some | BO%  Some | BOY  Some
0.5 M 128 280 | 128 BOO | 128 500
0,20 M L2E 260 | 128 500 | 260 500
0.125 M 250 1,000 250 1,000 B0O 1,000
0.0625 M 500 1,000 800 2,000 500 2,000
Control 1,000 2,000 1,000 16,000 (4,000 18,000

The ianfluence of pucroge on the rate of hasmolysis
can algo be seen Trom Flig.d. Thug hypertonic solutions
of sueroge inhiblt haemolyais by alpha toxin.

The effect of phogpholipids on haemolysis. In some

regpects the alpha toxian of Cl. welehil is similar to

bthat of the gbaphylococcugsy they are both Tor ingbtance
rapidly lethal, haemolybic toxins. It wag congidered
posgible therefore, that they may act on the same or
gimilar substrabes. As yet, biochemical alteratlion of

a gynthebtlo phospholipid subsgtrate by staphylococcal
alpha toxin has not been demonsitrabed. The approach

of examining the iuhlbltory effect of posgsible subsgtrates
or end products by competibive inhibitlon seemed worth

some invesgtligatlon.
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Promlxing corude alpha toxin with 5 mg. of lecithin
had no effect on the bitre of the haemolysin and there
was no appavent alteratilion in the appearance of the
lecithin susgpenslion,. Algo, sorial doubling dilutions
of glpha haemolysin were gebt up in consbtant concentrations

lecithin . Bven at e concentration of 1L mg./ml,

lecithin dld not inhibit naemolysisg. In addition,
rgibher Cohn's fraction IIT of serum lipoprotein nop
aphingomyelin had any inhibitory eifeclt on haenolysgiss
6180, thelr sppearance was nol changed by alpha toxin.

Incubation of alpha btoxin with suspensicons of
gheep~brain-ceophalin however, did cause a slight clearing

£ the sugpension; ULhe effeet was not dramabic

Nevertholess, it was decided bto exemine the effect of

sheep braln cephalin on haemolyslg. On premixing alpha
toxin with 2 mg./ml. of sheep brain cephalin and with-
drawlng samples at different tlme inbtervals, a cousiderabls
degree of inhibltion was obgerved (Wig, 9) at 30 min,
Inhibitlon was nob time dependent, slnce after 2 min.
almost the samne degroee of inhibitlion wag found. Weither
heabing of the cephalin ot 1009C. for 18 min. now
exbraction of the suspension wilth elher removed the
inhibitor,. However, alpha toxin 4id not have any elffect
on suspensiong of synbhebic DL-palmitoyl~cephaling

there was no solubilisatlon ox alteration of the

granular nature of the suspension, and it dild nob
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inhiblt heaemolyeis even at a concentration of 2.5 mg./ml.
It seecms posglible, therefore, that the efect of gheep
brain cephalin on haemolysis ig due to the presence of
an impurity, possibly bto cerebrogide, which, as previously
mentloned, has been shown to inhibit the lethal effeot
by Noxth and Doery {(1961).

Itnhibition of haemolyslis by Suranmin end related compoundg.

i

As well as investlgoeting inhibitors which would give g
glue to the mechanlsm ol action of alpha toxin, 1t was
decided Lo gearch for a non~toxic group of Inhibitors
which could then be used to inhibit alpha toxin iu vivo.
The ultimate aim of bthlsg gpproach is to £ind a chomo-
therapoutic agent Lfor alpha Ltoxlin.

Suramin (Autrypol) is a well known inhibltor of

gome enwyme syshensg, €.8. the lytle enzyme lygozyne

and the engyme regponsible for bacterial cell geparation
(Lominskl and Gray, 1961}. This compound is also used
in the treatment of trypanosomiagis and is non-toxic
egven in falrly large gquanbitlies. It wag decided to
investigate the actlon of thig drug and also some of

ibs related compounds (iig. 10) on hasmolysis.

At pH 5.5 both sSuramin and Bayer L (Figl0) were

very pobenbt inbibitowrs (Table 12).
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Table 12

B R TN IR

The Inhibltory Action of Suranin and Bayer I
at piI 5.5

Compound Conecentvration Haemolybtic titre
Cy s v 4] scJRpTS ’"!4;'\-“
Suramin 8 x 10™%M 1/4

ﬂ 4 % 1074 1/8

l‘ﬂd;!

i g x 107M 1/16
Control - 1/850
R "oy il F ) ey oIy o [ e e oy o e 1Y
Bayer I 8 x 1074 1/4

L 4 x 10 % 1/4

wa il

L 2 = 10™%M 1/4

Control - 1/880

In an atteupt to further characterlge the
mechanisn of action and to Find an inhibisor which
night act atv a more physlologleall piH, Suramin and ity
related compounds were tesited for anbtlhaemolytic actlvity
in bibrations ab DI 70 » 7ele The drugs were digsolvad

e

in dgotonic bulfers. Two, T.Cels ONB/24 and 25, which
formed ingoluble preclpitetes with chloride and phosphate
long, were dissolved in 0.15 M Tris bulfer pi 7.2.

Toxin was Hlitrated in doubling dilutlons in the
approprlate lsotonic buffer and O.2 ml., containing the

degired amount of drug, was added. After D - 15
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minutes interaction, 0.% mle 0f a 3 suspension of
rabblt red cells wag added, and the sitrations were
inoubated at B7°C¢. (For results see Table 13).

Table 15

BT STRCTAL TN,

The actlon of Suramln and its analogues on haemolysls
at pH 7.0

GCompound CDﬂuQPL?abldﬂ Haemodyvelc bLbro
Suramin 8 x 10 &M 1/4

@ 4 x 1073 1/8
Gontrol - 1./500
Suramin 8 % lO“fM 1/128

" 4 = 104 1/126

w 2 x 10~ 1/250
Control " 1/1,000
Sayer 1 8 x 10=3M 1/4 -

u 4 x 109 1/ 4
Conbrol - 1/5
Bayer 1 8 x 104 l/bﬁ

l 4 x 104 1/64

y 2 x 10™4M 1/64
Control - 1./1,000
T.CoLs (NB/ES 2 x 1079 1/8

w 6 x m*% 1/18

" 3 o 10™ ‘:fj. l/t)t
Conbrol - /328
T.CaT. ONB/24 2 x 10™% 1/188
Control - 1./850

The end voint of the control titration, by definitior
combalng 1 MED of alpha toxin. Thug 1n thege experiments
vhore sach btube in the series of dilutiong contaling &
congtant smount of inhibiltor, an inbiblition of, fow

example, L/1,000 to 1/88 meang that 16 MAD of alpha
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toxin have been completely inhibited. Thus at pH 7.0
and at a concentration of 8 x 10™9 bobth Suramin and
Bayer cowpound T inhibited at least 64 MID of alphs toxin.
On dilutilon 1t appeared that Baver I was more active than
Suramin itself.  Compound IL.C.I. ONB/25 was at lesst

as acblve as Suramin, while ONB/24 the “"half" molecule

of ONB/25, was almost without activiby. Because of

insolubility in the lgotonle solutions used in the

pregent work ONB/24 and 25 cculd not be tested ab higher
$ &

"

[

concentirations. (T0uTe who gynthetised these drugs
gupplied them with the provigc that they may be inscluble).
In view oif the differing degrees of lnhibition caused by
the compounds btogted, it seems unlikely that gulphonic
acid groupings are the gsole determinants of inhlbitory
capacity. Some attempts to uvse these dirugs as ln vivo
lophibitors of alpha toxin sre described in a laboer

secbion (p.139),

Dligoussior

The inhibition of haemolysis by a number of gsube
ambances, generally considered Go act by blocking free
S groups, suggests that such groups play a role in the
haemolyvais of red bhlood cells by alpha toxla. Whether
suech substances act on the vred cell, on the toxin or
on hoth is not yet clean, The very recent work of
Bernheimer and Schwartz (1963) suggesbs that pure alpha

toxin contains no cysteineand thus no free SH groupg;
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although they found large amounts of methionine, it seens
unlikely that any of the inhibitors tested would be
capeble of splitbing the ~GHa8-CHz bond and reacting
wibh the sulphydryl group. Neverthelegs, thero ig
increasing evidaence that the so-called ST inhibltors
react with obher grouping of probein molecules (Dixon
and Webb, 1858}, It 1s also possible thal the sube
sbrute of alpha toxin on bthe cell membrane conbalng
a sulphydryl grouwping and that this plays a role in
bhe fovmation of the enzsyme substrate complex.

Unlike the lethial; netrotlc and hmemolytic alpha

boxin of Clostvidlum welchil (Quakley and Wavrack, 1941)

gbaphylococcal alpha toxin lg not dependent on divalent
mebal long for lis activiby. Falrly massive amounts

of EDTA does not inkiblt haemolysig and addition of
caleliun lons algo does not affect bhe haemolyiic
activity . Tfupther it hasg gince been reported that
although staphylococeal beta toxin does vewulre divalent
mebal lons, alpha toxin does not (Robinson, personal
communication, 1968).

ITnhibitors of bachterial proteases do not inhibit
heenolysis and thus 1t geems unlikely that alpha toxin
ig a proteasc. Phe recent disgoclatlion of alpha toxin
from probease activity (Robinson, personal communication)

supports this conclusilon,
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Crude preparablons of sheep braln cephalin were
found bo have an iuhilbitory acklon on haenmolysis. Ia
addition, alpha toxln caused a glight olearlng of
sugpengiong of bthig, From experiments wlth synthetilc
cephalin 1t seems unlikely bthat this effect is due bo
cephalin. An lmpurity, possibly a cerebroside, is
pevhaps the acbive congtlbuent. Cerebroside bas already
bean ghown to have an inhibitory action on the lethal
agtion of alipha toxin (North and Doewry, 1981}, Whether
this inhibition is indeed due Lo compebitive inhiblition
by a subﬁuraua)anﬁ roduet inhibitlon, or simply Ly
non-gpeciile inhibivion awalts further work wlth gyn-
thetic phospholipids. The lunhlbitory acbion of lecithin
(Weingtein, 1927) could not be demonstrated in bitration
experlinents. Since Welnstelin incopporated the leciithin

ianto the agar and denonabrated the inhibition of
ha@molysis around colonies of gbaphylocoegl, 1t secems
possible that a product of the metvabollisw of lecithin
was the inhibltor; it lg known that Tatty scidg, for
instance, iuohibit alpha toxin (Worth snd Doery, 1958).
The inding that hypertonice solutions of sucrose
inhibit heemolysis are similar to bthose of Bernhelmoer

{1944.) for Cl. sspblcum toxin, Bernhelner suggested

that bthe initilal stage of haemolysls, bthe enzymic de-
gradation of a componcnt of the red cell suvrface, is

followed by swelling of the red cell and subssguent
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rupture of the membrane. Hypertonice solutions

of sucrose probably prevent bthe later stage by
mainbaining an oswmotic balance between the interiorp

of the cell and its environmenit; the stronger the
sucrose concentrotion, bthe greater the inhibitlon
{Table 11). This probably alsgso expleios the Tindlnga
of Rigdon (19%8a) and Smith (1937) who found thatb
hypewtonic gsolutions of salbts and glycerol inhibited
the dermonecrotle action of alpha bvoxin.

In attenpts to £Hind non-toxic Inhibitors of alpha
boxin, 1t was obgexved that Suwramin aud reolated com~
pounds inhiblt haemolysig. Although Suranin does
Inhibit at neutral pHs it is wore acbive ab pH H.5.
Thig suggested that the inhibitioa was dependent on
the sulphonic grouns of Suramin. However, 1t was also
noted that bhere was a copgiderable vaerlation lu the
inhibitory capacliity among strucburally, clogely related
compounds. At pH 7.0 Bayer compound I was more ine
hibitory, and T.C.T. ONB/ES was alt least as acbtive as

Thig would suggest that the mechanism of

[

2
W
b
3
o
s
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Eq
=

johibition is not sinmply a function of the sulphonlce
groups since Bayer I lsg gbructurally identical having
exacbly the game number ol such groups as Suramln

and oanly differs by the presence of an addlitional ring.




TeCola ONB/ES hag only £, where Suramin itszelf has 6
gulphonic acld groups. Howevaer, I.C.T. ONB/24 which
1g "half® of the ONB/25 molecule ig considerably less
effective at a molar concentration of twice ONB/25.

ALY this suggssts that the spatiel configurstion of

the gulphonic geld groupings iz of considerable lm-
portance in the machanism of Inhlbition, It ig also
pogsible thet other grouns such ag theClol Haver I

and the «C0-NEH- groupings play an important part in
bondling proteing (Rose, 1968, personal compunicabtion).
Whether the inhibition degeribed in the present work

ig due b@th to Inhibition of the boxin cnd to an actlon
on the surface of the red cell 1s aol yeob kuowr, bub
from bhe inhibitilon of the lethal effect (p.)dF) it
cann he sald bhat Suramln does have a dirvect action on the
toxin. Lt is also yeallsed thabt a number of other
analogues must bhe teshed before the mechanigm of ine

hibition will be fully undergtood.
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Haemolytic Acblon of Meveuprials

While studying the mechanlsm of action of alvha btoxin

An vitro certain collateral findings cewme to light
which wore luvesticated. One guch Linding was the
haemolytic action of small amounts of mereuric chloride
and other merourizl compounds (Arbuthnott, 1962).

In attempts to determine the lower lLimitg of
inhibition of alpha toxin by mercuric chloride, 1t was
found that ab concenbrabicns of 5 x 10 and below,
thia salt wag haemolyitlce. The lybtic offect of mercuric
chloride along with certaln orgeno~nmercurlials and other
heavy mebtal salts was examined on human, sheep, guinea
pig and rabbit red bHlood cells. Thege compounds were

tiggolved in isotonic scevate bhulfer pil 6.8 « 7.2 and

ot

bitrated in merial doubling dllutiong in lsotonic
buffer of bthe same pHi 0.5 ml. of a 2 suspension of
four Utlmes washed erythrooytes were then added to sach
tube. Readings ware made at dlfferent time intervals
after incubabtion ab B79C, Hacemolyaly was agsessed
e lly »

Not only wag mercuric chloride lybtle, but lysis

sproad Ho both higher and lower concenbrabions (Table 14),

With rabble red cells lygig began after 30 min. at &

-t
3
s 2o

-
I

concentration of 6.75 x 10"2¥ mercuric chloride;




the progress of time lysis gpread to higher and lower
concentrations of mercuric chloride, unbil ab 4% hrv.
lysig extended from 5 x 1079 B0 el X 10"6M. The

red blood cells of other specles were found to be less
sensltive thawn those of the rabbit. At 1 hr. no
hacwolysls was observed. However, at & hr. lysis had
begun with hwaan, bheep and guinea pig red cells and
thia progressed as degocribed in Table 14. Thig
selectbivibty of action ié similer 0 some extent Go thatb
of the gbtaphylococcal toxing, althougl: the order of
gensitivity, rabbit human shesp gulnea plg, does nob
corregpond with that of any of the known toxing. Thig
differential sengiblvity may be o mwanlifestation of
gbructuecal differences in the menmbraaes of the red cells
of different speclen. Although it ig widely assuned
that red cells behave in the same way to physical agents,

&

such gg osmotic pressure and surface active a

"

arn.

o8,

]

it is obvious from the rveview of Ponder (1.948) that

Toty

there are congidsrsble chemical dlfforences between
gpecies and the widely differing elecuvrophoretle
mobllitles {(sbramson, 1929) indicabte bthabt the surface
charges are also diffevent. ALl this polints to a
congiderable vapiation on the gtrustural nabtuxze of the
red cells of specles. The differing sengitivity of

red cells to gtaphylococcal boxing and guch agents as
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mercurie chloride only serves Lo emphagise this point.
Lytic effect wag not regtiricted to inorgenic

mereuric salts, 16 was shared by orgoanomercurials such

£

as p~chloromercuribenzoate, othyl mercuric chloride and
thionergal. In contrast with mercuric chloride these
subgtances had no upper Llimit of haemolysis at the
concenbrabtion Hested. afber 1 he. incubation
p=chloromerouribenzoate and sthyl wmercuric chloride
caused lysls down Lo a concentration of 10~9M with
vabblt red cellis and thiomersal Lo s concentration of
4 x 10“5M; at 2 = 3 hr. p-chloromercuriboenzoate lysed
Lo a concentration of L.25 x 10“$M and thlomevsal to a
concentration of 5 x 107=M. In addition to rabbit red
blood cells these compounds also lysed human and sheep
red cells though agaln legss well than rabbiit cells.
The order of gugcepbtibility was rabbit}hummﬁ)sheap.
The lytle reaction ls bempervature dependent; only afber
B he. ab 4°C. does mercurioc chloride begin Lo lyge rabbit
rad cells. The optimwn pH ilg arvound 7.9 and the ro-
actlion appears to depend on the concentration of red
hlood cells.

Obher heavy metal salbs such as copper and lead are
also haewolyiie although nob ag active ag wercuric
chloplde. However, the property is nobt typlilcal of all

heavy mebal salbs ag harium long did not lyge even after
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19 hr. incubation with rabbit red blood cells.

The lytic capaclty of these compounds seems Lo
be dependent on the number of posltive mercuric chargos
present on the ioniged molecule. Mercurie chloride

4 2. 1,

itself which countalns two such charges is mere potend

n

than p-chloromorouribenzoate and ebhyl mercuric chloride
whiloh have only one; these in turn are moyve active than
thilomerenl whilch hag no free pogitive charge, but it is
thousht to gplit irn the presence of tissue proteins o
reveal one freo pogitlve charge.

The property ls probably wob simply due to bthe
conbination of the heavy metal lon with SH groups on
the red cell surfmce gince lodoacetamlds and lod shonzoate
both of which combine with SH groups hed no Llytic action.
There 1lg an optimuwa concentratlon of mewcuric chloride
(Table 14) lysis spreading in both dirsotions. This
along with the fact that the reacbion i& al.so dependen'
on the concentration of red cells suggesbs that o chelate
or cooxdination complex lg formed bebtwecn the heavy

webal lon and an acbive grouping on the red coll surfaca.

The actilon of alpha toxin on the red hlood celly of

different 8peclLog.

-~

Since parv of the pregent work wag a study of the
glffect of a.pha toxin oo zubbits, mice, Trogs and fowls

in vive it was of luterust Lo compare the gensltlvity of
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bhe rod cells of bthese species bo alpha toxin. In

addition the sensitivity of human and sheep red cellsg

wag algo compared. Brythrogytes werve prepared as
degscribed on D The findings are summarised in

Table 1D,

Table 15

TR TN TS

The effect of alihae toxin on the red cells
of different spoecies

Bxpbe  apecies Haemolytic Titve
No .
Crude alpha FPartially pure
boxin | alpha boxin
Rabbit 1/8,000 1/28,000
1%
Mouse 1/500 1/82,000
Rabbit 1/8,000 1/186,000
Sheep 1/128 1/4,000
2 Human, 1/16 1/500
Towl 1/16 L/500
frog 1/16 Not done

+&Tn thig casge the pertially purified toxin was less
active Lthan bhat used in Bxperiment 2.

Thue mouse red cells walch have been reporied
ingenslitive (Blek, 1959) were about 16 Limes less sengie-

T3

tive, sheep about 40 times legs gensitive and human, fowl

{3

and frog very much lesg sengliltive. In addition it was

noted that red blood cellg of different anlmals of the
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gsame specleg varled greably in sensitivity, and ag far

ag posgible in quantitative work the same anlmal was usged
ag donoc. Ag Tfar as 1s known the senglbivity to frog
RBC has not heen previously weconded, There were
various polaots of inverest obgerved whille carrying oub
this part of the work.

The titre agalnst sheep red cells did not Increase
on cooling to 49C; indileating the absence of bebta Goxin.
The end poinb of btibrations with mouse cells were sharper
than thogo uging rabblt red cellg. Perhaps the mosb

intereabing Linding however was that at o dllution of

toxin were fowl wred cells completbely lyged, When
Investigated burbidivebtrically the vabe oif lysis stopped
asharply (Pip.10).

Lt was decidoed to invegblgate bthis. Samples of
a roactlion mixbure contelning fowl nred zells were taken
ab regular intevvals, sbained with bronrvocresel blue
and examined mlcrogeopicallye. It was observed thatb
albhough alpha toxin lyged bthe cell membrane, the nucleus
romalned intach. These intact nuclel were roegpongible
Ffoxr the residual opacity: apart from the frog, the fowl
was the only species noted with nucleated red blood cells.
On the other hand, lysis of Tfowl wed cells by sodium

luauryl sulphabte caused complete lysls net only of the

rod cell nembrance but also 0f the nucleus. The
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rogulving solutlion became extrencly viscous after aboub
7 mine, posslbly as a Tesuld of polymerigation of the
DMA from the lysed nuelei. ITyslg by distilled water
progented yelt another pilebure; lysls was lmediately
Lfollowed by bthe formation of a fibroug precipltabe
which sebttled out wapidly. Microscopical examination
revealed that the nuelel had become agglubineted into

»

large groups linked to one anobher by loung strandsg,
The appavent resistance of fowl red cell nuclei
o alpha fozin supports the view that alpha toxin acts
only oun the cell menbrane. A comparison of bthe
chemlcal nabure of ths nuclear nembrane with bthat of

the coll wambrane may yleld o useiul c¢lue as Lo the

component which is atbacked by alpha boxia,.
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THE TETHAL ACTION OF ALPHA TOXIN

In this gection observablons on the lethal action
of alpha toxln in four speclies are pregcubed, The
aln was bto throw light on the mechanlem of actlon of
alpha toxin in vive by ascertaining the symptoms of
intoxication, Two mammallien specles were chosen,
the mouge because lavge numbers of relatively inbred
animals were avallable, and bthe rabbil because it ig
the most geunslilve known ﬁpeeieﬁ, The fowl was chosen
as the vepregsentative of birds; +the frog wag sbudied
because, ag a cold-blooded anlmal, it seemed likely Ho

allow Inberesting comparison wlth warm-blooded anlmalg.
MATERTALS AND METHOIG

Mice used in the present wtmay were mnainly 4 - 6 week

old Porton white mice weighling 20-2Bg. HWowever in some
oxperiments older mice weighlng B0~40g. woere used.
Injections of 0.5 ml. or lesg of crude, partially

puprified and highly purified alpha toxin were admlnistered
intravenously (L.V.) into the tail veln, intrapevitoneally
(I;P.} and suboutaneocusly (S.C.) into the dorsal sac.
Rabbits were B-4 Kg. chinchilla rabbits. Toxin was glven

T.Ve into the marginal ear veln in doses of 0.5 ml -~ 1 ml.
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Devmonecrosis was asgayed by injecting 0.1 ml. iotra-
dermally {(L.D.).

fowles were of mized breeds and weighed g. 1.5 Ke.
Toxin was administeved I.V. into the wing veiln, S.C.
undor the loose skin of the wing and Intramusculerly
(L.Ma) 1nbto the pectoral nmusclo.

froea were of the common Brivish species Rena bemporaria,

weighing 15-80g. and were of bobh soxes. The stock
was maintained in a galvaniged tank in the open ailw
with Iresh running waber. Snaller batches were kept
at room temperature cnd ab 2%, Injections were made
S3.Ce Into the doxsal lywph sac; 1t hag been reported
that tetanug toxin injected by thisg roubs was tobtally
abgorbed in ag 1ittle ag 3 he. (Rowson, 1961). In some
gxperinenty injectbions were also given lotracervebrally

(L.Co) using a gavge 21 nesdle in dozog of 0.007H =

0,015 ml. with g calibrated YiAgla mloro-syringe©. It
was Lirest established Lhalt control frogs would tolerate

0.03 ml. of golaine without harmful effect.

RESULDS

The Mouge

For many vears the mouse has beon uged an @
convenient laboratory animal Ffor assaying the lebthal
potency of alpha toxin preparations (L.D. or L.D.50);

the time o death vareyving from a fow hours to & dayd.
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By convragt, 1ittle atiention has been devoted Ho the
gbudy of alpha intoxicabion. In the present work the
gympoomsg of intoxicatlon and the node of deabth were
clogely studled; 16 was hoped that informatlon derived
in this way in Gonjumction.with histology expeorimenita on
igolated ovgeons and comparison with other specles may
throw Light on thoe polnt of atback of alpha toxin.

The prelablonship between the dese of toxin and the time

o deabh.

AT T A I T R ST

The melation bebtween dose of toxin
adninistered LV. and the btime to death was investigated;
a summary of typleal experiments can be seen in Table 16.
The time bo death was agcertalned taking death ag
cecurying abt the ond of the terminal spasms, althouvgh it
i1g fully realised that the animal may have beoen dead a
few seconds before theil.

Dose (MUED) Time to death Avergge % dead

Mindimnumn Maxlmum

38,000 11l secondg 3% @econds | 17 soeconds 100
4 4000 20 secondg 40 seconds { 36 geconds 100
1,000 1 min, 2 min. 2 min. 100
500 4 min. 6 min. 9 min. 100
250 5 mine 3 he. 1k hre 100
128 S hie 4 dayg. - 80
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From Table 16 it can be geen that the time Lo
death is nacvkedly influenced by the dogse of toxin,. The
most striking finding was the extroeme rapldity of action
of high doses; 98,000 MHD killed in a few socounds.
With ao eighth of thilsg (4,000 ¥ED) the time to deabh wasg
doubled. Jurther raedugtion of the doge however caugoed
a narked locrease in the time Yo death; tLhis was
ecpaclally nobtleeable when the dose wag reduced to aboub
BB HHED . Whereas the average bime Lo death at H00 MHED
wag 5 min,, that at 850 MHD was IF hr; here a halviang
of the dose caused o 85 bimes increage in the bime to
death, A "hroghold doge’™ above which death wasg
axbtrenaly rapid and below which death wag compavatively
glow was obgerved In all the specles sbudied, as will
be geen later.

Rapid death was observed only when the boxin was
adminigtered by the L.V. woute; when injected I.P. or

S.0Cs the btime to death even with lavge doges wag

i

congilderably exbended. Por ingtance a doge of 2,500
MEID, whioch IT.2Ve, killed in legs than a wminube, killed

in 40 to 50 minubos when adnminlgiered by the 1.7, woube.
Similarly the time to death with a dose of 500 MHD wag
oxbendod from 5 min. (when injocted I.V.) to about 1% hr.
when glven L.P. This longbh of btilme probably reflects

time requlred Tor the tozxin to dlffuse across the

peritoneal membrane.
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Time %o death was even longer when the toxln was
adminigtored S0, A deose of 4,000 MHD killed in an
average ol 3 hr.40 min. when injeseted by this rvoube,
and the time o death with a doge of 500 MHD was ine

creased to 9 hr, In thls case the delay ls most pro

bably due to the time requlred for the toxin to diffuse
into the capillarieg.

Sewphomg of inboxlcatlion, When large dogseg of btoxin

(32,000 YMUD) were injected I.V. death was so vapid thab
Little dnformation could be derived concerning the
SYROLOmS . Andnals collapged wlthin a few geconds and

a gexies of gpasms Tollowed whieh terminated some 10
geconds later. With a doge of 4,000 MHED animals
collapged in aboub 19 sec. and spasmg ended in 285 to

40 gBec,. Spasms wers betanie, with strebehing and arching

of the baeck; however abt death the body and llmbs were

completely flaceid. At 1,000 MED anlimals became une
gbeady after about hal¥ o minute and subgequently
Jwﬁmguiﬂ“ breathing with gasping was obgerved; death
oceurred alftey invermlitend spasms. The same slightly
extenGed general pleture was observed at 500 MUD,

Further reduction in dozse had an Iinteresting and
gbriking effect. With &850 NHD a Tew animals died in
the flrst 15 min. in a manner not unlike that Just

dogeribad. The romainder on the other hand were normnal
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for a short period aud then became slowly and pro-
gressively weaker., The coat sbared, the skin
temperature dropped congiderably and the rate of
ragpiraetlon became go gslow that abt times it was
difficult o tell whether ox not the animal wasg dead
O allve. They remained in this comatose sbtate Torx
perlods of up to an hour and sometimes even longer.
Ab oven lower doses (128 MiID) no animels died quickly;
thoge which d4id evenlbually die showed the glow type of
death, snd gone, which showed gigns of intoxication to
begln with, gradually rocovered and ebout B0 of these
animalg survived,

Poggible causes of death. With doses of alpha toxin

which killed in a few hours death was too rapid o allow
the development of hilgtologleal lesions. However, the
gympoons preceding desath suggested that bthe boxin
pogsibly acted upon the central nerveous syshen. Capn~
tainly 1t appeared thet bthe prime cause of death wag

uot due to gardiac agrrest gince the hearts ol animals
killed by laxge {doses of alpha toxln when exposed and
perfused with saline conbaining 1% glucose contlauoed

to beat for 8 -~ 8 min. after doath. Howevoer, electbryro=-
cardiograng could not be done and Lhereiyore the
pogsibility of cardiac lvregularitles could nobt be ruled

oub. The slow death, baking several hours was
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characterised by & Fall in the surface ltemperature,
guggesbing that a fall in blood pressure due Lo
peripheral collapse may play a major role as pub
Torward by Thal and Bgnew (1961).

By contrast, when smelld doses were given some
anlmals spurvived for up o 84 hy. or even longer before
dying; the time to Geath wag then long enough to enable
Getiectiun of higtologleul leslong. Thege were found

alnogt solely in the kldneysa. The cells

s
[

of the lining
of BDowmans capsule were geverely necroged; the
glomerular btult was chrunken and compressed. Indeed

in one cagse necrosls was so complebte that not a single
normal nephron wWas s0on. Mo lesion was obgerved in

the liver and tino lungs, although occagionally pabohy
necrogis of the heaxt wasg noved, In mogt of these
andmals it seemsd that death may be due o renal failure.

(]

Ihe effect of ceubral nervous sysbem stimulants. Ag

ad posgslble that alpha toxin

Py

montioned it was consides:

f--

»

may met on the central nervous sysvem and especially
on the resplratory ceubreg. I was thought shat 1L
indeed this were go, then the gymptomg wmey bDe to gome
xtent counteracted by priocr injectlon of drugs which
are known t0 act by gtimulatlng these sites. Three
such drugs, ephedrine, dexauphetanine and nikethamlde

were btosboala The fiprgt two aot on the higher cortical
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centres, on the hypothalamus, the medulla lucluding

the nmodullary resplratory ceanibveg and the dbrain stem
(Lewis, 1960}, Niket hmm;da has a divect action on the
medullary and spinel respiratoxny centres (Lewis, 1960).
Wone of these drugs exbtended the time to death ~ if
anything, dexamphelbanine and nikethamide shortencd it -
ophedrine and dexasmphebamine however had an interesting
affect, Conbrol imals were injected with aboub
500 MHD of alpha toxin I.P. and died in the usual manner
with o period of guarding in response to the lunjection,

followed by gradual onset of pgeneral weakness until they
hecame comaboge; they remalned ln this condition witil
death in about 2 hi. By contrast, Shoge anlmals which
vaceived ephedrine ox dexamphetoamine £.C. or I.V. priox
$o boxin were less alfeched. They did not exhibilt
a marked guarding action and continued to behave normally
although slightly nervous ag a result of the drug. Even
uotll g few wmlnubes before death they sbtibenpbed to carry
oul norvmal acvtlong, such as washing themgelves, eabling
and celimblng. Then quite suddenly they became ill.
They went Into convulslonsg, altemating with periods

in which they attémzs@@ to wash themselves they Jumped
Jerkily avouad the cage; ¢ few minubes later they died.
There was no exbended comaboge period whioh was observed
in the conbrols. fphedrine wag more active in thisg

way bhan dexamphetamine.
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The effeet of eserine Botulinue type A toxin is

thought to act by inhibitlng the release of acetyl
choline at the end plates (Ambache’ Burgen et al,., 1949),
Although s%aphylﬁcoecal alpha toxin is quite uvnlike
Butulinuﬁ toxin in the mode of death and in the speed

of action (Botulinug toxln acts only after a congiderable
incubation period of some hours, even in large doses)

it seemed possible that it may act by inhibiting the
release ol acetbtyl choline at a different level of the
eontral nervous systom. If indeed this were the case,
injection of physostigmine (eserine) which blocks the
actlion of acetyl cholnestersge may cavge su incrsage in
acelbyl choline and to some exbtent relieve the sympboms.
However, neither prior injection of the drugrom
adminigtration some time after the buxin caused any

alleviagblon of sympboms.

Jnhibition of the lebthal asebion of alvha toxin in mice.

A mentioned earlier in section I (p.llA) Suramin

and analogues of this drug were Tound Lo inhibit the
acblon of alpha toxiln jin vitro. 1t was thenefore

)

declded to lanveostlmate the offect of bheme compoundg on
the lethal action of alpha toxin.

In early experiments alphs toxin wag premixed with
the dyug both at pH 5.5 and 7.0 for 30 min., before

injection of the mixbture L.V. into mice. The resulis
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are summarised in Table 16,

Table 16

The effect of premixing alpha boxin wibth Suramin and

Bayver 1

o

Compound ﬂoncanﬁratien/ml. PH Deaths at
- 4 hr. &4 hre
Suramin 2.5 mg. 5,8 | 1/5 1/5
1 " 7,0 | 5/5 5/5
Control (no drug) B/5 4./5
Suramin e 1g. 5.5 | 0/7 1/7
" 0 7.0 | 1/6 2/6
Gontrol (no drug) 18/14 13/14
Bayer 1 140 mg. 7.0 | 1/6 5/6
Controls (no drug) 6/6 6/6

Thug it appears that premixing with Survamin and

Bayer 1 does have a spaying acbtlon on the lethal effecth

of alpha toxin.

The next step was thercefore bHo debermine

whether a slmllayr sparing acilon occurred when the drug

was adminigbered prior to btoxin.

Table 1Y swmarises

the resull of injecting Bayer compound 1 I.7. before

500 MHD of alpha toxia by the same roube.

Bayer 1 does probteat mice agalnst a fairly high

doge of alvha toxin whoen both the drug and the toxin were

given by bhe L.P. nwouhe.
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Table 17

the effect of prior injecbion of Baver 1 - T.P,

Death atbt
1% hre 5 hv. 18 hy.

e T

O mg,. Bayer l; then

500 MHD alpha toxin 0/4 1/4 8/4:
Controls (no drug) 4/4 &/4 4/ 4

7.5 mge. Bayexr l; then

500 MDD alpha boxin 0/10 0/10 0/10
Controls {no drug) 10/10 10/10 10/10

However, when the drug was injeeted 1.V, and toxin
subseguently given f.P. no probection or extension of
life was observed with Suramin, Bayew 1, or any of the
obther drugs which were found to inhiblbt heemolysis {p.HL ).
In these experiments the drug was lnjected aboubt 20 min.
hefore a doge of toxin whioh killed contyrols in about
& hrs

Nevertheless in one exporiment some svidence ol
extengion of 1ifc wag abgervod. Mice recgaelved B doses
of 5 mg. or 10 mg. of Suranin prilor to an L.V. challenge
with L LD of alpha toxin. The first dose off drug wag
wag given I.V. 18 hr., and the gecond 5.0, 2 hr., before
challenge. Table 18 and fig. 12 sbhow time o death fox
tests and controls. Although 10 mg. doges had virtually

no effect on the time to death, mice which recelved 5 ng.
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Table 18

Tlme geguence of death eafter preinjection of Suramin

Nunber Dead
Time (hrs) Controls 2, 10 ng. 2, Y mg.
(Toxin alone) dosaes doges

& - 1/8 -
2.2 1/14 - -
8435 - 2/8 -
845 2/14 - -
2.6 5/ 14 - -
2.75  4/14 - -
Ba2 5714 - -
3.5 - 5/8 . -
BeHE 6/14 - -
3.6 7/ 14 - -
54 - 4/8 | -
5.8 8/ 14 - -
4,1 9/14 5/8 1/8
4al - - 5/8
4.5 - - 4/8
4e6 o o 5/8
5.0 . 6/6 -
5,25 - 7/8 -
8.3 1.0/14 - 7/8
6.4 11/14 - -
8.0 12/14 - -
10.0 15/ 3.4: - -
15,0 | 14714 6/8 -
26,0 - = 8/8
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doses began to die only after 0% of the controls had
died. It may well be therefore, that the dose of
drug snd the roubte and time of administration of bLoxin

used ave critlical in dewongbrating the in vivo inhibition.

The Rabblt

The sympitomg of death in the rabbit have been
degerlbed by many workers in the pasih. However, in
order Gto compare its songltivity and behaviour with
thet of the obher anlmels invegllgabted, it was decided
o re-~examine the lethal action of alpha toxin in this
speclies.

Ihe effoct of doge ou Gtime o death. Table 19

swmarises the offeot of different doses of alpha toxin
in chinchilla rabbits.
Ag An mwice the time o death was dependent on bthe
doge of toxin adminigterced, with a gharp increase in
the bime to death when tho dose was reduced below
1,000 WD The approximate Ly, for rabbits (the
number btegted was oo small to allow accurale delerminstion
of Lﬁﬁo) was 200 VHD/Kg. of rabbil tissue. Thag the
rabbit is conglderably more sorsitive than the wouge
where the Ilgg is 128 MHD for a 23 g. mouse ox 5,000 YHD/ kg o

of mouse bligsue.
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Table 19

The effect of alpha btoxin lu rabblis when
injected I.V.

Weight of rabhit  Dose (x3D) Time to death Ave.
Ge7 K2e 8,000 L nin. 35 gec,
8615 E:go 8,000 & mine.
. T N . : 2edD min,
1665 Kge 8,000 L min. 80 sece ' ‘
44,50 I{.é’;s 8,006 4 min. 20 soec,
3.0 Kgia 4., 000 £ min, 15 sec. i

"

Se 25 K

£

. 1,000 11l mln. 30 sec.

[

2ok .t{g . 3. » 000 12 fﬁiﬂ . . «
18. L min¢
2e9 .K.{:j » 1 » 000 47 min .
Reld Kge 1,000 8 min.
Zed Kfa 700 & hwes. 406 nine
94 min,
3.804 Kg 700 28 min. 30 sec,
Lol -x L ~5N P = L3 -k ¥ -y ey L. L - L1 waty E.- mmt— — —— ———{
BeB Kgo 500 Lived.

[oerrrR————— Py

Here again bhe toxln killed very rapidly when
introdueced in large doses 1.V. The symptoms at such

dogeg Were gimilar in aature o those observed in the

,

mouse; the anilmal wag culet for a ghord tlme and then

=

the logs gave way and the animal seank o the ground.
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Breathling became irpvegular and terminal spasm Tollowed.
With smaller doses the animal remained faivly msrmuig
though quiets until the ouseb of symptoms of intoxicablon.

tutravascular haonolyslg. It was decided to investigate

whether intrafascular heaemclysis tool place and if so
whether it could account for deathe. Chinehillla rabbits
were killed in three minutes by a high dose of alpha
HOXIN The heart, which ln gone cases conbinued to

beat after death, was exposed, blood Gaken with a No.l
sorum needle and clirate added as an entli~clotting agent.
This was now diluted 50 times in galine and L ml, spun;
at the same btime blood from a conbrol rabbilt killed by
pentothal was also dilubed and spun. The supernabant

of the conbrol rabblt. was completely free of haemoglobin,
whersas that of the test animal contalned a trace of
haemoglobin, indicating bthat some introvaseculsr haemolysis

had baken place. This amounted to less bLhan 104

heomolysis. There were then two possibllities; +Hhat
10% heemolysig was suificient to cause fabal anaemia, om

that bthe products of lysig were lebthal. The first
poggibility was discounted on the grouads thalb up

20% of the tobal blood volume was roubinely btaken from
anikcals in obleining red blood cells and noymal and
imuune sera, To ilavestlgate the second pogsibility,

50 ml. of blood {(c. 20%) was taken and the ved cells
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gpuny plasma was digearded. The red cells wore then
lysed by addition of 20 ml. of distilled wabtor. The
volune was now restored to 50 ml., the mixbure made
isotonic with 0.4 g. of godium chloride and injected 1.V.
intn thz same rabbitb., Tho animal did not dles and showed

no signs of digbress.

The ﬂewL

Ag far ng ls koown, tho sensitivity of the fowl
o alphs toxin has nob besn previously recorded. T6
was bherelfore decldad to invesbtigate the fowl as a

byplesl avarlan gpeciles and bo compare 1ts behavioun

wlth the other gspecies.

The elfect of dose on tlme to doabli. From Teble 20
1t can agaln be seexn that the btime te death iz dependent
on bthe doge; in this rogpect the fowl behaved in the

game way ap bhe mouse and rabbitb. Again large doges

were found to kill rapidly whean Injecled I.V., bub

voducticn of the doge below 16,000 MID regulted in g
congidarable exbengion in time o deabh. This dependence

of Hlme to death on doge, gimilar to bhat obgerved in

-

wice and rabbits, now appeared to be a characterigtic

€

off the boxiit. #lso whon injected S5.0. into the wing,
the bime to death wog congiderably exbtended and the

wing became Tparalysed”, l.e., 1t wag no longer kept in

the normal position and was allowed to hang by the side




of the animal.

The effect of var:iug doges of alphs toxin I.V.
- in the fowl.

Wolght of the Dose in e ten Aerebl
SRR el Tiwe o death
Fowl in Kg. HIED )
145 84,000 S mine
1.3Y 64,000 3 min.
1.4 583000 & min,
J 1.3 B 5 000 4 min.
1.39 16,000 8% min.
147 16,000 1L min,
LoD 18,000 16 min,
L7 16,000 Ak min.
104 8,000 ‘4":4;: lllfLZ‘h
Led 8,000 Survived &4 hy.

Feom Pavle 20 it c¢an be gcen that the fowl is
conglderably less gonsitive than the prabbit; the MID
from the few birds used was of the order of 8,000 MHD per
bird of 6,000 MHD/Kg. of fowl tissue, and ig therefore
of the gane oxder of seasibivity as the mouse.

Togin inanctivated by heabing at GOYC. fop 30 min.

&

and boxin Juost neubralised by antl-alpha toxin did nob

}¥ill fowls. In additlon imumologlcslly and physically
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pure toxin (p.186) killed in the same way ag paprtially
pure boxin. Thus it meems that the lebthal aebion in
Towls wag Indeed due to alphs toxin.

Syvmpbons of inboxication., Ifnjection of & large dose

(64,000 MID) killed very rapidly. Almogt lmmediately
after the injectlion the animal sank to the sivting
position and the head began bto droop. Phe regular jerking
movements of the neck, characteristic of nowmal animals,
ceasad, On attompting vo sgvand, bthe bird sbtaggored
drunkenly avound the cage, as if 1t had completely losb

its sense of balance. dJust before death bthere wag an
outburst of kilcking and ilapplng which lasted some 10~18
seecondg;  thils wag Tollowad by a few spasmodic coantractlons
of the body, und death. The game patbera ol events
repeated iltselfl regulsrly ln anlmalg which recelved

16,000 D ox more. When the doge wasg lowarad o

8,000 MHED however, the plcbure wasg different. There wasg
the same "git down® regponsge and head drovp; then
regpliration became deep and laboured, unbtll the animal

wag almogl gasping. One animal died at 44 min. with
characboristic terminal symptoms, while the other gurvived
for 24 hours. This bird showed complebe loss of the

genge of balancee and gtaggered around bthe cage. Tts

head wag almost permanently in the dyoop position, and

the eyeg were kept ghub. The impresgion wag galned thab

this anlmal had lost its ability to make coordinated
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movements. It wag killed to avold further sulfering.

Thug the gympuoms in the fowl are not unlike thosze
observed in the rabbit and tho mouse; the logs of
gense of bhalance guggests thaoat the toxin acts on bhe
genbral. nervous syshei. The fowl being a two-legged
anlmal ls probably morse dependent vn a correot sense orf
balance than is a Tour-legged animal and, in tnis
respect, lsg possibly more obviously affected than Hhe

four-legged aninals.

The I'vog

WO B 1 L

It seened of interegt to deltermine whebher op
net cold-biloodod arimaelsg were gengitlive o staphylocoecal
alpha toxdn, aad i¥ so, 0 compare the wode of death
with that in worm-blovded auimals. wince it lg much
agogler Lo demonsbrete survival of fndividual orgasng in
the frog than in, for Insbance, the mouse, it was alsgo
hoped thet Turther information would be ebtained
concarning tho mechenian of actlon of alpba toxin in vivo.

The effect of different doges of glpha toxin In the Trog.

A large dose of 38,000 MHED killed frogs in 18-26 min.,
and bthe btime to deabh was again found Lo be dependsnt

on the dose of toxin administered but vot gqulte in the
game way 1t was for waem-blooded anlmals, The typles
time sequence oFf death at AllfTerent doses of alpha toxin

can be geen in Table 2l.
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Table 21

The effect of alpha toxin in the frog,

Doge (ML) Time o deabh.
38,000 18 ~ 26 min.
8,000 4 hr, 5 he, 9 he, 50 hy.
4,000 5%hr, Sihr, 6hr, 18hr, 36hr, S6hr.
1,000 She, Bhy, Shy, 24hr, 48hr, Y2hr,l survivor
500 AlL suevived,

&t doses below 32,000 MHD bthere was a considerable
geatter In tlme o death. Some animalg died ghortly
after the injJection of toxln and others survived Tor sone
congiderable time. The L.D. for Lrogs wag 1,000 MHD/25z.
frog or 40,000 MED/Kg. of fyrog tissue: thus the Trog
ig conpiderably loss senslitive than the rabbit, mouse
and fowl.

The syopbomns preceding death in the frog. Very shortly

after injection of large doges, the mandibular and the
flank resplvatory movements became irrvegulear and evenbually
gtopped. The fxrogs then became dlstressed, atiempting

to olimb from the contalner. They became weak and when
placed on their back could nobt wight themselves, nor

could they swim. It was difficult to déecide just when
doath ocourred and it was (rather arbltrarily) declded
that when the respirabtory movements had completely coased,

when bthe covrneal reflex was negalblive, and when the {rog

G2
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Tailed to right Itself afbter 10 minutes on its back,
then the frog was Indeed dead. The symptoms preceding
death at low doses of toxin were gimilar te those obgerved
for hilgh doses, only the procesg was glower. Since
toxin heated to 60YC. for 30 min., auboelaved, and
boxin just neubralisged with antl-toxin were not labhal
it seemed that alpha toxin was the facbor responsible
for death; also it wag later found thabt pure alpha
toxin wag lethal.

The effect of envivonmental btemperature on the Lime

bo deabh. Recontly Rowson (1961) described the
increased resisbance of frogs to tevsnug toxlin when

bthey were kept at low environmental btemperature. L6
was declded to exmumine the influence of temperature on
the susceptibllity of frogs to gtaphylococeal alpha
toxin.  Frogs were kept at 4°C. for 24 hw. prior to
injection of alpha boxin. A control hateh wore kept at
room temperatura. L6 can be geen from PFig.ld that

those kept ab 4°¢, disd less cwickly than those abt »oom
bemperature. Thig finding wag veproducible and also
held for high doses of toxin. For ingtence at a dose

of 482,000 MHD the time to death wag increagsed from 25 min.
abt room bewporature o 3 hr. atb 2°c, Ag degoribed 1n an
earlier section bthe heemolytic action of alpha toxin was

dopendent on the btemperabure, belng considerably loss
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Iiouve 13

the offect of envivonmenbal temperature on the acbion
of albha toxin ipn TIOgS.

Roorm Ternp.
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at 47C., than at room bemperabure. Thug the frog
experinent shows that the lebthal action of the toxin
is also dependent on the temperature.

Posgible cauge of death in the Lrop. Fvom the gympbtoms

of death 1t appeared thab respiratory paralysis could be the
cause of death. When frogs were killed by a large dosge

of alpha toxin and the heant exposged, bhis continued bo

beat for a conaiderable perlod after death; thug cardiac
arrest wag not bthen the primary cause of death. It was
consi&ergfaﬁossible that alpha toxin acted on the cenbral
nervoug.f soeom and egpeclally on the respiratory centreg.

In a cy’ 5 experniment frogs wore killed by large doses

of alﬁv boxin, dissected, and the nuscles, nerves, and

gsping cord exposed and stimulated electbrlcally wibth a

% vy [t babbery through platinum electyodes in situ.

All ptinulatlonsg produced ghrong positive rogponges of

o/ fer the fore oy hind limbs. Contraction of the fore
" mbs could be elicited by stimulaeblon as high as Ghe
Jrain gbtem.,  However, sbtimulaetlion of the higher levels
of the brain produced no response, guggosbing that alpha
toxin may act on the brain iltsell.

Iu order to Turther test thlg hypothesis ilnjections
of very small volumes of highly potent puriflied toxin

+

were made intracerebhrally. Table 22 gunnarises the

results of Injecting verying doges of toxin by this route.
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Control frogs recelived up o 0,08 ml. of normal saline
without harmiful effects, Injectlong were made through
a "weak-point" one~quarter inch behind the orbits along bthe

mid-line of the head. Two Tfroge were tested abt each

doge.
) Table 22

Volume adminigtered | Doge (MED) Times to Death
0015 ml. 4,500 Y min., 8 min,
0.0075 ml. 2,850 B nine., ¢ min.
0.0075 ml, 75 10 min., 18 min,
0.0075 ml. 300 15 min,, 18 min.
0400795 ml, 175 24 hr., 1 survivord

When given by this route death occurs much wmove
rapldly and o a considerably lower dose, 175 NHD killing,
whereas L,000 MHD was required in S.C. injeotions;-
Tmmedlately following the injectlion the anlmals became

highly exclted, then volled on thelr backs and showed

tebanic spasms; In many cases the moubth gaped open.

DISCUSSTON
Alpha toxln causes death either very wapldly or
only after a congiderable delay; <theve soems o be a
threghold dose below which death ls slow and above whilch

it is exbremely rapld. Rapld death does not gecm to be
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merely an acoslerated form of slow deathsy olinically
the two differ o greatly bthat they will be considered
geparacvely.

When death oceurs withlin a few seconds or minutes,
lesiong at the organ level have had no time to develop.
However, they nugt clesxly have developsd ab the cellular
level in owvder to accouwnt Tor logs of funchbion and deatha

On the other hand, meny workers have wrecorded
exbenglve histological lesions Jun the soft tissues when
daath is slow. Indeed in the present worlk, seveve kidney
necroslis wag noted in animals which died afber 24 hy.

Sowe of those lesions however, may bs secondary, and

whare lung congestion lg found, this may result from

heart damage. L gbrilking sympbom of glow death ls the
foll in skin temperabture; aninsls are cold to the touch.
This again may repult from a dirvect avction on the heart

or vasculaw fallure, or perhaps from action on the central
nervous gystom. In fact, in slow alpha intoxicatlion

no organ can, with certainty, be stated not to have been
affectod. Kldney feilure, or liver damage way accountd
for deatbth, although such avn explanatlon has yet Lo be
proved experimenitally; blochemical btogbs, @.g. blood vrea,
transaminagse estimabtion ebe., have never been done.

T ds, however, bhe styikingly different symptomology

that prompbs a separation of fagt and glow death. Iin
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rapid death sympbtoms preceding or accompanying deabh

*

in rebbits, mice, fowls and frogs ave falrly uniform:
collapse, regpiratory distregss, astaxla snd convulsiong
ware observed. Ihe process, especiall, in warm~blooded

n

andmnals is so rapld that 16 lg difficult to deteraine

Ui

with certalnty the cause of death. GBxbrapolation of
pharmacological experiments on isolated perfused organyg
(Welgerghausen, 1860, 1968) is lnformative but upen to

the eritlelism that the mechanian of death in different

S
Q
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o
n
o
e
ot
-t

L the behaviour of orgens iln vitre and In vivo

Bagleally all the gympioms of rapid death could be
covered under Lhe general term anoxia. Anoxia In turn

counld ve dve to geveral causess Inltravascular haemolysis,

candiac fallure, vascular fallure, central roespirvatory

allure, or polsoning of the essential respiratory enmyvmes
gould all be involved.

Intravascular haenolysis wibth loss of oxygen

carrying eapaeity or rveleagge of a toxlie product from

lysed red cells seemed a pogsible explanabtion @spaeially'
in view of the exbtreme geusltivity of rabblit erythrocvbtes.
Howaver, experimental evidence ls agalnst it. In
vabbits, not more bthan 10% hgemﬂlyaiﬁ was Tound in
animals which died rapidly; removal of wvn equivalont

volume of blood followed bhy injection ol the lysed red
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cells caused neibther death nor eoven discomfort.
Caxrdiac arrest wag ofben thought to be the cauge of

death (see RBlek, 19059). T.0.0. changes indicative of

i action on the sinuses, were reported by Nelis et al.
(1934) while Bingle et al. {(1987) sugrested a dirvech
achblion on the myocardium. However, bhege findings could
ggually be secondary resulbts of @@ﬂ@rai snoxla. Moxe
recenbly howeéver, Thal and Bgner (1981) reported tha
cardiac nuscle was reslabesnt 0 slpha toxin. Such
differences may be due tu diffevences ln the purity

of toxin preparatlons. By contrast, Wiager quaen
(1960,1968) Tound perfusged lsolsted hearts of the rabbib,
fow) and cab to be gonsitive, while bthat of the common
snall and to a lesser exbent the gulnea plg were resisbant.
Along with systolic armest, alpha toxin caused constriction
of covonary arberies and it is vob eassy o conclude from
Wisgerhavgen's experiments whethsr cavrdiac arregt resulited
from a wesbtricited flow of nuitrlent through constricted
covonaries, whether the effect wag dirveet on the musclae,
or whether both contrlbuted. Art added difficulty in

the interpretation of Wliegershausoen's Tindings ls the

fact that he postulates (a) an indirect acbion of tha
toxin on smooth muscle of blood vessels causing release

of serotonin and (b) roleuse of an unidentified

Tpolypeptide™ whioh acls divectly on heart nuscle.
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Thege experimentsg were carried out with only parbtially
purified alpha toxin and Wlegershausen's viewg as to the
cavge of death must awalt experimental conflirmation.

Bxpariments presenbed in this thesis are nob

S

realily integrated into the Yoardlae arrest' hypothesis.
in all species, mosgt markedly In the frog, the heart
gonbinued to heat aflber deabh. It is of course unknown
to what extent th@ heart function wans lmpaired and whether
16 ensured adequate oxygenation and survival of the animal.
Then again, cavdisc arrest iun vitro ie preceded by a
congiderable lag time, up to 20 minuvtes, while deatvh,

say in mice, occurs in seconds. Lt dis open to doubd
whether under these conditlong the in vitro resulbs can
be literally trangpoesed linto the in vivoe system. iR

ig felt that the argument centres not on the sensitivity
of the heart, but upon its role in bringing about rapid
deathe 16 is therefore very posgible, hubt by no means
proved, that cardlac fallure may in some species be the
gauge of or conbribute to death,.
Death as rapid as that obgerved when alpha toxin

lg injected into mlce ig rave. It ls well~known with
potassiwn ¢yanlide which acts by polsoning the regplratory
BYLAVILON But it seems unlikely that a substance of
molecular welght around 40,000 (Beruheimer and Schwaniz,

1263; Tonminski, Arbuthnott end Spence, 1963, Iin pressg)




w LB~
could be expected to Alffuge so rvapldly through the csll
membrene and poieson by acting on the r&spiraﬁory SNZYINS S
AMlgo, 1t was found that alpha boxin did not inhibit
regpiration of mousc muscle bissue {(p.180).

Anctbher possibility Lo an action on the cenbral
nervous gystem. Acbion on the central nervous sysbem would
be compatible with the spesd of action of the toxin when
given Intravenously and would account for all gaympbons.
There is some supporting experimental evidenca. In
froge, intracerebral injection leadsg to death in s Tew
minvtes, whlle injection into the dovsal lymph sac acts

much slower.  Admittedly Blek {(1959) is correct in sgtablng

that any mavkedly cyltotoxiec subgstance when introduced
divectly Into the brain will causge death. However,
while fully sccopbting bthls, one 1ls Torced bto accept the
possibility that when the toxin lg iatroduced into the
blood stream it reachesg the brain and in sufficient
yuanblity may cause deathe It ig alzgo to be borne in mind
however, that vaescular fallure, 1f taking place in the
gentral nervous gsysbem, would equally well mesult in
death with gimilar sympbomsg.

Tenbatively, and in the nature of a worklng hypo-
thesis, the following mechanism of death from alpha toxin
ig suggestod. Alpha toxin isg capable of acting upon
a mulblpliclty of cells and tlgsues,. Acoording to specles,

dose and route of introduction, bthe boxin may come in
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gontact with more, or lesg, vital organs. A small dose
may kill by graedually affecting parenchymatous orgens;
death will only oceur as a secondary process through
Tuncbional Tallure of those organs, S.8. kidney. With
vapldly introduced large doses a vital ovgan which
coatrols vital fuunetiong mugt he affected. Thig may be

the heart, the vasoular sygtem, or bthe brain,
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THI MYQTOXLC ACTION OF AIPHA TOXIN

Ia‘th@ courge of assaying alpha toxlia it was notlced
that mice which wveceived lantraperitoneal injectiong of
alpha toxin freguently showed flacoid paralysis of the
hind legg, while the forelegs remained normal. This
ocourred ghortly before death and 1t was at first thought
to he part of the general weakness due bto alpha inboxic-
ation, However, an oven more marvked flaccid paralysis
was obgerved when toxin was injected subcutanecusly
cither into the scruff of the neck, when the Fforelegs and
neck became paralysed, or into the lumbar zeglon at the
bage of the tall, when pavalyslis of the hind legs was
obgerved; under these conditblions general weakness and
death were delayed. A comparable paralyiic phenomenon
wag geen in fowl and frogs, bub not luo rabblits. Since
a simllar effect has not been proviously degeribed, it
was deeclded to invesbtigete 1t further; the sbudy falls
into two parts (a) the parvalytic action in_vivo and

{b) the eoffect of alpha toxin on igclated mugcles in vibro.

MATERIALS AND METHODS

tTnjectiong of varying amounts of crude, partially

purified and highly purified alpha toxin were injected

H.C. into the dorsal gac either in the serull of the neck
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or at the base of the btall,
Mice were genergily 20 g, in weight, although in a Ffew
experlments adult mlice weighing 30-40 g. wore used, In
some experimenty mice were kllled by cervical dislocabion
and museles and nerves gbtimulated in sltu through
platinum electrodes from a 4% volt babbery. Algo the
magcles, nerveg and spinal cords of some animals were

submitted for higbologlical examination,

In order Lo abtitrlbuite the pavelvtic effect to
alpha toxin 1t was noeesgary to oxclude other staphylocooceal
products in crude and pavrtlally purified preparabions,
Proparvations Trom stralns producing predominantly some
of the otheyr factbors commonly produced by sbaphylococel
woere tegted for paralytlce action in wmice; some factors
were excluded becauge they could not he correlated with
the parelyblce factor; Iflaally some facbors were excluded
by meang of gpeciile iuhlibitlon.

RBeba toxin was obtalned by growing a high beta toxin

producing strain (3197) in soft agar in the presence und
shgence of 008' The crude Loxin was exbracted in the
sane way as alpha boxin. This sbtrain produced large
amounts of beta boxin and only traces of alpha boxin.
The small amounts of alpha toxin were Ilnactlvabed by
heating at 60° for 50 min.

CGampa boxin was prepared in bhe same way from strain BR,
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a rough variant of strain 5, which has been shown to
produce a rabblt lysln which ig almost solely gamma
toxin (3mith, 1988). However, only low btitres of 1/64
0 1/128 were obtained. Crude toxin was bherefors cone
cenbrated by the sawme procedure as used for alpha boxing
the titre of the concentrabe was 1/1,000.

Delta toxin was prepared according bto the method of

Marksg and Vaughan (1950} from N.C,T.C. gtrain 9715, the
clasgical delbva boxin producing straln. The resulbting
preparatlon had a titre of 1/640 against human red cells.

Gelabinagse wag prepaved according to the method of

Tomlnski (unpublished). Overnight cultures of strain

€50 on agar slopes in 4 oz. medical flat bobtles were
exbracted with 8 ml, of galine and the bacteria removed

by spinning. The resulting fluid wasg titrated in doubling
dilutionsg in 0.2 ml. amounts of diluent; 0.8 nl. 15%
gelatin was bthen added. The highegt dillution which

caused liquifaction after 18 hr. was 1/160. Such
praparationsg conbained no detectable alpha toxin.
Coapulasa. Lmrge amounts of coagulase detected by the
method of Lominskl et al. (1968) were present in gamng
toxin preparations fron strain SR,

Staphylokinaga. Swall amounts of gbaphylolinage were

present in partlally purified alpha toxin. This was
detected by bBitrating alpha toxin in 0.2 ml. amounts of

diluent and adding 0.8 nl. of 1/10 normal human plasma.
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4 clob wag Tormed by the addition of a few drops of
thrrombin, the highest dilubtion cansing lysis of the clot
afber 18 hy, incubabion was 1/10. Ihis swall amound
of Tibrinolysin (gbaphylokinese) aabivity wag inhibitved
by epsilon amino-caprole-acid abt a concenbration of

o
" - *') () a -
g x 10 M, An excess of tnls was added to partlally

purified alpha btoxin belore injection into mica.

Phosphatogo. Shraing which produced the paralytic

factor and thoss which did not were streaked on agar
containing phenolphthaleln diphosphate; the presence
off phosphatase was debected by the fopmation of a pinlk
colocabion on exposlng bthe plate to ammonls vapour,
Proteass. Straing were sbreaked on agar plates
containing 10% plasma heated ab 56°C. for 30 min,
Proteage activity was debermined by the presence of a
mone of clearing.

Bee yalk. factbor. Millesple and Alder's (1958) egeg volk

factor was detected by streoaking strains on egg yolk agar.
Opacification showed the presence of the egg vollk factor.

Agesay of the acbion of alpha tozin on excisced nugelos

in vitro. Mogt experiments were carvied out on exclised
nuscles of mice, although some were carrled out on Trog
muscless Mice were killed by cervical dislocation, and
the Ghigh museleg of the hind limbs were dlgsecbed out.
One set was used as conbrol while the obthey was usged as

test. They wore lmmsrsed in 8 -~ 10 ml. of a modified
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Krebs Ringer solution which contalned partially purified
toxin, no voxin, auvtoelaved toxin, or toxin jush
neutralised with anti-toxin. The Fformula of the Krebge

-7

Ringeyr svlubion wagie 100 parby Q.85 s0d Lum chloride,
4 parts L.A5% potasgium chlorlde, L part B.58) magnesium
sulphate (MgS0,.7Hs0), 20 parts 0.1 M sodium dihydrogen
phogphate pH 7.4 and 2 parbs of 1.82% calceium chloride
{added dropwise to prevent precipitation). 100 ml,

'~

of this mixbture wasg now made 1% with glucose and the whole
wags gassed for 10 min, with 1004 oxveen before the
exveriment. The mixture was made fresh daily.

Hlrst experinents ware done on exclsed muscle of
mice; labter voluntaxy mugclos of the frog were used,
Finally, by way of comparison, tho effeot of alpha toxin
on embryonio mouge heart oxplants was exanmined. Wo
bracing equipment, comparable to that used for guinea pig
ileum or frog recbus, wasg avallasble for mouee muscloe

-

preparations and g0 a visual ags

L

I

v sy shen was used., A
4% volb hatvbery with platinum elechrodes was used 4o
gbimulate the mugcles. Visible contrecticn of the muscle

was recorded as a posltlve pesponse; regponses o such

gbimulations were always checked by two Observerg.
Frog gesbtrocenemivg nugoles were studled in the same

way, bubt the resgponse of frog recbug gbdominlig muscle,

I

to acebtyl choline ablmulation, was recordsd on a smoked

Gl e




158

In a few experiments the eflect of alpha toxin
on resplrvation of mouse muscles was examined in the
fTollowing way. The muscles were exeised in the usual
nanner, placed in isotonlc phbosphate buifer pid 6.8,
made 1.5 with Mg 20,4 &b 0%G. ané inmediately chopped
into small pleces; approximaboly equal amounts of
chopped tissue were then placed in 25 ml. cepaclty
Warburg flasks conbelining 1.9 nl. of the buffer. 10 u
moles of sodium citrate In distilled water was then added
to bthe ouber well, 0,1 nl. of 20% KOH placed in the
gantre well snd 0.5 ml, of toxin or conbrol fluld intbo
the side arm. Mannometric readings wers baken ab
regular time lubvervals.

By way of comparison with the effect of alpha btoxin
on voluntary musele, 1ts actlon on mouge heart explants,
kindly supplied by Dr. H. Morag Molallum, was alsgo
examined. An alliquot of highly purified alpha toxin wasg
added to the culiure of explants to bring tho
concentration of alpha toxin bto 2,000 WHD/ml. ; beabting
of individual groung of cells wag followed under the
MiCroscopad.

RESULTS

The Paralvitle Action of Alvha Toxlin in vivo

Paralyvtic acbion in mice. Injectlon of 250 MHD or more

glpha toxin cauged Flaccld paralysig of the limbg

nearest bto the gite of the injectiou. For instance,




0 L Qs
injection into the lumbar vegion caused flaceid

paralysig of the hind legs; these were dragged uselessly
behind the anlmal which moved only by dragglng itselsf,
using the roat leps (Plate 1(a), L{b)). The hind

limbeg were unable to gelp the sides of the cage while

the Toce lLimbs were unaffected. By conbrast injection
into the sorulf of the neck caused flaccid paralysig of
thie Tore limbs and the neck {(Plate 2(a)). Here the
animals moved only on the hind limbs by Kangaroo-like
movements while the fore limbg completely lost the power
of grip; the hind lepgs could sbill grip cobton wool
(Plate 2(b)).

The time necessary for paralysis to appear depends

on the dogse of toxin adminlstered (Qable 23).

Time to onged of paralyals in mlce injected with
aloha toxin 3.0

Dose (MED) Onsob Gomplete Paralysis
16,000 17 - 50 min. | 45 min. to L hr.
4,000 40 = 60 min. | 1% = 3 hv.

BO0/1,000 | & = 5 hr. 5 hi.

TS B TR B ORTLA R

The firebt signs of the miece beling affected were
the appearance of an ungbeady wellk saud inability bo
grip the sidesg of the cage properly. The animals then

showed a reluctance Lo use bhelr Llmbsg, tending to drag



Plate 1 (a)

Plate 1 (b)



Plate 2 (a)
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Plate 2 (b)
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them, although they occagionally showed periods of
normal walking. Thereafter the condition worsened,
wntll they could no longer use thelr limbs, The
injection was geldon directly along the mid-line and
the toxin went either to the right or to the left; the
Limh noarest to the dirvection of the injection was L£irst
to be affected. Paralyelis was flacecid with no sipgns
of »lgidity.

When (with large doseg) paralysils ocecurved ghortly
after injection, bthere were no detectable histological
lesions, except slight engorgement of the capillaries.
Where 4 - O hr. elapsed before complebte paralysis,
there was evidence ol slight inflanmatory reactlon, In
gome animals which survived for 18 hr. bthere was
extenglive muscls nescrosgsig. 0Occagionally after a small
doge a mouge survived for Y2 hr; sbtrikingly even in
thege animals bthere was no detectbable evidence of nerve
o1 coxd dansge.

Older wmice, welghing some 30 - 40 g, were very much
more ALTLicult to parslyse; even aftexy 7 hy. B32,000 MHD
falled to paralyge. They limped and had a pooy grip
but bthere wag no paralyeis ag there was in young mice.

Paralysig in spegliaes othey than mlce. &g notved in

experiments on the lethal asetion of alpha toxin, fowls
which recelved a large dose subcubaneousgly into ths loose

skin under bthe wing developed Yparalysis', and after a
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few hours the wing was allowed to hang by the gide.
Also, injection of alpha toxin into the leg muscles of
frogs caused flaccid paralysis. On the other hand,
ehinchilla rabblts failed to develop paralysis even when
large dosesg (8-16,000 MHD) were Injected into the seruff
of the neck oxr into the lumbar veglon.

Gontrol experiments with facbors other than alpha toxin.

The parvalytie actlion was inbiblted completely by just
nevtralising the haemolytic activity of the preparation
with anti-alpha toxin. Also, heating to 60°¢, berfore
injectlion abolished the paralyitic action. Thege findings
gtrongly suggest that the paralytic action wag indeed due
bo alpha toxin, bub in erder to establish bthisg conm
clusively, flulds containing staphylococoal products
obher than alpha toxin were injected and the properties
of gbtrains which did and dl&d not produce the parvalytbtic
factor were compared and conbrasted,.

No heta btoxln was found in the partially puve
preparations which cauged paralysis. Algo 1000 KD of
heta toxin from gbrain B197 from which traces of alpha
toxin weve removed by heating at 60°C. when injected did
not cause parvelysis. Controls injected with the same
amount of alpha toxin were paralyvsed within & hr.

Since sbtrain Wood 46 produces abt mosb, braces of

ganma Hoxin, not exceeding 1/16th of the amount of alpha
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toxin (Smith, 1956) it is unlikely that gamma toxin
cauges paralysisg; also, animals injected with 50O MHD
of gamma boxin from sbrain SR showed no flaccid paralysis
while the same dose of alpha toxin caused complebe
paralysls in § hr.

Delta toxln was excluded on two counbts; (a) mice
injected with %20 MHD of delta toxin (from strain 9715 )cnl}/
developed a slight limp after 5 hr. while controls injected
with the same doge of alpha toxin were completely
paralysed 1n the same timel  fven after 18 hr. mice
which received delbta btoxin showed no signs of flaccild
paralysls although there was an inflammabory response,.

(b) Normael horse serwn neubtralises delta btoxin (Marks

and Vaughan, 1950) and the traces of delta toxin present
in partielly pure preparations was inhibited by g /16
dilution of such serum. The resulting mixture injected
into mice caused flaceld paralysis at the sawmo time as
animals which recelved alpha toxin wlthout added gerum.
Some stapbylocooeal sexbracellular enwmymes were also
eliminated,. Coagulage was excluded on the grounds thab
preparations of gtrain BR which ls a high coagulase
producing straln did not cause paralysls. Gelatinase
prepavations from sbrain K8C were not paralylbtlie and anyway
partially puplfied alpha toxin contained no gelatinase
achbivity. The gmall amount of Librinclytic activity

present in such preparations was inhibited by epsilon~
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amino-caprole acid bubt paralysis was nob. Phosphatase,
egs yolk Tactor and probease were excluded because Lhey
wors elther not produced by sbrain Wood 46 or else waere
also produced by straling which did produce the paralytic
factor.

Pogglble cauge of uaralvals. AL firgt 1t was considered

pogsible that paralyals resulted from an action of alpha
toxin on the nerves supplying bthe voluntary muscles of
the limbs. To test thls i1t was desided to sbimulate

the muscles of paralysed mlce Jn slitu. Mlce were
completely paralysad by injecting large doses of alpha
toxin into the lumbar region and the animals were killed
by breaklang the neck; muscles were exposed and stimulsbted
with platinune electrodes in sgliuv. The musoles of the
paralysed hind limbs dld not reaolt to stimulabion whereas
nop=~paralysed muscles of the fore legs responded woll.
This finding, although not sxeluding a posgible amcbion

of toxin on the nerve suggested that the mugele itseld
wag paralysed. However, paralysis may also have been
due Lo an acblon on the blood supply to the alfected
muscle and in order to further investlgabte the actlon

of alpha bozin on voluntary musele 1t was decided to

gxanine lte effect on exciged muscles.




w LY G

Aotion of Alpha Yoxin on ILsolated Muscle
' Proparatlong.

The aotlon of alpha toxin on exelged voluntary mouge

mugele.  Whe Ghigh museles of normal mice were

exclged and lmmersed in Krebs Ringer solution contalning
various amounts of alpha toxin, as descwribed previousl .
Toble 84 summanlsed the offect of dAifferent doses of
alpha toxin on the time during whioch the muscle

preparations reacted pogitively to electrical sbtimulobtion.

The effect of alpvha toxln on excilsed muscles of mice

Heacbtlon mlxtures Time o negatlive regponse
250 MHD/ml. 54 min.
1)
No toxin 78 min.
aid L d wxis o e rrme i Youm. ot E - . -t -
1,000 MIDR/ml. 35 min,
2)
Neutralised toxin 50 min.
F{'ﬂ' i Lt oy ANt I ey - I uY qman ~rE EE —
5,000 MED/ml. 19 min.
3)
Autoclaved toxin 78 i e
: 5,000 MHD/ml. 47 min.,
4:)
: No btoxin 105 mine

The survival time of conltyol muscle preparationsg
vayied, from experiment to experimend, bub lun all cases

the test prepaeration contalining alpha boxin reacted
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0 electrieal sbtlmulation for a congiderably shorber
period then in controls. The nuscle preparations were
made ag free as possible from attached nerves, but it
was gblll posseible that swall nerve endings in the muscle
woare being stlaulated by the electrodes and not the muscle
itsuelf. Tor this reason 1t was decided to do the same
experiment on muscles of a mouse which had flrst been
completely pavalysed by lnjection of curare, which is
Ikmown to blosk nerve endings:; O.Ll mz. of curare was
injected L.V. and the mouse was almogt insbantly
completely paralysed,. AfGer k1lling the animal by
cervical diglocation, the mugcles were excised In the
vsual way and stimulated at regular lubervals. The
mugcle when immersed 1n 5,000 ¥HD/ml. of alpha toxin
caagsed to respond afbter 38 min. whlle the control ia the
abgence of alpha toxin continued to react for a total of
68 min. Thug the mesulbts were sginllar to those obtained
in non-curariged mico and strongly suggest that alpha
toxin has a direct actlon on muscle,

In sore experimonts the muscles were weolghbd and
the amount of btlgsue pregent wag found to be congiderable.
Yor instance in experiment No.4 (Table 24) the wet welight
of the muscle cxpogced to Loxin wag 895 mg, and that in the
control fluid 6Y95 ng. It wag also fouad that 1L afbex

H min. conbtact with toxlin the mugeles were then washed
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free of toxin in Krebs Ringer solution and then placed
ln Krebs Ringer solutilon in the absence of boxin, the
time to negabive responge in the presence of toxin was

gtill conglderably less than in conbrol. Thus suggested

ha

'

or

the toxin was either rapidly adsorbed or thet damage
during the first 5 wmin. contact wasg sufficient to ensure
that the nmuscle would later lose its reactlviby to
electrical gtimulatilon.

The effect of alpha boxin on voluntary musclse of frog.

The gastroonemius muscle of the frog was excised and tested
in the same way as bthe mouse muscles; they were cone-
gldoerably heavier than the mouse muscle preparations.

After 82 min. the besglt was negative to elecitrical

gbimulation, while the control conbtinued to contract for

180 minubtes, afbeyr which the egperiment was discontinued.

It was next deeclded vo test bthe effect of alpha toxin on
frog rectus muscle in the "rectus-bath™, uvging acebyl
choline ag the gsbimulator. A Trog recbug muscle was
excised and separated into two halves. Bach wag atbached
in a rectus babh and connecbed Lo a lever which traced

the respounse to sbtimulablion on a smoked druaw,. The
preparationg were gtimulated regularly at intervals wibh
acetyl choline until a regular control contracstion wag
obgervad. The test muscle was now immersed for 15 min.

in 10 ml. Ringer solution conbalning approximately
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3,000 MHD/mi. while the conbtrol muscle was sallowed bo
stand in Ringer solution for about the gsame lengil of
tine. On gubgequent sblmulation with agetyl choline
the control responded normally (Fig.l4d) while the btest
showed a very much relduced response (Fig.lH). Afber
a further 20 min. in a fresh golublon of toxin the response
was further redueed.  afber washing the muscle free
of toxin the regponsoe wag stlll neglligible. It was
noted, however, thab albsr conbact with toxin the muscle
bed contracted sowe disgtance spontanecusly; the distance
between the base line and the aryow in fig. 19 represenis

the contracition by the muscle itsel®, bLelore stimulatlion

with acetyl choline. T0 cavge a slight shovrboning of

the nugele 1s & property normally assoclated with
myotoxie substance (lewis, 1962, personal communication).
Thus 1t would appear that slpha toxin has a myotoxic
gotion on the gbriated musele of the mouse and the frog.

The effect of alnha toxln on regplration of mouse musele

Llgsue. In the pravious section the arpument asgalnst
pha toxin acting inside the cell membrsne 1s put forwaxrd,

on the bagis of the rapldity of death aund the size of

the toxln molecule. However, the action on muscle

tligsue 1lg not a rapld process and It wag thought possible

that alpha toxin way, after gome time, penetrate the cell

membrane and act on gsome esgenbilal metabolic weaction

within the cell. For thls reason it was decided Lo
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investigabe the effect of alpha Hoxin on the
regpilration of mouvse muscle tissue. Thig was done
in the Warburg apparatus, as oublined. Citvrate was
naed ag energy source in the present experiments.
Grute alphs toxln wag added to a concentrablon of
2,500 MHD/ml. of the reaction mixbture: apart from a
slight interruption of the 0o uptake lomediately following
the addltion of toxin, which may be a techunical artefact,
alpha toxin had no effect on the respiration of mouee
muscle tilgsue under the conditlons usged.

Ihe effect of aipha toxin on embryonic mouse heart explantg.

The cultures of embryonlc mouse heart explants
contained clumpg of c¢ells which contracted sponbtaneously.

The recuency of the contraction could be conveniently

counted under the microscope. It wag decided to gtudy
the effeact of alpha toxin in guch preparations. Thils
wag carried out as described.

Prior to the addition of alpha toxin the avervags
rate of beating for o sample group of cells was 78 % min .
dor ten minubtes aftery the addltion of toxin the rate of
beating rewalned 78/% min.  After £0.mini.the rate of
beating per & min. began o increase, as followsim
98, 102, 100, 115, 120, then the beaving becase shallow
and gome explants sbopped beabing albogether, wsome

ahowad severoly impaired heating and gome conbtiauved Lo

beat fairly normally. However, after overnlght
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incubation all but one of the explants had resbarted and
werb beating guite sbrongly. A sample of the fiuid
was taken and titrated for elpha toxin activity. The
bitre was found to have dropped by Q0% to 1/160 from
1/2,000. It would appear from thlg Ghat hesrt muscle
1s not dlrveversibly damaged by alphe toxin, and nob

rapidly affected.
DESCUSSTION

From the evidence cobitained in the present work,
1t geomed that the faobor wesponsible for causing flaccid
paralysla in mice on suboubtaneous injesction was indeed
albha btoxin. It was found only in alpha toxicogenic
gbtralng and 1a heat lability and neutralisation
experiuents behaved like alpha toxin, Also, other
gbaphylococeal products were either absent from
paralysing preparations or were produced by sbralins
which did not produce the paralytic factor. Rather
bhan postulate the existence of a previously unidentified
staphylococeul myotoxin, it was accepbed - for the time
belng at least -~ ags yvobt snother manifestation of the
general cyboxielbty of alpha toxin.

Although not investlgated as fully as the mousge,
froges and fowls were Tound bo develop a comparable
paralyals, bub even when large doses (16,000 NHD) were

administered, the rabblt wag not paralysoed. Recently
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Thal and Bgper (1981) also reporbted that the voluntary
mugele of the rabbit way resistant to the action of
alpha Hoxin. On the other hand, Nelis (1L0%4) found
Bhat injJection of an upnspecified staphylocacasl toxin
into the fewmoral anrtery caused paralysls of the
corresponding ldmb in rabblis; apeln, differences in
puriby may be vesponsibla.

Since high doses caused paralys before any
Inflammatory lesions developed, and zince dolta toxin

gaugod an inflamnatory response tobally unlike flaccia

paralysig, inflammation can be dlscounted ag a cauge of
paralysis. Yaralysis Jn vivo wos accompanled by a

Josa of the ability of the musceles to roegphond Lo

el

!

gleotrical gtimulabtlony this finding suggested thab

alpha toxin had a dlrech getbion on bhe muscle ibgelf
The effect of alpha toxin on musele was emphagisged by
the Pinding thet mloe which survived 2 or 3 davs showed
exbensive musole necrogls bub no nerve oy cord damage,
when examined higtologically. Woelther of thege findings
however, exciuded the posglibillity that damage to the
nerves supplylng the Llimb was responsible in paxrt for
parvalysis 1n vivo, Whabever the cause, flaccilid paralysis
is probably the first functional legion ol dpha toxin
which does nobt resullt in death.

TTurther sevidence of direcst involvement ol the
volunbary muscle came from experiments on isolabed

mugcles of mice and frogs; alpha boxin agbolished the
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responge Lo electrical om
fiven this was not however
to avgue that response Lo

resulbed from stimulation

acetyl choline gtimulation.

conclugive; 1t was pogsible

alectrical stimulation

x]

fex

the wsuromuscular junction

or small abitached nerves, and not to dlvect stimulation

afl the mugele Llbself. Thig oriticlam wag lsvgely

ronoved when 1t was ghown that nugcloes from mice

»

previously paralysed with curare {(known to block nerve

endings and peuromugcular Juncbion) behaved in the sane

way as those of non-curarised mlce. Thug 1t 1g conecluded
that alpha toxin is indeed myotoxle for veluntary muscle.

By consrast, explants of ombryonia mouse heavts,

compriging not more than a few thousand and sometimes

ag little ag 20 or 30 cells were not very senslitive to

a large dose of alpha toxin, gome gtopped beating

after 80 - 30 min. and gome only after a much longer
tlme; but after overnlght incubatlon most were beatbing
again Phug, heart muscle is not irrveversibly damaged

by alpha toxin, Unfortunately the bechunigue used in

the present work 4ld not enable the malntenance of

lgolated volunbary muscle long enough to debermine

whether or not danage o 1Lt was algo reversible,

However, vaJTeu bment with toxin fop D min. followed by

washing sod placing in fresh fluld did not prevent loss
ol the to electrical stimulation. £180,

TRSPOnLe
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taking into account the extremely small welght of the
heart explants in comparison with adult mouse volunbary
muscele, the former emerges as beling less sengitive.
Thils would not be gurprising since in the present work
the mouse heart was found to beat for some bime afber
death, and ag mentioned earller Thal and Egner {1961)

found cardiac muscle reslstant to alpha btoxin,.
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PURITICATION OF STAVHY LOCOCCAL ALPHA TOXIN
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V.

PURIFICATION OF STAPHYIOCOCCAT, ATPHA TOXIN

NHone ol the mebthods deseribed, resulted in
preparations which were at the same time highly pobent
and pure (see p. 34). 4 method is described hers For
the preparation of serologlcally and physically pure

toxin which was pobtent In vive and in vitro. The

purification work procceded move oxr lesg concurrently
with the othewr studieg in the present bHhesis bub success

came labe and for thlisg reason 1t occoupies the last secbion.

MATERIALS AND METHODS

tmunological analvslg. A glngle antiserum (anti~Wpod 46,

batol 3108, potency 135 unite/ml.) kindly supplied by
The Wellcome Hesearch Laborabtories, was uged throughoub,
Double diffusion tegbs were ocarried out by a modification
of the technique oublined by Elek (1948) and Ouchterlony
{1948, 1949). Cups of c. 0.08 ml., capacity conbaining
tadiluted gerum end toxln preparationg were placed ab
about 7 mm. distance on the surface of 1.5% (v/v) agar
plates which were kept at %7°C. for 84 hr. and thercafter
for a further 7 daysg at room bemperaturo.
Tomunoeleetrophorosis was carried out in 2 nm. thick
layers of Ll.7% agar in borate buffer pH 8.6 (675 ml.

0.04 M Dorie acld and 300 ml, QC.L M godium borate masde
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up to 1 litre with digtilled water). Undilubed toxin
was lntroduced into a round well and electrophorosged
for 2 hr. at 110 ve and 20 m.anp; undiluted antiserum
Ce 0,05 ml. was-th@n introduced into an oblong btrough
Ge 2.0 mm, X 65 mm. cut parallel to the directlon of
elecbrophoresis. Plates were keplt Tor several days ab
20°0.,

Ultracentrifuge measurements were made in a Spinco

Model E ulbtracenbriiuge. In mogt experiments the
analytical cell of 0.Y9 ml. capaciby wasg used; in sone,
an interference or a fizxed partition cell were used,

Protein estimationg. The nitrogen conteunt was measured

by the micro Nesgler method (Paul, 19958) and the protein
concentration calculated from thig by assuming bthe value
of 6.856 as a converslon Tfactor (Jones, 194L1) il.o.
agsuming that the probeln contained 16% nitirogen. A
rough guide vo the pnptein concenbration wag obtalned

by measuring the optlcal denslty of preparations ab

280 mu in a Hilger and Wabtts H 700 spectrophotonebar.
Reagents were of B.D.H. AnalaR or "laborabtory standanrdv.

Jephadexes were manufactured by Pharmacla, Uppsala, Sweden.

Biological asgay of toxin. The hmemolyitic titre wag
neasured as deseribed previously (p.6b ); a single
rabblt was used throughouit as donor of erythrocytes.
The lethal acbivity was determined in mice, rabbits,

frogs and fowlsg, and in some experiments the dermonecroblc
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activity was asgsayed by Intradermal injection of 0.1 ml.
into rabbitbts.

The Purification Procedura

Pilot experlmonts. The final method was evolved

gradually from pllot ezperiments, which are ocublianed
helow.

Concentration and partial purificsetion by a
modification of the method of Wittler and Pillemer (1948)
gilves gerologically impure mabterial with at least 4
antigenic components and contained large amounbs of
nucleic acid.

Yo purify this meterial further 1t was decided o
apply Shs technigue of gel filtration, uvsing Sephadex,
recently introduced by Porath and Flodin (1959).
Sephadex is an ingoluble three-dimengional network of
grogs~Llinked dexbran chalng. It 1s belleved that small
molecular welght subgtanceg diffuse Into the network and
bocome bound to the numerous hydroxyl grouvs, while larpge
molecular welght components, which becauge of their
large mass, canno®t enter the nebwork, are washed oub in
the elunte and not retained. By varying the degree of
crogglinkage differaent limits of excluglon are abtbtained,

G 75 Sephadex g maid to have a Llimit of exclusgion
of around 40,000 to 50,0003 that is all gubgtances of

thig molecular welght and above are allowed to pass.

When partially purified preparaltions were applied to
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columng of G 75 Sephedex slpha toxin appeared as soon
ag the fluid voluwme of the column had been displaced,
indlcating that toxin was nob relbained in bthe colwmn.,
Howover, the gpectrum s6ill had sn abgorpbion maximum
of 260 ~ 2Y0 mu and conbained 3 anbtigenic comvonents.
Neverthelesg the potvtency per mg. protein was increased,
indicating that gome puriflcation had cccurved.
Attempts Lo remove the nuclelds acid by frocbional
precipitation failed.

Lt then was thought that the nuclelc acid component
might be removed by combinlng gel filltration with ion
exchange chromabography. Ihis wags done by passing the

eluate Trom G 75 Sephadex through a column of DEATR A 50

Sephadex, which 1z an ilon exchange form of the gimple

Sephadex gitructure into which diethyl-amino-ether groups

pgre Incoyporated; bthe procedure was carvied out at
PH 6.5, The experiment proved gsuccessiul. The eluate
from DEAL A 50 Sephadex was spectrophotometrically free
of nuvcleic acld, and the potency per mg. of protein
songlderably increaged. The preparavion, however, was
gblll mevologicelly impuve.

Abbempbs were now made to purify furbther by
luncrensging the lonlc strength and lowering the pH of
the material with 0,14 M dlihydrogen phogphate bulfer.
Thig was not guceeggiful; alpha toxin was not precipltated
and 78% of the haemolybic activity of the supernatant wag

lost,
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Fraetional precipitetion with methanol wag then
brled. The best fractions from DEAL 4 50 Sephadex
were bulked and stepwise preclpitaited with methanol at
varioug Lenperatures. This led o a conglderable increase
in the potency/mge. protein and at the ssme Lime enabled
concentration. This concenlrated material still showed
the presence of several arnbtigenle components on double
diffusion tegb.

Funtheyr puriflication of the methanol LPruactionated
material on aluwninium hydroxide and magnesium trisilicate
columg was atbempbtod but proved unsuccessful; alpha
toxin wag irrveversibly adsoybed on bobh of theso
gubgbances and was not eluted even ab pls as high as
Gala

Tt 1s kpnown that purification is ofbten accomplished
by repeating a step under slightly different condltions.
It wasg dacided to abtbempt a further purification of
nethanol fracticnated material by once more pagsing ib
through DEAL & B0 Sephadex, thls tlme at pH 5.8. The
rasulting fracbions showed an ilmproved potency/mg. protein,
but the prepavation now had a low proteln concentration.
Io order to assess the purlity of the naterisal 1t was
necessary bo concentrate the boxin. This was again
achieved by fractional preecipliuation with methanol which
also gerved as an additlionel purilication gstep. Thoe
begt methanol Fractions were gsrologlcally pure and very

potent.
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Irom these preliminary experimenis the final

claimed

¥

method ovolved as described below. It dig not
that this ls the most gatisfactory method: it ig time-
consuning and tedious, and it may well be that further
changing of conditlions of pH and lonic strengbh as well as
the use of the newly avallable Sephadexes may simplify it.
Fevertvheless it results in an end product whioch is potent
and pure. ITadeed until the recent work of Bernheimern

and Schwartz (1963} which was published after the
experimental part of the present thesis had been coupleted,
it was bhe only method.

Crude alphg toxlin was prepared ag degsceribed in an earlier

secebion (p. 64). In one experiment the crude toxin was
supplied by The Wellcome Research Laborrntories. In the
course of work it wasz Tound that prolounged storage of
crude btoxin resulted in a considerable lossg of activity,
probably dus Ho sponbancous toxolding. Use of the
floceulation hechnique would have anabled the sstlmation
of inactive ws well as acbive toxin, bub ag the aim of
the present sbtudy wag primarlly the purification of
active alpha toxin this was avolded. Thug freshly
prepared babehes wero processed as Repidly as possible.
For this reason and becauge of technirel congiderationsg
(the lavgest number of soft agay plabes which could be
proaessed in a single experiment wag 500) the volume

of babtches was limited to aboub 2 -~ 3 litres.
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Mivgt Shago. Crude Loxin was cooled o 0°C. and

the pH adjusted to 4.3 with glacial acebic acid; methanol

was added Lo a final concentration of 18% (v/v) and
the temperature lowered to -5°C. AfGer overnight
gtanding atv this bemperabure bthe resulbving pr@cipiﬁate
was spun at 8,000 r.p.ie for 15 min. at «5°C. and
redigsolved in one~tenth of the original volume in 0.14 M
sodium phosphate buffer (Hendry, 1948) lonic strengih
0.5, pH 7.2,

Second Stago. Colummg of G 75 Sephadex were prepared

in the following manner. 20 g+ of Sephadex were sug-
pended in g. 800 ml. of 0.03 M sodium phosphate buffewp
P 7.0, donic gbrength 0.06, and the suspension allowod
to sebttle for 30 mia. The supernatant was discarded
and the sluryry rosuspended in the same volume of bulfer.
After sebtling oub For a gecond tlme the supernatant
wag discavded and the glurwy packed to give a column of
14 -~ 16 cm. x O cm. The glags column was Llrst filled
one third full with buffer and the sluryy was allowed to
deip slowly from a filter funnel, ag shown in Tig. 16,
with bhe stop cock open unbtil the Sephadex had settled
to a congbant level. 100 to 200 ml, of toxin from
Stage One were now applled to the top of the columm and
the breakihro! volume debermined, l.e., the volume of
buffer which pasges hefore alphs toxin acbivity begins

to appear in the eluabe. This varisd from Y0 - 90 ml.
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Mleure 16

The packing of a Sophadox column ,
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for different columns and wag determined by btesbing drops
of elugte at 10 ml. intervals for haewolybic acbiviby
in 0.5 ml. of a 2% suspension of rabbilt erythrooybes.
When 50% haemolysis was obsgerved in 1 -« £ minutes
fractions of 15 - 50 ml, were collected by hand.

Third Stage. Fractions with the highest haemolytie

actlivity were now bulked and applled in columng of DEAL
A B0 Sephadex prepared in the following way. 20 g. of
DEAE A B0 Sephadex were suspended In g. 800 ml. of

distilled water; enough 2N WaOH was now added to bring

the pH of the supernabant, after settling of the slurry

to 8.5, The susornatent was now discarded and the
Sephadex washed several times with g¢. 800 ml, of sodium
phogphate buffer (0,035 M, ilonlc strength 0.06, pH 6.5).
Columng were packed and the breakbhro' volwae debtsrmined
ag in Stage Two. The cluate was agaln fractionated

by hand.

Fourth Staga. Iractions of maximuom haemolytlic pobency

per mg. of probein which wera gpectrophotometrically free
of nucleic acld and which had an Byay 280 of greabter than
0.4 were bulked. (When, in one experiment using Wellcome
Ieboratoriesy btowlin, the Ny, abt this stage was found %o
be 0.25 or even less, conglderable difficulty was
experienced in the further purlification and the
preparatlon had o be concentrated by Treeze~-drying.)
Stepwise mebhonol fractionation was now carried oub.

2

Wobhanol was added to a concentration of 154 (v/v) and
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preocipltation allowed to talke place atb ~5°0, for 18
Lo 24 hourg. This precipitate was spun and redissolved
in one-twentieth Lo one-fortieth of the original bulked
volume in sodium phosphabe buffer pH 7.0 dlluted 1/2
with galine. The methanol coucentratiocn of the
supernabant was now increased to %04 (v/v) and the
procedure repeabtbed. In early experinents the methanol
concentbration of the supernabant was then increaged to
40% (v/v) and the mixture placed at =~20°C. Latewm,
however, it was Ffound that similar precipitation was
achleved by merely lowering the bemperature o »3000.,
without increaglng the nmethanol conceptratlion. Afver
gpinning and redigsolving in the usual menner, the
concenbration of methanol in the supernatant was further
increased to 60% (v/v) at -20°C. The fractions at each
methanol conceutration were retalned for further
lonvestigation.

mieth Stage. The begst fractionsg were now furbhenm

processed by applying to columns of DEAE A B0 Sephadex
praepared in the Tollowing Way. According bto the volume
of the material to be passed, 2 ~ 10 g o Sephadex were
sugpended in 75 - 300 ml. of distilled wabter, the pH

of the supernabant wag adjugted to H.8 with 28 NalH,
after washing with sodiuwn phogphate buffer pl 5.8

(0,03 M, ionilc gtrengbh 0.08); <the slurry was packed

in the usual way using columns of L.H om. or 3.0 cm.
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Meure 17

SUMMARY OF
PURIFICATION PROCEDURE

CRUDE TOXIN
Methanol
pH 4-3
W.P TOXIN
pH 7:O
. \G 75 Sephadex
ELUATE
PURIFIED ASO Sephadex
TOXIN pH &5
Methanol ELUATE
PHOS Methanol
pH &5
ELUATE PPTE.
\.___/
A50 Sephadex

pH 58
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diameber. The breakibbhro? volume wag determined as in

previous stageg and the eluvate collescted in Frachbions

Sixth Stage. The fraections showing maximum heemolitic

activity per mg. of proteln were bulked snd Further
processed by a sbepwlse methanel fractionation ss in

Gtage Four. In 2 experimends Stape Six boxin was pure

by all the criteria. However in 4 experiments there
wore two components abt this stage and these were separabted
slther by closer methanol fractlionation or by spinaning

in a partition cell in the ultracentrifuge. Mig. 17

shows a diagraummabtic summary of the purification procedure.

RESULTS

irst Stage. This was esgentilally a concentrabtlion

procedure; not much purification was achleved. As

can be seen from Tige. 18 the gpectbrum hmsg a plabteau
between 250 and 260 mu, indicatling the presence of
nucleic acld Impurity. Also Plave 3 shows that Stago
One toxin ig serologically very impure. The haemolytic
potency of thege preparations was of the order of

10,000 MHD/mg. probein.




Plate 3

W.P. = Sta e One Toxin. A.S5. = Antiserum.

Seoond Stage. The haoniolytio activity and the 0O.D.
at 260 mu for Stage Two fractions in a typical experiment
can be seen in Table 25.

Table 25

Haemol}; tic activity and P.P. at 260 mu and 280 mu of
GT5 fractions

Fraction Volume 0.D. 260 Titre
No. (o.c)
1 15 0.205 500
2 15 0.460 4,000
Z 15 0.610 10,000
4 15 0.685 32,000
5 15 0.775 32,000
6 15 0.817 32,000
7 15 0.777 64,000
8 15 0.887 32,000
9 30 0.835 32,000
10 30 0.920 64,000
11 30 1.018 64,000
12 30 a.740 32,000
15 22 8,000
14 14 4,000

Absorption spectra and 0 .D. of Stage 1 and 2 toxin were

determined on 1 in 5 diluted material.
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In this experiment frachlong 4 to 14 were bulked,

<l

Qr

o
c?
§_:)1
167}

and the o the bulked preparation was 1/52,000.
Ag can be geen from Fig.l8 the adgsorption gpectrum has
a plateau in the nuoclelc acld roegion. Also in double
diffusion tests % sntigenic components were delbeched,
Thus the preparation is still far from pure. In thege
experiments the flow rate bthrough G 75 Sephadex was
oextremely slow and the cseollection oif fractlons was notb
complebe until 24 hr.

Thind Sbago. Passage bhrough DEAE A 50 Sephadex

considerably puriflied thoe toxin. I'rom the gpoectra

shown in Fig. 19 1t can be sgeen that In bthis oxperimentd
fractions 1 -~ 6 had the spoctra of a byploal probein with
an abgorpbtlon maxinum b 280 mu. However, the apectra
of bthe last three fractiouns (Mleg.230) showed a shift
towards the nucleic acld regloni also as can be seen
from Table 26 the potency of these fractions per ng.
proteln and thelir haemolytic titres were low in
comparison with fractiong 1 =~ 8. Fracviong 1 -~ 6
inclusive were tbherefore bulked for further pProcessing.
The potency of the bulked material in this experiment

was about 21,000 MHHD/mg. probtein. However, the material
was sbtlll serologleslly impure,

Fourith Stage. The bulked fractions from Stage Three

were now diluted to a, Q“DEBO O0f Dot ~ 0.5 and then

frachbionally precipitated with mebthanol {Table 87).
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The aboexrption spectra of Stage Three froctions
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Lable 26

Proeperiies

Ry

of Stape Three Fractlong

§§;§Z§Gn Va%um@ Titre/ml. | ug.N/ml, %%E?E;Yﬁ
i) 15 8,000 60 120,000
2 58 168,000 100 160,000
3 50 16,000 14:4. 110,000
4 50 | 92,000 220 145, 000
o D3 S8 4,000 250 125,000
& 24 38,000 230 140,000
4 26 8,000 175 45,000
8 26 8,000 150 50,000
9 29 1,000 75 13,000

The gtepwise fractlionation of alpha toxin in

Table 27

Four by Methanol

Stage

Fraction| Methanol con~ | Haewmolytic|OD 280 | Potency/mz.
No. cenbration v/v | titre/ml. probein
i) 15% 24,500 1.720 1,300
2) BOY: 32,000 Lo 450 19,000
3) 40% 500,000 2,480 | 45,000
4) B0 32,000 1.68359 -

Thug maximum precipitetion of alpha boxin took place

at 40% (v/v) methanol.

™ieg fractlon had a bitre of

1/500,006 and was bthe mogt concentrated preparvation of
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boxin obtained in the present work. The abgorpbion
spectium, as can be seen fLrom Flg. 21, was that of a
typlcal protein with an absorptlon maximum at 280 mu.
Also the potency of 45,000/mz,. protein was twice that of the
previous gbaga. However, 1t was stlll far froun pure
in gerologlcal and ultracentrizugal snalysis (Plates 4(c)
and 5}.

Witth Stage. Practions from Stage Four were Curther

procesged by passing through DEAK & 50 Sephadex at pH

5.8

o

*

h

@

ragulbing fractions werve lmmedistely brought

we
2

to pH 6.9 by adding W NalH. In earily experimonts this
resulted in a & - 3 fold incressge in potenecy in comparison
with Stage Fouwr toxing for instance, in one such ex-—

periment the 0‘9‘280 of Sbage Four boxin was £.96 and

the haemolytie tibre was 1/128,000, and Stage Five toxin
had « titre of 1/100,000 and an 0.Deggq of only 1.1 (Fige22). |
In leter experiments guch an inorease in potency was
not obbalaed. This may be due to an alterabtion ab
Stega Four. In eavly experivents mabterlal from Stage
Three was used without dilutlon; later Stage Three boxin
was adjusbed 0 0.4 ~ 0.5 before fracbionation with
methanol.
In spite of this finding it was decldod to vetain

gongidered poasgible that 1%

ex]

Stage Mive since it wa
played a role other Ghan that of removing a protein

impurlby. Tor ionsbance 1t 1s known that Sephadex



Plate 4
ImaunoloHloal Analyses ot Stage Pour fractions
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Plate 5

ultraoontrifugation of Stage Pour toxin (Fraction 3)

(a) (b) (0) (d)

Tine after start a%$”“mln; b-30 min; c- 5t min;d= 46 min.

Speed 59,780 r.p.m. at 240,000 x g. Bar angle 65%
Tamp. = 10"C.
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adgorbs inorganic salts such ag phosphates; indeed one
of its malu usces lg as o desalbting agenb. It was
therefore thought that Stage Five may serve to "dlalyse®
the Stage Four toxin, and Ffor thisg reagon it was retained,

Bizth Stage. The bulked fractions of Stage Five were

now stepwise preclpliated with mmethenol in a simlilar

procedure o bthat cavviad oul in Jtage Fouw. The

results of a typlcal experiment are ghown in Table 28.
Lable 28

The MED/ml. and the potency/mg. protein of Stage Six
fractlong

g e

v e 3 o Nt o i gy e a4 | POGERGE
Fraction | % Methanol (Temperature|G.D.280 Mhu/mi.rwyﬁﬁgé{ﬂ

1 15 ~69C.  [1.13 2,500 | 20,000

2 B0 -8%C¢,  |0.832 |10,000 -
-20°C, |1.173  |160,000| 119,000

A
LR
o

4 40 -20°%C, [0.474 40,000 | 100,000

precipitation in double diffusion (Plates 6Gwand 6(bh))
and in ulirecentrifugal analysis (Plate 7). The protein
concentration of these proparablons was aboub OJFL,.

and the sedimentation congbtant of the homogeneous probelin
boundary corvecied Lfor viscosiby and temperature (SBG)
wag 38, whiloh suggests a moleculary welight of the orxder
of 40,000 ~ 80,000 (without determining the diffusion

consbant this can only be an approxiuwstlon). Thig
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aleo resulted In a single line of precipitation in
irmunoelechrophoresis.

However in four experiments 3bage Six btoxin
contained 2 components (Plates 8 and 9) which were
gseparated by further olose mebhanol fractlonation ab
0% (v/v), 80% (v/v), 80% {v/v) and 40% {v/v) methsnol,
and by wltracentrlifugation in a fixed parbition cell
(Plate 10(a)). ~As con be seen from Plate 10(L) the
top half of the partition cell contained the Light
component which gave a single poeak.

In fractionasl precipitation the heavy component
was maximally preciypitated at 10% methanol and pave a
gingle line in double diffusion and lmmunoelectrophoresis
(Plate 11 {a}),{b)); this materiasl had a potency of
4,000 WHD/mg. of provein. The Light component was

procipltated at 0% and 40 methanol, aund also gave

a single line of precipitation in double diifusion and

immunoalectrophoresis (Plate 12(a),(b)).

Plulyelsg of purifled toxine. Highly purifled btoxin with
a single line of precipltation in immuuoelecbtrophoresis,
double diffuslon and ulbtracentrifugation was now
dlalyveed againgt runuing water atb 18°C. for 18 hr. with
thie aim of ervebtallising the toxin from a salt free
sululion. After dialvgle the pH was brought to
nevtrallty with a drop of N NaOH and the wvolume reduced

LIRS

; by freane-Adrying. A precipltate Tormed which on

ot

,h.o

]
.
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Plate G

Double diffusion analysis of Stage Six.toxin

(a)

Double diffusion analyses of different stages.

a= 1lst stage;b =3rd stage;o-5th stage; d-0th stage.
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Plate 7

Ultracentrifugation of Stage Six toxin

(a) (b)

Time after start:

o =45 min;

Speed 59,780 at 240,000 x g.

Ten>p= 10°C

a= min;

(o)

b= 35 min;

d - 51 min.

Bar angle 45°.

(d)
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Plate 8

Ultracentrifugation of Stage Six toxin, showing
2 components

(a) (b) (c)

; b-53mvn.; ¢ =4Imi/a;

Time after start: a

Speed 59,780 Bar angle 60% Temf>= I7*5@C ,

Plate 9

Fraction 4, stage six showing 2 components in double
diffusion.



Plate 10 (a)

Separation of heavy and light components in a fixed
partition cell.

[11!

(a) (b) (o)
Time after start: b*Z“m-un; o = 35w’
Speed 59,780 Bar angle 65

Plate 10 (b)

Top half of partition cell after separation.

A

(00 - 4-4mla b)~ J” Dn 2 -  rOfru/flL

5ar flngfe - *5



Plate 11 (a)

Double diffusion analysis of 10y (v/v) methanol fraction.

ML CH

Plate 11 (b)

Immunoeleotrophoretic analysis of 10yj (v/v) methanol fraction,

Plate 12 (a)

Double diffusion analysis of 30" (v/v) methanol fraction.

Plate IB (b)

Immunoeleotrophoretic analysis of 30yo (v/v) methanol fraction.
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examination under the mlicroscope appeared to conaist
both of amorphous and crystalline material. Typlcal
exanples of this crystalline material cean be seen in
Plate 13, Slnce dlalysils would be expested to remove
all traces of salts end small molecular weight substances,
such as eamivno acidsg, 1t ig difficult to escape the
conclusion that thege crysbals were indeed of alpha boxin.
I so, then this would be the Cfirst time thetb
staphylococecal alpha toxin had besn crysitallilised.
Unfortunately due (o seavelby ol material 1t has been
go FTar lmpossible to furbther characterlise bthe crvstals.

The precipltote was now redissgolved by adding
digtilled water untll the original volume was reached
and the solublon was submitted Tor ultracentrifugal
analysisg. Surprisingly the only component of the
preparation now apparent had a sedimentation consbant
of 16 & {(Plabes 14 and 15); in double diffusion and

imnunoelactrophoretic enalysis btwo componenits were found

(TFig.23) . The line of precipliation in ilmmunocelectro-

phoregis was in the shape of a "Cupld's bhow"; Dr.
J. R. Anderson of the Department of Pathology, The
Univergliby, suggested that thls resembled patterns
obbalned from preparations which conbtalned a mlxbure
of two forms of the same antipgen with diflerent

electrophoretic mobllitles. These changes were




Plate 13

Crystals observed in partially freeze—dried preparations.



Plate 14

Ultracentrifugation of purified alpha toxin before dialysis

(a) (b) (c) (d)

Time after start: ar2awv; b=30. ; o -58 M d= 4~

Speed 59,780 r.p,m, 6a.i- Xn"te. % 65 . lemp- 5 *C

Plate 15

Ultracentrifugation of purified alpha toxin after dialysis

(a) (b) (c) @

Ti f : *7 /5, ; b=25*/ ; = 51 ?_
ime after start: a /EMn b=25~/ c=15 dr 3 mon

speed 51p4IO0 r.pem. Baruin?A?e - 25~ , T&mp- sx.
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Fligure 298

Diagram of immunoelectrophoretic pattern of dlalysed Ltoxin.
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accompaniced by an elght times reductlion in haemolytic
pobancy .

The above findings suggestsed that during dlalysis
alpha toxin underweunt polymerigation wilith the resulting
formaticon of a large molsescular welght compound which has
a sedimentation congtant of 16S. Indeed it is difficuld
to concelve an explanabion other than polymerisation.

Ag will be dlgousged later, Tetanug toxin is known to
polymerise réadily in the highly purifled state. Here

it ls interesting to recongider the heavy cowmponent,
mentioned previously, which wag present in the final

gtage ol some experimentg. Thig also had a sedimentation
congbant of 163, It geemed a possibillity therefore thatb
thig heavy conponeniy was also formed in the course of
purification due Lo polymerisationand that it may be
identical with that forvmed on dialysls. There are two
pieces of evidence in favour of this possibility:

highly purified preparations rapldly loge thely haemolytic
acbivity on sbanding, even abt low temperstures, and a

165 component appearved in the courge of purlficatlon.
Posaible mechanlisgmg of polymerlgatlion will be discussged
later, bubt it is fully realised that more work is vequired
to clapify thig aspect.

Yields. The potency at different stages in purification
and the vields for a byplcal experiment arve glven in

Table £9. Prom colunn 4 1t can be seen that there is




a congiderable loss of acbivity in the course of
purificablon. Indeed the final yield is only aboub
3 o 5% o This loss may be partlolly accounted for in berms
of polymerigation in the course of purificabion. Bub
the greatesgt logs which ocgurs bhebtween Sbage Flve and
Stage Six may be dus to the almost equal dﬁgﬁribution at
Stage Six between fractions B and 4 (Table 28).

lable 29

The haemolytlce actlvlity and pobency of dlfferent

stages.
e _ MED/mg.. Tobal No. of MED/
Stage MID/mle | protein preparabion
srude 8,000 270 18,000,000
st stage 64,000 2,000 14,000,000
end sbtage | 32,000 12,800 7 5000,000
ord: stags 16,000 85,000 A, 600,000
4th sbage BO0,000; 45,000 345,000,000
6th stage | 160,000 119,000 640,000
Difficulties experienced in purilication. 16 mug®t be

gtressed that, to obbtain pure toxinm by the method oub-
lined above, 1t 18 necessary bto adhere gbtricetly bo the
details of the procedure. This wag appreciabod when
in one cxperiment, using a large volume of btoxin kindly
gupplied by The Woellcome Reseorch Laboratories as

gtavbing material, conglderable dilfficuliy wag encountered.
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The toxin used was preparved by an entirely different
method and the purificatlon was scaled up to deal with
large volumes of gtarting material. in spite of these
difficultles pure btoxin wasg obbtained by slight alteration
of the procedure involving Tfreeze-drying.

Biologloal propexrtieg of purldfied alpha toxin. Alpha

boxin purified to the degree of a single homogeneous
protein preparation possegsged vivtually the same
blologlecal properties ag ocrude alpha toxin, It was
haemolytic, lethal and dermonecrotic. The lethal dose
in terms of MHED was the sawe for both purifi¢d and crude
boxin. Table 30 shows a swmwary ol the pobency of pure
toxin in terms of MLD/R@. for different speciaz.

The pobency of alpha toxin/ke. of tissue/u mole

Aninal | MLD/ug. | MLD/u jole
Frog 0.003 120

ol 0.08 800

Mouge 04029 1,000
Rabbli 1.0 40,000

Thage values were calculabed accepting 40,000 ag
the molecular wolght of alpha toxin.
The MHID for rabblt red blood cells was calculated

g being 0.008 vg. and 0.8 « 1L ug. of toxin were found

L]
L

$0 be dermonecrotic when Iinjected in 0.1 ml. intradermally

in the rebbit.
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By contrast with crude toxin however, these
preparations were highly thermolabile, and did not show

the Arrheniug phenomenoii.

DISCUSSION
The purification progedure lbself is a long and
aomewhat tedlious method. Bearing in mind, however

L

extremely complex nature of the medium used for the

r, bthe

producticn of crude toxin and the congiderable number of
exbracellular products of Tthe staphylococcus, it seems

likely what any effective method will of necessity consist

'r.!‘

of aumerous sSLagew. Here 1t is ilnteresting to note that
the other toxing which have beon purifled, such as
teteanug, bobulinusg snd diphbtheria were all prepared In a
relatively simple medivm conbvaining 1libtle non-bacterial
protein, and she resuliting crude toxin conbained only one
major hacbterial protein, the toxin itaslf. This may

22,

explain why thesge toxing were purified some 15 - 20 years
ag0

The yield of the purified alpha toxin was very low.
Again however, the sepsration of a complex mixbure of
many components will almost certainly entall a conglderable
loss of any one of then in purification due to the
spreading of itg activity in iractions containing

o

gubsbances with gimilar physical propsriie In spite




ol these drawbacks, the present mebhod did result in the
production of a scrologieally pure and physically
homogeneous prepavation which was potent in vivo and

in vitro. In thig it offers conglderable advantage
over Lthe previoug methods oubtlined in the Introduction
{pe 30 ), which resulbed elther in preparationg which are
extremely weak, or which are potent but impure, At the
gsame time the final producet contained only 0.15% protein
and 1t 1s posgible that further lwprovement of the mebhod
o yield a more concenbrated probein preparabtlon ab the
final stage will reveal the progence of lwpuribies,

which are not abgent, bub mervely undetectable ila the
present preparatlionsg. Lt is wob clglmed that the method
degeribed here ig the best mebhod for the nurification

of alpha toxin, but that it will provide a basgls for
further frultful Investigabtion of the propextles of pure
alpha toxin, Por ingtance, the electrophoretic mobility,
the diffusion congtant, and bthe molecular welghit from
ogmobic and golubility measurements have gtill to be
determnined.

The sedimentation constant of 3.1 & obgerved in the
present work is slmogt idenbical with that of 3.0 S
degeribed by Berpheimer and Schwarty {(1963) whose
comprehensive gbtudy of the purification of alpha toxin
by o method different Lfrom thabt described in the present

thesls reached this laboratory arlter the experimental
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work had been completeds; iIndeed it appeared on the
morniag that the relevant paper was submitbed foxp
publication. Both of thege values differ censlderably
from the value of 1.4 § which was recorded by Kumar and
Locken et al. (1968)3 however, as mentloned previously,

wha

A

thesge worlers may have purified a concomltant protein

At

;.‘.a

which was contaminated with small amounts of alphs boxin.
The value of g. 9.0 & ig dn good agresment with a
molecular welght of 44,000 guggesited by Bernheimer and
Sehwarte (1963) from & sbtudy of the amino acid composition
of alpha toxin; determination of the dlffusion consband
would however strengthen thig argument. A comparison

A%

of alpha toxin with other bacberlial toxing which have been
puritied can be geen in Table &l.
Jable 9L

A compaxison of the physical properties of alpha toxin
wlbh obthor bacterial btoxing.

Moxin. Cryatallised gsediment-~ | DIffusion] Molecular
‘ ation consty congb. Weleht

Botulinus Vo 17 4 B8 | 2.14%1077 900,000 |

Typse A ik !

QQ bulinusg No - ‘ 7 22%10"7 60,000

Type B

Tabanus Yeos 4e D8 - e 70,000

Hr‘

Diphtheria o 4aBS 8.0x10™7 | 72,000

Streptococous No 2,75 - 27,000

Group A ) ’

Sgﬂph“lOGGGOl o 3,098 . 44,000

Alpha

. ki

Properties of btoxing 0uhaﬁ shan saphylococecus alpha toxin
veprinted from Greenberg (1951).
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Seroleglecal cxaninatlon of the purifiecd mabterial
which gave a single peak in ulbracentrifugation showed
the pregence of a single line of precipitation in doubkle
diffusion tests and also in lmmumoelectrophoregis.
Double diffusion teghbs by themselves gre not sufficient
bo ghow that the prepavation lg serologically pure
becavse bwo different anbligeng may ﬁiffua@ at the same
rate and the mixture wlll show the presence of only one
line of precipitation. However, imaunoelectrophoresis
separates the antigens presgent in a mixture by virtue
of theilr charge ﬁnd Lt ds highly unlikely that two
antlgens will bobh diffuse and electrophorsse ab the
samne ralbe. Thig in fact ils one of the nmost sensitive
togts avellable for agsesglng the purliby of preparabions.
Indeed prepavaticng which ave apparently pure In
physicochemical tests ave ofben lmpure in limuncelectro-
phoreslig.

Purified alohsa toxin was unstable eoven when stored
at 1low benperatures and logt 90% of 1ts activity when
dlalvged; instability in dlalysis has also been obgerved
by Bernheimer and dohwartz (1963). Thie ingtability
wag aggsocliated with the appesrance of a zecond componendb
in serological and ultracentrifugsl analysis, with a
gedlmentation congtant of 16 S. It seems reasonable

to suggest bhat thls represents a polymerised Lorm of

alpha btoxin. The heavy component when separated by
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methanol fractionation wag found to have a hacmolybtic
potency of 4,000 MAD/mg. proteln. Whether the 16 8
component is an insctlve polymer contaminated with
treaces of alpha boxin, or a polymer whilch has rebained
a sgmall amount of its original acklivity is, ag veb,
imposalble to gayv. Tetanusg toxin ls =lgo vngbtable on
sborage at 09, and a second component with a sediment-
aﬁiom congtant of 7.0 § appeaved on gbanding (Pillemern
et al., 1948). These workers suggesbed thelt the 7.0 8
component was a dlmer of bthe active toxin. However,
in the cage of alpha toxin it would seem that poly-
nerisation by a factor of some 5 or 6 Fold hag occurred,
It is unlikely, though not lipossible, thabt the poly-
merigation is a single steop reaction; a more likely
mechanism would be the Tormabtlon of flrst o dimer,

followed by & four-fold and then a glixefold polymexlisatbtion.

If thils were so, then one would expect to find

imis

inter-
mediates wlth the appropriaste sedimentatlon congtantb.
Although these have nob yet been gecn it may be that the
inbtermediates are pregent only in undetactable amounts.
A L2 8 component hag been obgerved in highly purified
preparations by Bernheimer and Schwartz (1963) and this
may be guch an intermedliate polymer.

Yo uniform crystalline prepavations of aipha toxin
were obgerved during the fractionatlon procedure, bub

after dialysis and peductlion of the volume some crysbals
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vere gseen along with the amorphous waberial. L1 geems
likely that these are crystals of alphs toxin since
inoruanic salts should have been vemoved in dlalysis.

In biclogical characteristlics purified alpha toxin
ia gimilar to bhe crude toxin. It 1o hoomolytlco,
dermonsoroble and lethal. The lethal dose of pure
alpha toxin in terms of MED is the same as that for
crude boxin, These flodin s are gbtrongly in favour
of the unitarimn hypothesis (Tubroduction, pe.AZA) bhatb
all three properties are manilfestabtiong of a single
Tactor, and sre in agreement wlth the Tindinge of Madoif

and Weilnsteln (19628) Kumar and Locken et al. (1968) and

Bornhelimer and Schwartz (1963). However, the lebthal
propertles differ from thosce desceribed by Goshl, Clulf

and Normen {(1963): as menticned previ.ously (pe 33 )
bhivae workers may have porlified a boxin obhoer than alpha
toxin, possibly gamna Goxin.

By compariszon with Botullnus bype A and B toxin,
Totanug toxin and Diphtheris tozxin, dtaphylococcal alpha
toxin is nol highly poetenb, With a potency ol aboutb
44,000 MID/kg. rabbit tissue/u mole it is very closge

to the value for Cl. welchil alpha toxin in van Heyningen'sg

(1950) classificatlion of toxlc substances.




SUMMARY

The present thesils degceribes the genseral propertles,
the mode of acebtlon in vive and in vitro, and a method
of purificabivn, of sbtaphylococcal alpha btoxin,

The optimum pH and temperature of the hasmolytic
rogetion were found to-be H.9 and 51°C. respoctively.

In proteolytic digestion and heat gsensitivity, the

boxin behaved as a bypleal protein. Conbrary Lo current
views, alpha toxin wag found to be intrinsically heatb
genslblive. A revised explanabtion of the paradoxical
Arrhenius phenomenon is suggested and digcussed in bthe
light of this finding.

An investigatlon of the mechanism of action in vitro
showed that alpha toxin 1lg not uged up in the course of
haemolysis; 16 acts as a cabtalyst. Kinetic experiments
revealed that the relatiounshlp between the rate of
haemolysis and the concentration of alpha btoxln was
compatible wibth an enzymic reactlon, at low concentrations
of toxin. At high councentrations there was a mavked

o

falling ofl

dd
bas)

; possible reasons for this are suggestved

222

andl discussed,and the limltations of haemolysls as an
indicator gystem are polinted outb. In addition the
veloclty of the »eaction was shown to be dependent on
the concentration of the rabbit red bhlood cells present.

Taking into account the bulk of the evidence 1t i




concluded bthat alpha toxin belongs to the group of
bacterlal haemolysing which are thought to be enzymes.

Pivalent iong are not required Loy haemolysis,
Inhibitors of bacterlal probeases had no effeatb. Heavy
mebal. salbts such as mercuric chloride were found Ho
inhibit haeolysis at concentrations of l@"&M; (helow
bhisg, rather surprisingly, bthey became haemolybic by
themselves) . Some organlc sulphydryl inhibitors also
inhibited alpha toxin; it seems therefore thet free
SH o groups may nlay a part in haemolysis, & group of
gubsbances related to the btrypanocidal drug, Suramin,
also acbed as pobent inhidbltors of both the hasmolybic
and the lethal activity of alpha toxin.

Phogpholipids woere tested ag possible conpetitive
lohibitors of alpha toxin in an abbempt to galin
information concerning the point oi attack. Apart from
a c¢rude preparation of sheep brain cephalin, none of
them Inhibited. The pogsible significance of this
Pinding lg discussed.

Death from alpha toxin was found to be dose dependent:
it was elbher very vrapid, or occurred after conglderable
delay. Doge dependence and the pattern of death was

largely the same in the four species examlned, viz.,




rabbits, mice, fowl and frogs. Rapid death in seconds
or minutes, without histological leslong, is most

likely explained by action on heart or cenbral nervous

system. Slow death occeurring after several hours orp
days may result from lesions in a multiplicity of organs,

liver, kidney, or vagcular sysbem. Large doses (which
killed rapidly inbtrevenously) when administered sub-
cutaneously or Intraperitoneally killed much slower,
probably because of the time veaquired for diffusion of
toxin to vital organg.

When injected lnto the dowsal gac of 6 weekg' old |
mice, alpha toxin causoed local flaceld paralysis of
voluntary musele; abt high doges this occurred before
any detectable higbtological lesiong were formed. Mugcles
of the parslyged limbg did not respond Ho electrical

gblmulation 1n situ. In the presence of alpha toxin

[ e s Rt

the reactivity of excised volunbary muscles of mice and

Trogs to acetyl~choline and electrical gbtimulation weve
abolished in vibzo. Since mugcles of curarised mlce
behaved ln Lhe same way, 1t 1ls concluded that alpha
toxin hag a direot myoboxle actlon on voluntary muscle.
By contrast, hearlt muscle appearsed less sensitive.
Hearts of mlee killed wlth alpha btoxin continued to beab
after death for a few minutes, and hearts of frogs fox

periods up to gseveral hours. In tissue cultures mMousg=



heart explants were less affected than the whole anlmal.
Whereag 128 MHDs is an LD 50 foxr 20 g. mice, explants of
20 - 1,000 cells were only moderabely affected by

2,000 MHD/ml., of tissue fluid: some cells continued to
beat, some stopped after 30 minutes, bubt recovered
overnighte. The posggible glgnificance of these findings
is disgcugsed.

Alpha toxin, purified by the combined use of gel
filtratlon on G 75 and DRAR A 50 Sephadex columns and
fractional mebhanol preciplbation, behaved asg a
serologically and physicelly homogeneous protein. The
gedlmentation constant of preparations containing 0.13%
protein was H.1 8 which is in good agreement with the
value of 5.0 9 receunbly suggested by Bernhelmer and
Schwartz (1963). The pobtency of such preparations
was 119,000 MED/ng. of protein. The resuliting product
was vnsbable and evidence wag obtalned which suggested
that on gtanding and dialygls alpha voxin btends to
polyvmerige with the appearance of s heavy (16 3)
component. The method 1lg time~conguming and tedious
and results in a low yield. However, thls is posgsibly
an inherent drawback in attemptling bo isolate a boxin
from a complex mixture containing congtituents of the

mediun and a large number of obther glaphylococcal products.
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