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A4 NISTORICAL DESCRIPTION OF JBTREIFTOCOCCUT  PYOQGIWES,




Gram pogitive coccl ware first described by Goédsir'(lﬁéé)
when he was examining svomech conbents, Cocecal or
found in pus by Von Recklinghausen (1871) and by Ve
ey M) N Lhamnmanna -""}d_ 4 =Y - e - '1-'?."7.‘ 53 1 55 g 8
Trom renal wbscesses &n cne rerisonzal pus 1n puerperal Tever.

L

Flebs in 1872 was the fTirst to suggest thet the coceal orpanise,

which he called I'icrosporon sepbicw:, wes the cauce o the
morbid changes observed. He described these os necrocsis of
the cells and migration of leucocytes fron the vessels, This

view, however, was opwosed by Billroth {1874) who thouzht that

certain existing inTlamnatory processes, caused by

e o

like "phlogistic zywoid, were essentlial For the occurence of
cocel and pubtrefaction. e classified thes coceal crgenisns

into lLonococcus, Diplococcus, Strepltococcus, and Gliscocous
based on their microscoplc appearanca.

Classical experiments Ly Hoch {1876) showed that infecvive
wound processes were due to the sction ol baclteria and that
there were bacteria of a special form foxr each discase. Ogaton
(1881 ) investigated eiznhty—two abscesses and was able to
demonstrate the presence of cocci in all of them, i
illustrations clearly show thaet he differvcntiated betweon
streptococel which he culled “ohain-wicrococcil and starhylcocel
whkich he called "group-micrococcil, The term streptococcus was
Tiret clearly defined by Rosenbach (1884) when he was describing
chain~Torming cocci which he had isolated Trom suppurative

lesions in man. To whis orzanism he gave the neme Btreplococous

Pyogenes.
The first report oi an experimemtal study of a streptococcal

infection was made by Nocard ani Mallereau (1887) who demonstrated

the presence of long cheins of streptoc in milk from covs
suffering from mastitis. By inoculating infected nrilk into

meat extract broth conteining gluccse or lactose, and bicarbonate
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S

unle coartohydrete antigen

cell well i.6, by Lancefield

grouping, Seéventeen distinct Lanceiield groups have now been
differentiated; streptococci isclated from one animal species
usually belong to the same Lancafield grour {(Table 1). The
current definition of the sirepltocceccus is that given by

Topley and Wilson (1964).
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TABLE 1.
The Iein Lancelield Groups ol Strewviococcus pyvozenes,
GROUP | HAFOLY SIS JSUATL HASTTAT PAPTOGDE CIiy
A + an Fany human disecses,
B + Cavtle Fasti
C + any eninals Tany animal diceases,
D + Doedry products Urinarxy tract & wound
Ldintestinal infections, endo-
of tract of man carditbis,
& animals.
I + Tilk, swine. Fhayngeal sbscesses of
swine.
" + Fan ? respiratory Llract.
G + Fan Respiratory infection,
Dogs Genital tract infections,
H + Man ? respiratory tract.
K + Ian ? respiraliery tract,
L + Dogs ~Genital trach
infections,
M + Dogs Genital tract
infections,
I - Dairy products Hone.
0 - Man Indocarditis,

After Davieg, Dulbecco, HEisen, Ginsburg & Wood,

"liicrobhiology!.




The weayective roles wlayed by the bLecterial cell and

its evtracellular products in the rathosenicity ol the orpanism

are comrlex. The eirerntonoccus lies invermadiate beltween those

"

s} X

orgenicms such as Clostiridisce botulimur, Clostridiun tetani

and Coxyunebnct

e et Attt .

vhich ezch nroduce exbremely

potent exo-toxing bun have little or no invasive capacity and

<

those organisirg whicn do nobt ceuse deash wnsil there has been

fraed

enormous systemic rulviplicaiion e,.o, Facillus anthrocis.

Streptococel are both invesive wnd Soxin producing, Svreptococcal
toxine ecpeocr to pley varying roles in the course of infeclion

but the harriul effects of the orsunisit carnnot be wholly
attributed to any sirgle toxin cor cxtrocellular preduct,
"he classification, structure cnd vhysiclogy of the

strevptococecus and the detailed proverties of a few of its

individual extrocelluler products have heen revieued extensively

by several authors. However, to w1y knoviedge, there has been
no comprehensive account of all the gtrevtococcal products

implicated individually in the pathogenicity of the organism,

Althoueh the experimental section coi this Thesis is concerned

2

==

primarily with the action of Bixevio: g I Teel it is

1-,‘

Lysin
necesgnary, in this introduciion, to describe the individual
components of the toxic armouryof this irrertant pathogen in

order to appreciate the conplexity of the overall picture.
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caaRal  COWLIDARATTONS .,

Infections in ren Sve to Jeouvn A strepbtococei exhibit a

wicde variety of clinic/l syivioms ouch as sonsilliti

g anc

pharﬂﬂgitis, scavlet fevew, osteomyelitis In inTancy, cellulitis

erysipelas, puerperal copsig, rmetrnonia, meain
[y & I + & 3. 7

=t bda and

erndocarditis in addition tc

iciel lecionm,
UL

C
With the excepltion of scarlel Fever o' pos sibly erwoinelzsg

diagnostic terminology is dependent —» ncimal.y on thoe sithe

) Tz

-

localisation of tha crgenanis nnd »not on any fundzuental
differences in the patholozical thysiolozv of the infective
Process. The portal o entry cr the infecting strevrtococcus,

therefore, appears to pre-deterring vo a considerablse extent
the clinical eyndrome which will developo Forcover hhere can
be 1itile doubt that the veriation in clinical paticrn of
streptococcal infections can be accounved Toxr in part, at
least, in terms of the host-' imunological response. 1%

has been proposed that the svupruretive lesions are attributable
primarily to the invanive and pyogenic propertics of the
infecting strain and only sacondarily to the immune status of
the host, wherees the non-suprurative complications, such as
glomerular nephritis and rheunstic faver in which the presence
of the organism is nci always demonsirable,ars principally the
expression of an unusuzl host response,. The ovexrall vpathogenic
result thus appsars to depend voth on the invesiveness of the

strevtococous and the immune status of the host, (Keefer, 1941).

\D

In evaluating the invasive and nathogenic properties o
fai] £ [ 53

=y

infecting streptococcal strains, a multipiicity of intracellular
and extracellular products heve been isolated and implicated in
contribubing to the pathogenic preccess. The components and
products of Group A streptccocci which have been related to the

clinical patiern can be convesnienvly divided into three groups
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(1.) cellular constituents (2.) extracellular enzymes

c

and (3.) extrecellular toxins, L snsll review the nature
and. properties of these Tactors in thrse scctions under the
above headings and discuss their reletive involverment in the
pathogenicity of the streptococci, It is necessary, however,
to bear in mind that despite the faet tha’t nmany of these factors
have been obtained in highly rurificd or even crystalline form,
their interaction with each other anl their contribution to the

pathogenic process remains hizghly sveculative,
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CELLULAR COHNSTITUENTS,

Group Srecific Polysaccharide,

Serologically specific and distinct polyseccharides have
served as an accurate neans of classifying beta-hasnolviic
streptococei from various sources into numerous groups
(Lancefield 1933). These soluble carhohydrate antigens are
located in the cell wall and are extracted from the crganismn
by boiling at pH 2, the method used for routing typing of
strepbtococcei (Lancefield 1942). Hot formamide can also be used
for extraction (Fuller 1938) of the carbohydrafe antigens which
can also be obtained in solution by treating the cells with a

cell wall-dissolving enzyme isolated from culture filtrates of

Streptomyces albus (Maxted 1948). The polysaccharide obtained
by using purified preparations of this enzyme (llcCarty 1952) was
coﬁposed primarily of (roup~specific carbohydrate but contained
some mucepéptide cell wall material (Krause & VcCarty 1961).

Group A carbohydrate contains 60% rhamnose and 30% glucosamine,
the terminal P-N-acetylglucosamine residues beinz the éntigenio
determinants of the molecule (Krause 1963). Immunity and
probtection to streptococcal infection are not related to the
oarbohy&rate antigeny however it was showm that a mucopeptide-
C-polysaccharide complex of the cell wall caused chronic
relapsing lesions in rabbits (Schwab & Cromartie 1960).  Vhen
separated, neither'the mucopeprtide nor the C-polysaccheride alone
produced the chronic relapsing lesion (Krause & kcCarty 1961).

Cell wall antigen was localised in the areas of chronic inflammation
and lesions correlated with the persistence of the antigen (Ohanian
& Schwab 1967). . From these results it has been proposed bthat
chronic inflarmmatory streptococcal diseases are the direct result

of the persistence in 3tissues of the mucopepside-C-—-polysaccharide
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complex of Group A strepiococcal cell walls, The mucopertide
ig considered to be bthe Yioxice" moiety while the C--polyszccharide
Saale)the mwcoperbide, thereby enabling the persistence of the
irritating

D

st o f\.(
agent. (Sehweb & Ohariar 1968).

By sorevholt similaxy wmethods to those ussed in Tonceflield
crouping, Group o strentococceil have becn subdivided into over
thirty serologlcal tyves based on type-specific proteins, the

o= antizen is an alcohol-

b

o— antigens. The typre specific

D?

oluble wnrotein, resistant to bollinz &t Il 2 for 20 to

0O 13 o (T . o A 11 ]CZ 8' T awmoantanls 'D_u.-\'l . 'L(‘.-.‘\Q

30 minutes (Lancetield 1G28; Tarpcelield & Perlman 1552).
Pecently highly purified preparstions of I-proteiuns were obltained
by Fox & Wittner (196%). Detailed physical chemrical

investizations showed it to be an elongated molecule with an

average axial ratio of 15:1 having a moleculzr weigut of
40,000, This antigen is closely associalbed wibth the cell well

tal

and cen be extracted from whole cells ox isolated cell wells by

acid hydrolysis or by the actiiocn of a phage~asscciabted Lysin
(salton 1952; Krause 1957; Xenter & Cole 1950), The M-protein

cen be destroyed by treating the cells wit: proteolytic ~ enzymes.

'The orgenisnms remain viable ~ after such treatment and are capable
of resynthesising the I ~ antigen when the enzymes are removerd
(Lancefield 1943). Faking use of this system, Fox & Krampiiz

(1 3)6) studied the synthesis of F-protein by non-proliferating
streptococecl and found that eight amino acids were essential

for gynthesis,



The lozs of the Veantigen from & parvticuler strain resulis

in the logs of virulence (Lancefield 1928) but the purificad

D

yrotein is not toxic, I6 vas shown that the prewsence of th

Veanbtigen in the strevbococcus hindered vphazocybosis (Hivsh
it - \

& Church 1980); Streins of streptccooci containing l1ittle ox no

59) but

@

wantizen were readily vhasocytose (huﬂC@LiLLd 1658, 1

O

-

ths addition of homologous T-gtrotein extract enhanced the
resistance of the orgzanisns to pharocytosis (KTEbhOT Youny &
Heitmann 1964), The host spvecilicity of virulence wes illustrated
by the fact that despite the vresence of I-antigen, strcypiococei
isolated from acalte infections in man were ustally avizulent in
mice, (Dochez, Avery & Lancefield 1919)n

Tyove specific anbtibodies can be demonsgtreted in the ssrz of

satients Tollovwing Grouvp & strepbococcal infections (Lancaliel
[y sy A

& Perlmann 1Q)2) Injections of I—antizen sclutions induced

a rapid ri in tjpe specific antibodies in individuals wvho had
a preceding infection with the same hyre of strepiococcus
(Stollerman & Fsted 1957) but in the absence of such & previous

encounter, the antibody responge was poor (Schmit 1957, 19350

Potter, Stollerman & Siemel 1082), Observetions by Wonmendlker
3 = o 2

Denny, Ferry, Siegel & Remrellarp (1953) indiceted that iwmunity

in men was type specific and that there was little heterolozcous

immunity.

During the course of experiments designed to correlate the
results obtained by neans of type specific azglubtination with
the resultis of active or passive proteciion in mice, another protein
antigen associated with agzlutination was encountered (Lancefield
1940). This entigen was named the T-entigen and wss distributed

among the CGroup A strepiococci indevendently of
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the ¥ - antigen. It is not type specific but is comnon to
several types. Although the T - antigen stimulates antibody

production during sbreptococcal infections, it has no
demonsfrable  relatvionship to the viruwlence of the organism,
nor does its antibodies participate in protection, A few
strains of streptococci have been shown to pomsess & third cell
wall protein antigen, the R - antigen. Like the T - antigen

this does not appear to be related Lo the virulence of the organisn.

Hyaluronic Acid.

v,

Wnlurenic acid is locestbted in a viscous outer capsule round
the organism andwsthe only known surface constituvent of Group A
streptococel which is non-antigenic. It is conmposed of
equimolar quantities of N-acetyl glucosamine and glucuronic acid
.and-is indistinguishable from mammalian hyaluronate. Only some

strains produce capsules which, if present, can only be demonstrated

in vitro in young cultures (2 to 4 hours). By means of phagocytic,
bacteriostatic and mouse protection tests Rothbard (1948) concluded
that hyaluronic acid had a slight but definite influence on the
virulence of Group A streptococei. On the othex» hand, the

M -~ antigen had an effect 1,000 to 10,000 times as great under
similar experimental conditions. Fany virulent strains of
streptococei produced extracellular hyaluronidase (see page 15)
which destroyed any capsule produced. Since such organisms were
still capable of establishing an infection, cavsule formation
appears to be of questionable significance in relation to the

pathogenicity of the streptococous,
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Cell-Bound Haemolysimn.

Viable haemolylic streptococci lyse red blood cells, tumour
cells, and tissue cullure cells in vitro, The presenca of a
cell~bound heemolysin was described by Ginsburg, Bentwich
& Harris (1965) and in the same year, lareto and Taketo showed
that Croup A strevtococeci in fact contained two intracellular
L
L

haemolysins, These were found to be closely related to the

exrracelWuler”  haemolysins, Streplolysins S and O, which were
produced by the organism, Their significance will be dizcussed
in detail in the section of the introduction dealing with

streptococcal exo-toxins (page 26 ).

L = Forrs.
Streptococcal L. ~ forms have beer produdeﬁ by the tr
of cells with penicillin oy murelytic enzymes and therea
were mainbtained by growlh in a hypertonic medium (Creawford,
Prank & Sullivan 1958; Gooder & Faxted 19561). In culture
of these forms, devoid of cell walls and lacking in CGroup antigen,
the M — antigen was still vroduced and diffused into the mediun.
This indicated that although the end productv of the intact cell
was deposited in serologically active form in the cell wall and
bound there, this was not the site of M~protein production.
Hyaluronic acid was found to be synthesised by these forms
(Markovitz & Dorfman 1962; Iortimer & Vastine 1987) which also
contained haemolysins (Maruyema, Sugai & Egami 1959) and produced
DNA~ase (Freimer, Krause & McCarty - 1959).
L ~ forms of streptococci have been culbured from blood
and peritoneal exudate of mice infected with streptococci
(Hortimer‘1954, 1965) and have also been isolated from scarled

fever patients who had received penicillin therapy (Klodnistsaje

1962). These results show conclusively that group A
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Schematic diagram of cap-
sule, cell wall, and cytoplasmic mem-
brane of group A hemolytic strepto-
coccal cell. (From R. M. Krause. Bact.
Rev. 27:369, 1963.)
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streptococcal L - forms can exist in vivo. They have

been reporbed to have a toxic effect on cardisc muscle
(Ginsburg 1966), to be dermotoxic, and cytotoxic Tor chiclen

»

fibroblaste in tissue culture (Mimekov & Fagan 19635

Conclusions,.

L

ogt of the celluler entigens which give rise +0 antibodieg

during streptococcal infections appear to be associated with
the cell wall and its adherent layers (¥IG. 1.)e Howsver, ths
vathogenic effects of I ~ forms indicate thet other deeper seanted

intracellunlar Techors may also conltribute to the pathozenicity

of Group A stmeptococei, It would, therefore,; be of intercat
;0 study toxic components mspecific To vhe reria stopl as:
1 tudy & ¢ components mpecific to tThe bacte 1 o 1E:

and plasma membrane.




EXTRACHLLULAR  EIZYLES,

Strepbtorinase (Fibrinolysin).

The low viscosity of the fluid, so characteristic of' the
exudate obtained in carly stages of streptococcal infections,
has been abtributed to the lytic action of. the orgenisms on the
fibrinous exudate of the host.  Tillebt and Cerdner (1933) Tound
that certain strains of strepiococei, mainly Group A, produced
an extracellular lysin for the clot formed by the action of
thrombin on human Fibrin. Tne plasma of most aninmels was now
susceptible, but this resistance was not a property ol the
Tibrin itself since animal Fibrin became Sugceptiblglif clotted
sith huran throwbin; conversely human fibrin becane sguscegptible
if clotted with animal thrombine Filstone (1941) observed
that the clot formed by the interaction of purified humon
thrombin and fibrinogen was no longer lysed by streptococcal
fibrinolysin., An essential factor was removed during the
purification of the thrombin and the fibrinogen., . This so called
Mytic~Factor" was found in the water - inscluble globulin
fraction of human serum,

In a series of papers Christensen and co--workers showed
that the streptococcal fibrinolysin was not proteolytic but was
a kinase which catalysed the production of an active fibrinolysin
(plasmin) from an inactive precursor in the plasminogen
(Christensen 1645 & 19463 Christensen & Macleod 1945). Since

the sireptococcal factor is a kinase and not & fibrinolysin,

Christensen suggested that it should be called streptokinase,.

The conversion of the inactive zymogen, plasminogen, to the active
proteolytic enzyme plasmin, by streptokinase can be compared
with many similar reactions e.g. the conversion of chymotrypsincgen

to chymotrypsin. Kinases by definition are agents, generally, if
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not always, enzymes which wodify enzyme pracurasrs, Jume re
known to be proteolytic in that thelr action on thair zmynmozenic
substrates results not only in the prodveiich o active enmimes

bub also in the appesrvance of non-protein niilzressn o in a

.

reduction in the size of the zymogen, They »ont 1ilely cct by
wnmasking the aetivé centre of the enzyre. e siaerlokinose
system is a complex ong and the auestion of il Zecctions
involved cannot be answered adequately uatil vleseinoson and
Streptolinase have been obtained in a pure stobc. he reactions
knowvn to occcur in the process are summerised in ig, 2.
Streptokinase is a heat-stable protein which in deootroyed

A

by trypsin (Tillet 1938)e It is anbtigevnic and its cetivisy is
inhibited by specific antibody (Kaplan 1945)0 fhis engyre has
recently been purified and shown bto be 2 protcin of roliscular
weight 47,600 and an empirical formula ofsw Aap,o-Dhe ~EeT,

; 2

- ~( ~Lla,,  =let ~Try., ~Len, —~Tyr. «Tho. Tors _wArs
Glu46 Progo C1y21 f1%23 et3 1Yy Igu4o Ty, Llalb T 33 5y

(De Renzo, Suteri, Hutchinzs & Bell 1987). On the other hand
there ‘are considerable difficulties in purifying plesrinogsen
which, to date, have nol been resolved.

One of the interesting aspeclis of this syutemr is the
finding that, of all the species tested, ran apreared vo pogscess
the hiﬂhest level of plasminogen and (Group A streptococci the
highest level of streptokinase (Christensen 1949).
seems possible to attribute a specific role for this system in
streptococcal diseases in man. Tillet (1938) and Hster (1945)
made the impeortant observabtion that the thin serous evudate
streptococcal empyema and other conditions is accomvanied by the
ability of thesse exudates to lyse fibrin clotz. This lends
strong support to the idea that the rapid spread of strepbtococci
in tissues may be due, in part, to impairment of the normal
walling off process of the host animal by the action of

streptokinase.
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Spreading ¥ector (Hveluronidase).

12

T™e pregence in lysates and filtrases of invasive
sbtrepbtococci of a spreading factor which increased ths
periniabilisy of rabbit shin to suspensions of India ink ox
bacherial cells wes described by Durarn~Reynolds (1933). A
similer sctivity wes Found in testicular extracts (Chain & Duthie
1939) which were - shown %o hydrolyse the monopolysacchuride

hyalwronic acide At least three successive stages were observed

dvring enzymic hydrolysis of hyslurvonic acid (IcClean 1943).

The firsl stage was the destruciion of the ability of hyeluronic
acid to clot with acetic acid, This waz followed by
depolymerigation vhich was seen as a vall in viscosibty, and
finally there was liberabion of reducing sugers and W-acetyl
glucosamine,

o)

Chain and Duthie (1940) showed that all samples of spreading
factor tested by them, whether ol animel oxr bacterial origin
possessad hyaluronidase activibty and sv.gested that the
sprecding factor of strepbtococci was a hyaluronidase, Sinilar
results were found by Hobby, Dawson, Feyer & Chaffee (1941) and
Feyer, Chaffee, Hobby & Dawson (1941) who showed that ceritain
other polysaccharides ¢.f£. chondroitin sulphate were also
hydrolgsed by spreading ractor, All prevaraitions conteining
hyalurvonidase had spreading factor activity but the converse
did not hold in all cases. Whether or not strepbtococci produce

spreeding Tactors that act on substrates other than hyaluronic

[¢

o

cid, it is now accepted that many strains produce hyaluronidase.
Rogers (1948) showed that strepiococeal hyaluronidase
contained several enzymes each responsible for different stages
in the degradation of hyaluronic acid,. These were shown to be
adaptive enzymes whose production was stinulated by the presence

of hyaluronic acid or certain breakdown products in the culture
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mediun (I'cClean & Hale 19413 Rogers 1948). Hyaluronidese
activity was neutralised in vitro by specific antibody but

the evreading activity in rabbit skin was not aflected

(Hobby et al 1949).

Certain strertococcal bacieriovhegses pave rise to the
fTormation of bhyaluronidasaz, The serolorxicel tvpe of this
L

hyaluronidase was debtermined b the genetic corsititubtion of the
phage, Thus different phazes caused the Torvation of
antigenically different hyaluronidases even when reproducing
in cultures of the same vactexial strain, On the othér hand
the hyaluronidases produced by non-lysozenic- -((roup A strepbtococci
were fouwd %o be serologically identicel thus differin. from
the phage - associated hyaluronidases (Fjems 1958 a & b).

The part played by hyaluronidases in strentococeszl

infection, invasion and virulence has beexn reviewed in some

detail by Duran-Reynolds (1942). Tne destruction of the
hyaluronic aocid capsule Dy spreading factor is recognisced althousgh
the relative roles played by each in the nathogenicity of the
organisn is not cleal, Then rabbits are injected intradermally

with a given amount of strevtococcal culibure, the resulting

dermal lesion corresponds in dimensions Lo the area of spread

J..

of India ink when it is injected with culture supernatent,

Al

This suggests that the invasiveness of the orzanism is largely

ol

determined by the amount of spresding factor produced.

)]

Nevertheless the production of spreading factor cannot be

0

considered an absolute criterion of virulencse.

Proteinase,

Streptococcal proteinase is an exiracellular enzyrme ard
resembles papain in certain respects; it is reversibly activated

in the presence of sulphydryl gowmpourds or cyanide but is not

activated by ascorbic acid. It is irwreversibly inactivated by

C e - e m e e - e

~
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iodoacetate, is active over H range exiending from 4.5 to
3 i
n

8.5, clots milk and digests casein, haenozlewin, anl fibrin of
both rabbit and huvman origin. The ensyvrs Tirsg etirccted
attention &s a result of ifts canccity o desiroy the serological

reactivity of the type specific II - antiue
strepbococei (Hlliot 1945).  With certain sTroins it wes
noticed that whereas the I - antizen could

o
cultures growvn at 22 G, thi

118 Was nov possibls in cultures grown
0 . . . < s
37 Ce. This apparent and tenporary lcas of the tyve specific

¥ ~ antigen wvas due to the proteclytic activity in culturesg

o) . o
grown at 37 C. It was found subsequently toot proveolysis also
accounted for the destruction of strevteoliinuse in cvlture fluids

and Crouwley (1951) showed that streptococeal hysluronidese ray
also be destiroyed under similar conditions.

The streptococcal proteinase is derived Irom an inactive
precursor, which like the active enzyne, is Lfound extrucellularly

in the culiure supernatants of nost strawns oFf Grovys A

-

i

streptococei irrespective of serologicel tyre (Elliot & Dole
1947), Under intensive reducing conditions *he procursor

protein is converted to active enzyme by an outocabtelybic

reaction, Conversion of the precursor to achive ensyne may
also be achieved by the action of TTypsin,. Both the precursor

and proteinase have been crystallised (Fllio% 1950) and the two
crystalline protveins are distinguishable on the beagis of
immunological specificity. The precursor (molecular weight
44,000) and the enzyme (molecular weight 32,000) contain only
a single half~cysteine residue per molecule (Liw, Feumann, Elliot,

Noore & Stein 1963).
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There is a loss of about 100 anmino acids when the precursor
is converted to active enzvire. Tn the course of this reachion
an intermediate preduct was Torrad which contaired o
amino acids less than the precur wv (Liv & Elliot 1965 a).
This intermediate was dwmunolozicaelly related to hoth the
precursor and the enzymne. Vorevwvaer, the modified precursor
was alnmnost as fully active as 41z wroteinzae alter reduction
with thiols. These observaticns rafer fo trypsin conversion
but a similar intermediate is Toazedl by the action of the
streptococcal proteinnse iteell.

In the later stases ol bhacicrinl orowsh scvive proteinase

was found to accurmlate in the oculturs flunid (Flliot 1945), and

from results described by Liu a7l (1965 v) it appeared

likely that the transformation to uebtive ensyme was initiabed
by the reducing activisy of 1hs svrepoeococcal oell walls, By
invegstigating the effect of crys.alliine prolteinass on a

nunber of synthetic substrabtes, Iycek, Slliol and Fruton (1952)
were able to show that the engywe nydroiyoed pentide bonds
involving the carbonyl group of ar dinine; lysine, glutamic
acid, aspartic acid and histidirc. ‘he presence in the subst
of ar adjecent glycyl residue eivaared to irhibit the action of
the engzyme on a sensitive peptids hond. Recently Burshtein
and Beletsaya (1968) have shown 4hei tha profeinase also

-
1

liberated acid mucopolysaccharides from protein complexes.
There is, however, a lack of experimental evidence for the
"role of this »roduct in pathogenicity. The broad substrate
specificty of this enzyme suggesis that it may attack many host
proteins and protein complexes during strepitococcal infections

thus contributing to the resulfant clinical victure,

,,;-.

T



- 19 -

Desoyyribomuclease (Dfd-ase, Streptodornese).

e,

The presence of DifA-ase in crude culture filtrates of
Group A streptococcei was Tirst rerorted by VeCauwiy (J“AS)
who also noted the production of smaller amcunts of RllA-ase.
In a svrvey of nuclease production by strepbtococei . .own
(1950) found that LOOQ of the Group A streplococcl which he

gsted produce both nucleases,

The nuclease activity ol concernbrated culiure supernatants

from Group 4 strepbococcl was marbedly incressed in the vresencs
of magnesiwe ions (”ﬂWle.j Sol & Chrisbtensen 1948) and cextain
strains were shown to elaborate DNA-ase oxibracellularly when

the wached coccl were suspended in a nediwm containing an eneriy
ER Ce

source (malitose), phosphate and magnesiuvm ions (Bernheiner &

Ruffier 1951).  Wannamaker (1958) found that three different

DiiA~ases wexe produced by Groun A streptococci; these could be

separated by starch zone electrophoresis, They were imaunologe-
in

ically distinet and showed certain dilferencesptheir optimal pH
and susceptibility to citrate inhibition, The relative amount
of each form produced was a Tunction of strain variabion.

The DNA-ases were inhibited by a variety of enzyme poisons and
were destroyed by heating at 56 ¢ for 60 minutes. One of the
DlA-asex isolated by Wannamalker, DNA-ase B, was related to the
streptococcal exythrogenic toxin having skin aclbivity of
500,000 units/ml (Halbert 1958); this will be discussed later
on page 1B .

The pathogenic role of streplococcal DHA-ase has not been
defined but it seeiz feasible that,.like fibrolysin, it may
participate in the formation of the thin sercus exudate found
in strepbtococcal lesions since the release of DNA from damaged
tissues contributes to the visoosity of pus in other bacterial

infections. It may also act synergistically with other
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1,

streptococcal toxins and thus contribuse o the cytotoxicity

L

off streptococci,.

treptococecel AD-asa,

This enzyme was first isolated by Carison, Hellnewr,

T

Bernheimer and Freeman (1$57) end shown to iaiibib %

Yeud
-

R
oxidation of certain Krebs'! cycle intermedicies by the
mitochondiion, It was often present in stropiococcsl prepare
ations containing streptelysin O and has beca vuriiied and
shown to hydwrolyse the linkage betwecn nicolinemide and
ribose in nicobtinamide adenine dinuclediidas.

ALccording to Bernheimer, Leszarides ond Wilwon (1657) the
leucotoxic activity of streptococci is clocelr associated with
the formation of this enzyme. Failure to vroduce otservable
damage to leucocyiesby the addition of purliisd VAD-ase to vhole
blood (Carlson, et al 1957) may have Lu on due eithar bo the
inability of this enéyme to enter the cells or to the presence
of an inhibitoxry substance in the sermuin, Hovever, if releazsed
within the leucocyte froir strepiococci which kave bsen
rhagocytosed ,NAD—ase might well impair cellulsr mevebolism,

Alternatively its access to the interior of the cell in vivo

might be facilitated by the disruptive action of the cytolytic
toxins, streptolysing 0 and S, on cell memdbrenes.

Some of the characteristics of this ersyme have been
studied (Petersen, Kroger & Rotthauwe 1961) and the presence of
anlintracellular inhibitor within the strentococcus has been
described (Holm & Kaijser 1965, 1967). 4 direct relabtionship
between NAD-ase production and pathogenicity has notv been
established, But Bernheimer (1960) has clzimed thet this enzyme
might influence the development of strevtococcal nenhritis since

raised antlbody Jevels to this enzyme have been observed in man




following the occurvence of glomerular reyhritis (Vellner, Freenan

Carlson 1958; FPebercen 1962).

Con01UﬁnonQ.

[T SR

Wone of these extracellular ensyres wroitesl by Groun L
strepbococel are lethal and it is doabtfl if vy ove of then

plays a dominant role in the nathogenicit: of ©re oiganisuy The

combined effects of fibrinolysin, hyelurovridie, oroteinase and

DilA-ase, hovever, may well contribute Lo Thn sxirog invasiveness
of the strepiococcus. Also, although tvo> irnoriance of HiD-ase
i difficult to assess ag & separate entity., in the cechion of
this introduction dealing with streptococnal toxiive, it is
clearly seen that it may act synergisticelilys wiunh the cybolytic

toxins.
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STREPTOCOCCAL  TOXTHS.

Tryihrogenic Toxin,

FPronmarctiocs of erxythrogenic Toxin.

“fBeme strains of Group A strepbococci produce a toxin known
verioualy eg scarlet fever toxin, erythrogenic toxin or Dick toxin,
Mia btoxin causes the lTamiliar red rash of scarlet fever, and is
wyel by injecting culture filltrates intradermally to determine
the arailest amount of toxin which will cause an erybthematous
verotioni~ bhe skin tost dose (STD). This skin reaction can be
rrevanied by mixming the toxin with antitoxin prior to injection.
Peraons who have suffoered from ccarlet fever have a negative skin
reachion Tollowing the injection of erybhrogenic toxin, due to the
presancs of antibodies in their serum (Dick & Dick 162: a & 1),

‘Mwo distincet eryvthrogenic toxins, A and B, produced by strains
J & 3 s P 3

-~

QL FTTaey

s

sococci were described by Hooker and Follensby (1934).
Both were protein in nature hubt were immunologically distincthe.
Toxin A could be identified by & neutralisation test and by a
flocculation test with antvibody whereas toxin B daid not flocculase
with antitody and could only be identified by neutrelisation
(Stook & Ly 1959)9 The two toxins were found to also differ
in their sensitivity to ensymic digestion and could be
precipitated by diffewent methods, This latter technigue vas
used to geparate and purify them.

Toxin A was purified by Stock and Verney (1952) and toxin B
by Stock and Lynn (1959). The latter possessed high DWA-ase
activity and was immulologically related to the DNA-ase B
prepared by Wannamaker (Halbexrt 1958),  Korikov and Krusho (1957)
obbtained a crystalline preparation of erythrogenic toxin with a

. - : 8 :
maximun activity of T.3 x 100 $.0.D./mg. N and a molecular weight
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of 29,000, A crystalline pro&uct containing 1.04 x 109
‘STD/mg W was prepared by Mitrica, Pleceas and Fesrrobeawi(1965);
the crystals were rhombic and nelved above 400, Recently Nauciel,
Raynavd and Bizzini (1968) purified the erythrogenic toxin from
culture supernatents by column chromatography. Their product was
homogenous in the ultraceﬁtrifuge, in polyacrylamide gel electro-
phoresis and immunoelectrophoresis and had a molecular weight of
30, 500, It was a protein and its amino acid content was
determined, The parified toxin withstood heating at 80°C. for

30 minutes and was not desiroyed by‘ﬁreatment with trypsin or
pepsin. This product appeared to be identical to the toxin A
described by Stock and Verney (1952) which causes bobth a localised
skin reection and generalised scarlatina whereas toxin B causes
only a localised skin reaction and these authors have suggested

that the A-toxin is the only true erythrogenic toxin,

Occurrence of scarlatinal strains of streptococci.

In 1927 Frobisher and Brown demonstrated that a filtrable
agent isolated from scarlatinal strains of haemolytic
streptococei could induce the formation of erythrogenic toxin
by non-scarlatinal strains., Krause (1957) and Kjems (1960)
have since shown that lysogeny is quite common in Group A
strepbococci, and this finding suggested the possibility that
transmissibility of toxicity observed by Frobisher and Browm
might devend on the ;elationship between stréptococci and
bacteriophages similar to that described in the Corynebacterium
diﬁ@heriae complex (Freeran 1951, 1952).  This hypothesis was

confirmed by Zabriski (1964) who showed that non-lysogenic,

non—~toxigenic Group A streptococeci anuired the capacity to

produce erythrozenic toxin when infected by temperete bacteriorhages.
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isolated from known scarlatinal toxin producing sirains, The
production of this toxin appeared to be releted to the synthesis
of mature nhage particles, since U.V, enhancement resulted in

-

a concomitant increase in toxin production.

Role of erythro~enic toxin in pathogenicity.

Schwab, Wabtson and Cromartie (1953 & 1955) reported that a
reaction resenbling the generalised Schwartzmann phenomenon
could be pwroduced by the injection of soluble products of CGroup A
streptococci, fmerican Dutch rabbits injected intravenously
with an extract of a streptococcal skin lesion followed by a
second intravenous injection of, either a filtrate of a culture

of Salmorella typhi or a reduced culture filtrate of streptococeil

o

which had a high titre of streptolysin O, produced these symptoms.
The prominent features of the reaction were death and necrosis of
cardiac muscle. Watson (1960) identified three toxins in
these "strepfococcal lesion extracts" which were immunologically
related to the erythrogenic toxins although ths organisms
isolated from such lesions did not produce erythrogenic toxin
when grown under suitable conditions in vitro, Two of these
toxins were immunologically identical to the erybthrogenic toxins
A and B of Stock et al (1952, 1959) and & new toxin, designated
C, was also identified. The amounts of theses three toxins
present in the lesion extracts varied according to the strain
of Group A streptococcus which had caused the lesion. Thus
Hatson concluded that a streptococcal strain could not be
considered non-toxigenic on the groﬁnds that it failed to produce
detectable amounts of érythrogenic toxins in vitro.

In the fmerican Dubch rabbit, 15 Lf (9000,000 STD) of

purified erythrogenic toxin A gave no rezaction in the skin.
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It was however; lethal for these animals and vhen injected in
sub~lethal doses caused necrosis of the heart and livewr.
Injection of M"sireptococcal lesion extract! 3 hours prior to the

administration of a sub-lethal dose of purilisd eryithrogenic

&

toxin A incPessed iits lethalivty and the amount of resultant
tissue damage’ . Erythrogenic toxin given into the gkin of

sensitive rabbits at 24-hour intervels markedly erirnced the

5

erythrogenic and anephrotoxic properities of itse
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From these obgervations Watson suzgested thai the primary
activity of the eryithrogenic toxin was to modify the hosi's

response to itselfy to other toxins and to toxic rea

o

as hypersensitivitye. Ilorgover, the absence of oferythenaiteous
rash in aun infected individual does not preclude the possihility
that the eryshrogenic forxin is present and is causing demaze

to tissues other thahn skin.

Strevtococcal Haermolysing,

The haemolytic activity of streptccoccal culiure supernotants

was first observed by ¥ayrorsk (1895), and this was Tollowed by
nany papers ... ' describing ' the vproduction and

propertics of the soluble exvra—celliular haenolysin, Careful
quentitative studies carried out by Kruif & Ireland (1920) on
the rate of haemolysin production enabled them to demonstrate

a maxinuwn haemolysin content in cultures after 8 hours at 3700.;
this ravpidly declined and after 12 to 24 hours the haemolysin
was no longer demonstrable. The reason for this disappearance
was partly explained by MNiell and lallory (1926} who found that
streptolysin, when exposed to air, undergoes an oxidation vhich
can be reversed by suitable chemical reagents g.g. sodium
hydrosulphite. Despite these observations it was not until

1938 that Todd demonstrated that Group A streptococeci produce two
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TABLE 3,

L v

oome Differences Bejween Ctreptolr-in O o8 Uy

R

Streptolysin 0.

1)

Activated by
SH—compount s

2,) | Antigenic and
neuwtralised by

specific antibody

Forrmation is not
narkedly influenced
by serun om
polyribonucleotide

3.)

Desghtroyed by
trypsin

Inhibited by minute
amnounss ofi
cholesterol

¥ot inhibited by
very low
concentrations.
of lecithin

Rate of lysis 1s a
function of lysin
concentration bus
is not directly
proporvicnal

Haemrolysis is
praceded by a
relatively short
inducition period

Critical thernal
ingrement (207 to
30°C) = 21,400;
is _higher above
30°C.

it

—

Xow

ey [ T
A}I ey noTe-or
0T neusroldaad Ty or
luo vone ].U.J.t.-_,._ NN J.‘,'

antitoedy

\
Rl enhirnced

Tormation is

by serum and

ey oy
£, -l LR

el R e e el BT a r-i_
DOLSDAROINICLCechde

Kot destroyed by trypsin

Fot inhibited by minute amounts
o

.cholesterol

Ratc of iysis is direcily
proporsional to Irocin concomtration

Haemolysig ig preceded by a
reletively long induction period

Crigical tgermal incremnent
(15" to 307C) = 14,500.

After Bernheimer A,W. in "Streptococcal Infections™ 1954

Fd,., lcCarty.
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serologically distinet extrae~celliuvlar haemolysinzs:i- one is
6xygeh labile and can be reactivated by reduction and is known

as Streptolysin C;  the othew, Streptolysin S, is nore oryvoen
stable and con be exiracied from the streptoceceal cells by serwsn,
Modexn knowledge of the subject can be szid to have compmenced
with this discovery.

Streptolysin O ig a toxic protein found cxtra--cellularly in

streptococcal cultures, and is cabable of existing in either

(Al

¥

o

two formey ha emoigtno or non~haenolytic, Sxposure of the

haenolytic fowrm to oxygen results in its slow conversion to the

non-haenolytic forr. The process can be readily reversed by
variety of sulphhydryl compounds. Streptolysin O is nost readily

identified by the usce of specific antibody,

Strepiolysin 5 is 2 haemolybic substance foual extra-cellulariy in
gstreptococcal cultures containing serin. Uniilke sirepiolysin 0,
it does not undergo reversible,oxidative inzctivation and cannoct
be identified Dby any single characteristic bult by a =eriesz of
proverties the most impertany of which are listed in TARL: 2

The familiar bheba-haemolysis seen surrounding coleonies ol

Streptococous pyogenes growing on the surface of aerobically

]

incubsated blood agsar plates is due exclusively to sbreptolysin 3.
Apparently both strepbolysins contribute bto the haemolysis arcund
sub—-surface colonies ofrareobic vlates provided the blood used is
that of an animal species that does not contain antistreptolysin O

(Herbert & Todd 1944).

Streptolysin 0 (SLO).

Production of SLO.

VMost strains of Group A haemolytic sitreptococci produce
SLO but a few have been encountered which lack this propsrty.
SLO has been shown to be Formed also by streptococci of Groun G

and by Croup C sixzins of human origin but not by strains tested
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which belong to Crouprs 2, C
SLO is

ally induced infections

in

Formed in v1vw

o
[ o

oTgaNi.sms are grown in

chemically deflined rmaodns

19455

Alouf & Iaynaul 1055

such culture surornatanis

Tn

o
20

be detected,

in visro

e i e s Y e

toxin prceduction

rential wete

o

diphasgic diff

toxin proedueed
a phase in ol
of SLO constant 13 gre e

100 to 256 WU, /Ple

Shruct ure of &I,0.

e kv S e i R WS Ma A= e et —a e n

SLO is a8 protein, Pteinns

e t"f‘lla deatbr

It ¢

anticenic and
& Harris 1940).
state which

may be reduced

active, haemnolytic forw

co~workers (1982, 1945,

obtain highly purified SLO
contained 4 x 10 D (one
5 x 1073 ug protein). It
ultracentrifuge, could not

and gave a single line

in immunodiffusion tests,

Sephadex gel filtration and ull

80,000.

.
T
L of
S e
FARUR SN R

SN

forred

(animal), 1,8, H or K (Modd 1939).

“laraelly oceurring as well as experiment--
v viimo dn culiture supernatants when

B s Ty

infonicn . girple

Bernbheirer & Cantoni

ora the SLO ha Jholybnc activity can

wna Iminadies of bacterial growih and

-
&

1y

-y

Wass

The

sl Reynoud {(1955) observed

cinthesis of SLO 1. 8o initia the

TowEn was low but this

rav edly incraased,
thaese workevs gave titres

of

used by

T00 H.U./ml. compared to titres

“adia dezceribed by previous worlers,
vharmolabile, non-dialysable,

ored by wroteolybic enzymes (Srythe
ongaing dizaelphide bonds in the oxidised
ho —~SH, by reducing agents,; in the
-(Eernerb & Todd 1941).  Alouf ard his
LOAG GET) have devised o procedure to.

)
(10,000 fold).

egenting approximately

Their preverations

o

homogempous peal: in the

further resolved by electrophoresis

of precigitation againsthomologous antiserum

The molecular weight as determined by

racentrifugation was found to be
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Antigenicity of SLO.

SLO  elicits the formation of neutralisin~ antibody L

iyoan
rabbits, mice, horscs and man, Both the oxidisad awi reducad
forms are anbigenic but the possibility that the owidised Fform

is reduced in vivo cannot be excluded, Tt han also hoen
shown that oxidised as well as reduced 140 corhinec writh
specific antibody (Smythe & larris 1940). VFinetic studien
have chown that the nevtralisation reaction is a first order

reaction (Vargues 1966). SLO  is antigenice

wr

]
-
o
ey
'
o]
1—
Y
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e
jan
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other oxygen labile haemolysings esge the theta btoxin of

Clogbridium welichiil, the ftetanolysin ol Clostridiwn tefoni and

the pnewrolysin of Streplbococcus pneunoniase. Any one of these
hacmolysins is neutralised by - specific entitorin to any other,

The antistreptolysin O (45L0) titre of human sewa cornonly
rises following an infection with haemolytic ztreptococcei,
Thus crude preparations of SLO. are used in thoe clinicazl
screening of sera in which the ability of the test serum to
neutralise the haemolytic activity of SIO is meoasursd (Todd
1932) . Recently Klein, Addison, Boone and Foody (1958)
ghown that the species of indicator red cell used a
neutyralising titre obtained. An alternative method based on
the agglutination of barium sulphate particles coated with SLO
has been used for the detection and quantitation of ASLO in
serun (Fosley & Pickebtt 1965) and this may provide better
standardisation, The ASLO test is widely used as an index
Tor the detection of streptococcal antibodies; it is particulerly
useful as a diagnostic aid in rheumatic fever and glomerular

nephritis where no infecting organisms can be detecied,



Fechani sm of hasmolysis by S1,0.
SLO  is heemolytic for a wide rangze of mpalian, avian
andl amphibian erythrocytes (Foward & Waellsce 1953)» Tha tira-

percentase naenolysis curve forx SLO, like other bacterial
haemolysins,; is sigmoid and the rate of haemolysis isg
proportional to the btoxin concenbration (Bernheirer 1947 )«

The elucidation of the defailed mechanism of action of SLO. has
baen rewvorted in a seriecs of Imporssrt pepers by aAloul and
Raynaud (1965, 1868 & 1988 a & b)), In 1960 these workers

showed Hhat two topologically distinet sites on the 51L.C molecule

}.J-

are involved in its 1lytic activity. The first site is

&

Nl
\

xation of the wolecula Lo a speecific

[y
M

reaponsible for the

o

lipid recentor located in the surface of the cell rembrane and
contains cysteine residues which ere requirad Tor bindings,
These cysteine residues must be in the rcduced fomn since
oxidised SLC  Aoes not bind to the call, It is thought that
the lipid receptor on the coell menbrene 1w cholesterol and thatb
this cculd account for the irnhibition of SLO hy minute amounts
of cholesterol. Torgover the resistance to lysis by SL0. of
organisnsg, such as bacterial protovlasts, the merbranes of which
lack sterols, (Bernheimer 1G646), gives stronz support to the
concept that cholesverol is the binding receptor for SLO, The
average amount of SLO. reguired to induce the lysis of one rabbit
erybthrocyte is about 140 mclecules (Alouf & Raynaud 1958 a).
The second site on the SLOC. molecule is involved in the lytic
reaction proper and is thiol-independent and not inhibited by
cholesterol,

Two types of neutralising antibodies seem to be elicited by
the SLO. molecule each directed specifically against either the
fixation or the lytic site., . Rabbit erybthrocytes were used as a

model in these studies dbut the obssrvation that human, ox, sheep



ard rat erythrocyte ghosis inhibited the lytic action of SLL. on

<i-
3

hrocytes (Brusca & Iestroni 1967) suggests that the
birding site for SLO a1 least is common o rmost aninal
erythrocyte merbranes, T cholestorol is the Tecepsor site on
then its molecular arrangement in cell membranes nunt

ron that in cholestarol containinz seruwm lipoovroheins

gince bthe latter do not bind to or inhibit SLO,. An erythrocyte
melbhrane Trection has been izclated by izoeleciric precipitation
with tesic probein which will inhibit SIO  (Prusca & lastroni

257) hub has not yet been identified,

“he binding of ZL0O. to the exythrocyte merbrane is rapid but
suhaaguent 1ysis proceeds more slouly and has been suggested hy
Alou and Rayneud to involve an accurate stereochemical orientation
of the atbtached SO, so that it can exert a disrupting action on
the Linoprotein framework of the cell merbranec, The molecular
mechenism for this svaze has not yet been debtermined but kinetic
evidence pugrests that it rey be enzyric in nature since the
rate of lysis is sbrongly dependent on erythrocyte concentration
(ilouf & Reynasud 1968).  The mode of action of SLO is thus
extremely complex, involving non-énzyric’as well as possibly
enzymic stages. The non-~enzyric binding stage aprears dominant
in that a given amount of 3LO. will cause a certain amouvnt of
haenolysis irrespective of the period of incubation with the red
blood cells, There 1s increasing evidence that other cytolytic
bacterial toxins, e.g. staphylococcal alpha-toxin, also exhibit

extrenely complex interactions with cell membranes.

ther biological ectivities of 3LO.

=
®

sides its haenmolytic properties, reduced SLO exhibits
nunerous other biological effectis, t is lethal for many
latoratory animals and provokes severe cardiac disorders (Halbert,

Dahle,  Keatinge, & Bircher 1965). Intravascular haemolysis occurs,
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but not to a degree sufficient to causc death, and it is the
cardiotoxicity of SLO., which proves fatal. This effect has also
been observed in vitro on intact,isolated amphibian and nammelian
hearts (Bermheimer & Cantoni 19455 Xellner, Bernheimer, Carlscn
& Treeman 195653 Raskova 1958) and on cardiac tissue Fragments
(Goullet, Coraboeuf & Breton 1963). A single dose of SLO had
no effect on an isolated frog heart bubt, if the heart was then
washed after the first dose of toxin, and a second dosc of SLO.
applied, the heart went immediately into sysbelic contraction.
It is thought that the Tirst dose of SLC. caused the liberation
of an indibising substance from the heart, which was removed by
washing, so thalt the heart was then able to react to the second
dose of toxin (ven Heyningen 1950), In contrast, a ninute
anount of SLO Dbroucht about the prompt and irreversible loss
of myocardial contractility of isolated guinea piz or rabbit
heart, No other bacterial toxin is known to possess such
cardiotoxic proverties (Raskova & Vankck®1G64; Reitz, Prager
& TFeigen 1968). Subnicroscopical myocardial changes in rats
and guinea pigs FTollowing the administretion of SLO. have been
observed by Waldman (1966); +there was swelling of the mitochondria
and oedema of the capillary endothelial and parenchymal cells,

MNany other tissues oxr cells have been reporied to be killed
or damaged Dby exposure to SLO. in vitro; these includé chick
embryo (Gabrielli, Seletti & FPiazzi 1960}, leucocytes (Hirsh,
Bernheimer & Veissmann 19635 Zucker-Franklin 1965), nacrophages
(Fauve, Alouf, Delauxay & Raynaud 1966), Ehrlich ascites tumour
cells (Ginsburs & CGrossowies 1960); ramnalian skin cells
t Lawrence 1959) and blood platelets (Bernheimer & Schwartz 1965).
Microscopic observation of all these cells after SLO. treatment
showed siriking cytological alteration of the cell membrane and
intracellular organelles, particularly nitochondria and lysosomnes.

Suspensions of isolated organelles were also directly damaged by



34 -

exposure to SLO. and liberated some of their hydrolytic enzyres
into the suspending medium (E‘Teissmanni Keiser & Bernheiner 16483
3
/

Weissmamm, Beecher & Thomas 19643 Dernheimer & Schuavts 1ol

Role of SLC. in pathogenicity,

"Fost of the studies of the biolegical action of GLO. have
been carried out with cruvide or partially purified vpreperations
and this hes led to a certain anount of coalfusion., Tor instance,
initially it was claimed that SLO inhibited mitochondrial

spiration (Carlscen, Kellner & Bernheimer 19 )o)o Subseguent

woxd showed this to be & property of conta minablng ampcunte of
WAD-nse present in the preparation of SLO  (Carlson et al 1937).
Nevertheleos several lines of evidence indicate theh rost ol ths

biological effects which have been reporied are due to the

112

activity of & gingle entisy. It appears thav, in distinction

the aclicn of which is reshrichted

,...x
-
S
-
[0}

(o
to many other bhacte
to one kind of cell and very ofte a sinsle or very few

R

animal species, SLO is a Dani srohic cytonathogenic toxic probein

It cen be inf ed from this propervy that this toxin musgt

damage & basic cellular structure comroin to &all sensitive eriral

1

cells, Rocent evidence (Mastroeni, Fisfari & Wacci 1989) shoved
that an erythrocyte membrane fraction inhibited both the cytotox
and haemolytic activity of SLO. Given its disruptive wroperti
and its rapidity of action an obvious possibility is that the
lipoprotein membranes bownding both the cell itself and
intraceliular organelles must be vhe primary target of attack

of S1.0.
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Streviolysin § (3LS),

SLS was Tirgst identified ho

j&r]

(1928) ani was so nare
because he thouzsht that i% was produced only in the presence of
seTum,. This oxygen steble haemolysin, scecific for Group A
streptococoi, is & heterozenous vroduct =2nd its preduchion can be
induced by albumin, alpha-linoprotein, »i oonu sleic ecid and
RiA-age digested oligoribonucleotide, Tween or friton detersents
and serum, Two extensive reviews have been written on Lhe
subject of SL5 (Okamoto 1823 Ginsburg & Harris 1964), and T

b
therefore, inbtend to weview briefly thoese asnecul relevant to
&

this Thesis, concentrating on more cent observations,

PTO&1Cu1nw of BLS.

Suvernatants frorn culiures grown in the presence of serun
1

were the first sovrce of 1,8 until Weld (1934,

that "1t could be extracted Ty shaking "resting" streptococcei
with gexum, At first this proyperiy of ssyum appeared to be

associated with the lipoprotein fraction (Herbert & Todd 1944),

However, "resting' sbtreptococci incubated with albunmian in the

ey

prasence oi an energy source e.g., malloss, and a reducing agent

s

£

have also been shown to elaborate hesmeolysin,

-

' Subsequently, Okamoto (1932) discovered that yeast nucleic
acid induced the formation of a potent h;eﬂo?yszﬁ in growing
cultures and further work (Tto, Okami & Yoshinura 1948; Bernbeinm
19495 Hoysoya, Hayasni, Torl, Homma, Zgewi, Shirmamura, Yagl
& Suwmulki 1949) showed that yeast nucleic ac¢id oromoted haemolysin
production in "resuving® suspensions of Group A strevptococeci in the
presence ol an enern%fgﬁg? maltose or glucosamine, and magnesiwm
and phosphate ions. Digestion of yeast RVA with pancreatic
ribonuclease markedly increased its haemolysin-inducingz capacity
(Bernheimer & Rothbard k048; Bernheimex» 194935 Hoysoya et al
119493 Tanaka 1958).  The active fraction (AF) associated with

the ribonuclease-~resistant core of RNA had approximakely 100 times




the activity of undigested RNA, Faximel haemolysin production
under these conditvions was obtained if the cells were harvested
from the beginning of tha sltationary phase of growth;‘iﬁﬂhﬂ“mr\qs*)
Considerable confusion has arigen as a wresult of the

different ewtractionr procedures empioyed for the vroluction of
oxyoen-~-stable haerolysin from Grour A strepbococci. In 1988
Gingburg and Grossowics suvovied that verlious strains of Group A
strevtococcl posgessed & cell bound haerolytic factor which could
be denonstrated by the addition of red bleood cells to weshed

strevtococel incubated with glucose, masnesium ions and

sulehydryl compounds, Under these conditions, haeswolysis of

the red hlood cells occurrved but no extracellular haenolysin vas

found., Foreover, bthe haerolytic factor was nov released Trom the
with

cells by sonic oscillation or by grimﬁngﬂglass Peoods but” could he
extracted by serum albumin,; Tween 40, 60, or 80, or Triton X205,
Vore recently it has been shown that the haemolytic moiety of
serun or albunin SLS can be tranaferred to the RI¥A active Ffactor
resulting in the fornation of RNA-SLS (Taketo & Taketo 1964 b).
Conversely transfer of SL3 Lrom RUA to serum or alburin has also
been shown, The meny hitherto confused reports of the nature of

T

0]

oxyaen stable streptococcal haemolysin can be explained én
the bagias of these findings. In brief, the similarities of
these haemolysins are a reflection of a single biologically
active prosthetic group of polypeptide nature, while the various
discrepancies are due to the different carrier substances,

wo distinct intracellular haemolysins have been ohtained
by disrupting strepbococcal cells (Taketo & Taketo 1965), One,
termed intracellular streptolysin 0 (ICH-0) was neutralised by
ASLO serum and had no relation to the formation of RWA-SLS. The
other, intrecellular streptolysin S (ICH~S) wes oxygen stable and
was not affected by ASLO. These two intracellular haenolysins

were separated by gel filtration on Sephadex G 200, The production
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of RNi--5SLS by strevioccoccal nrotovlasts hes been denonstrated
(Faruyana, Swcei &5 ord 1946) . The toxin can also be produced
by protovlast shosis [ Mazei & Tgari 1660y Yoyama, Sokawa

& Tpari 1983) and T 2 disrunbed cell-free system in the presence
of AW, (Takxein & Miaio 1054 a), foxin mroduction in the cell-
free system was inciasibtive Go various egents lmmown to inhibit
rrotein synthesis vl dhis surgesnte that the haerolysin wes not

formed by de nova «rnthesias, It has heen postulated by Taleto

R s

and Tekebto thet EL-T8 is Tormed in the cell-lree system by
the transfer of th: Laarclybic molety or the prosthetic group of
ICH-5 from o collvieor curciar provcin to AR, RWA itself is not
active in the cell Iroo syslen and in the whole cell system,
rresumably funmetic: o alter its converzion to AR, by streptococcal
nuclease,

Thus during Lhe opowv ocei in media devoid of
any of the cuarryiers normally used, the haenolysin rr@uumahWy

er
renaing assoclated v th the bacbherial cell. Upon addition of a

substance which has gprewter affinity for the haemolylic moiety

than doss the strepiccoccel cellular canvier, the haesolytic moiety
- ’ L

1
ig trensferred bo suz extrocellulsr carrier, The cell menbrane
]

aprears o be the rost likely site of binding for the haemolysin

within the cell

]

irce protoplasts and "ghests" have been shown to

yield haemolysin under suiteble condition

Structure of SLS.

~

Fost studies cof the structure of SLS have been carried out
using the REA-SLS form, As commonly prepared by the method of
Bernheimer (1949) 5I.% exists as a polyveptide attached to an
oligorivonucleotide (Yoyama & Bgani 1963, 1964; Koyama 1963)
As mentioned earlier the haemolytic moiety avpears to be the
polypeptide and the oligoribonucleotide functions only as a

carrier. This carrier, however, confers stebility on the
5 3




polypeptide moiety which is incunable of existing alone in an

active state The molecular waight of ypurified preparations
of the RENA-SLS cowplex estimated by gel filtration was 12,000

and a value of 20,000 was ovinired by vltracentrifugation in
3

a sucrose gradical (Bernheimew Lgﬁ?)a Mis discrepancy may be
due "to polymerisation of the .oclsenles umder the conditions of

ultracentrifugation,

According to Koyama (1943) tlie moler ratio of polypepbide
to oligoribonucleotide is 0.3, Acceptinz the molecular welght
of the carrvier—-prctein corplex chitained fxon gel Tiltration as

.

being the nost accuxrate, it c&m be calouiated that the molecular
weilght of the polypeptide portion is 2,800, this would suggest
a polypeptide consisting of 2o enino acid residues, Glutamic
acid or glutamine and serine have bheon shown to be the nost
abundant obut aspartic acid, threonine, »roline,; alanine, valine,
iso-leucine, leucine, lysine end ristidine were also detected
(Xoyama 1963). The oligoritonucleotide portion of the molecule
was composed of aggregated helercgempus oligoribonucleotides

O

rich in guanine which dissocizted in 8 urea and could be

@)
separated on DBAE cellulose (Hoyaua 1984).

Inhibition of SLS.

Agents known to inhibit the heaermolytic activity of SLS
in vitro include lecithin and to a lesser extent other
phospholipids (Hewitt & Todd 19393 Cinader & Pillener 1950;
Humphrey 1949; Stollerman, Berrheimer & Facleod 1950), anraline

dyes, trypan blue and congo red (It
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1952), extracts of certain vlant and
et al 1950) and the sera of man and aninals (Todd 1939; Humphrey

1 3 Stollerman et al 1950)., Favain end chymobrypsin 3destro;
b3 2 o ot J

BN
v

the ftoxin but it is unaffected by

(Bernheimer 1949).

rypsin, pepsin or cholesterol




Non~entigenicity of SLS,

) .

SLS. in any or its extracelluler forms has never been showm
t0 be antigenic and this is one of the major differences tetwedn i
and. TCH.-S, The low molecular weight of RNA-SLS alone could zccou
Tor 1tg lacl: of "anbigenicity. Toxin neutralising activity has

been shown in the sera of some patients recovering fron
streptococcal infections using extracellular SLS for the assay.

This neutralising acvivity weas not predominantly associated with

"

the beta oxr gamma~globulin fractions in vwhich antibodies are Lfound

el
o

(Humphrey 1949). Also treatment of inhibitory sera with ether or

ether/alcohol; in such a manner as to cause only winor changes in

the titres of known antibodies, caused major reductions in the
ebility to neutralise SL3. The degree of inhibition of SL3 was
related to the total phospholipid content of the sera (Stollerinan,
Brodie ¢: Steel 1952), and it appeared that the phospholipids 3, in
the form of lipoprotein complexes, played a mejor role in SLE.
inhibition by such sera,

A tabular comparison of some of the similarities and

differences reperted for the different forms of SLS are siven

in TABLE 4 .
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Yechanism of haemolysis by SLS,

The time haermolysis curves for SLY. are sigmoid in shape

consisting of three phases:- (2) the leg time (phase 1),

of
(b) the periodjprpaximum rate of haemolysis (phaze 2) and (o) the
period of decreasing rate of hzemolysis (phase 3). (Bernheimer

1949; Cinader & Tillermer 1950; Foyama 1965).  During phase 1
there is always a large vroportion of 3LS i the suvernatant,
For instance, erythrocyles treated with 3L3 for 10 minutes at
10°C. and then removed orior to the onselt of heemolysis, washed,
resuspended in buifer and incubatbted at 37 790, for 30 minutes were
found to haemolyse althoush 90% of the SLS was recovered from

the supernatant (Koyama 1955). These results sugoest thaet,

’_lo
]

fo¥

uring phase 1, there is a progressive, irreversible modification

o

of the exrythrocyte membrane, which, after reaching a critical
point, results in haemolysis.

In phase 2 the rite of haerolysis is proportionzl o the
concentration of SL3. present, Howewver, an increase in the

v

initial erythrocyte concentration results in a decreass in the
rate of haermolysis,. In such an experiment the degree of
rmodification of each erythrocyte membrane prohably decreases as
the initial concentration of erythrocytes increases and, therefore,
haenolysis occurs more slowly. Fhase 3 is primerily due to the
decrease in the numbers of unhaenolysed erythrocytes.

Erythrooyte ghosts inhibited haemolysis by the toxin

suggesting that at some stage in the haemolytic reaction the SLS

is bound to or inactivated by erythrocyte membrane, The receptor
or substrate of SLS. differs from that of SLO. Cholesterol does

not inhibit SLS. and this toxin lyses Pe"braneu which lack

cholesterol including the protoplasts of Bacillus megaterium,

Sarcina lutea and IAscherichia coll and three species of

Kiorooocousm}gsodg}kticué@ernheimer & Schwartz 19653 Davie
& Brock 1966).,  Also Bangham, Standish and Weissman (1965) have




shown that SLS, cauged leakage of votassiun and sodium fron
ertificial lipid spherules and that its action resenmbled lyso-
lecithine. Jf lecithin or phospholipid are the recevntors for
3LS, on the exrythrocyte this would explain the inhibition of

hacmolysis by minute amounts of lecithin,

Other biclogical activilies of BLS,

- BLS. is cytorathic Tfor a number of mammelian cell types
in vitro, The tyoes of cell which have been shown to be
susceptible include leucocytes (Held 1934; Rernheirer & Schwartsz
19603  Uinsburs.
(G]njhurw 19593 Ginsburg & Grossowicz 19603 Symington &
6

Arbuthnott 19

& Grossowiez 1250), Bhrlich asciltes turour cells

9), various tissue culiture: cells (Snyder & Hemilton
1963: Farcus; Davies & (insburg 1964) ard blood platclets

(Rernheimer & Schwartz 1965), The cheanges induced by the

haenclysin were characterised by swelli )Lhe aprearance of
blebs, cytorlasmic vecuolation and reduced viability of the cells.
Subcellular membrane-~bound organelles such as mitochendria and
lysogones were also affected by SLS. resultiang in enzyne leakage
(Veissmann et al 1963; Bernheimer & Schwertz 1964; Keiser

et al 1964). The visibic cybopathic changes in mammglian cells
caused by SLS. were almost identicel to those caused by living
streptococei (Havas, Donnelli & Forreca 19635  Taketo & Taketbo
19663 Fhovanove 1967 a & by Quinn and Lowery 1967).

These changes described apove are in agreement with the
merbrane being the site of atitack and Takeio and Akira (1987)
have suggessed that the oncolytic activity of Croup A streptococci

is due to the action of cell-bourd SLS, (ICE-S). The cytopathic
effect of SIS, can be ebolished by lecithin (ilarcus et al 1964)
and it has been paztulated that phosvholipids ray be the membrane

recepvor site,
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Role of SLE in pathogenicity.

Desrite its obvious toxicity the role of JLS  in strentococcal

infections remains unclear, dhether SLS  is produced in vivo
remains to be shown. The lack of demonusrable anbigenicity of
this haemolysin has hampered abttempis to follow its production
in vivo, There is a major discrepency concerining the lethelity
of SLS. The injeclion of serunm extracis corntaining 15 to 30ILU.

killed mice within 24 hovrs causing pathological changesz in spleen,
liver and kidney (Veld 1933, 1935; Harce 19373 Barnard & Wodd 1540),
On the othex hand 300 ug. of RUWA-SLS (equivalent to 12,000H.U.)

was necessary to kill mice (Rosendal & Rernheimsx 1952), It ds
hard to conceive of such large amounts of SIS peing produced

in vivo, therefore, it seems unlikely that tiis {oxin alone is

et

lethal,

SLS, like SLO, is a yantrogﬁc reviopathogenic agent but its
stability in the presence of oxygen vould possibly extend the

range of suscephible cells and the conditions under which it could

acth, The diversity of carriers vhich can be attached to the

nl

hoemolytic moiety of SLS mekes it see: feasible that extracellular

SLS could be formed ir vivo by the transfer of SLE from thé
streptococcal cells to various carriers in the body. Since a
large proportion of the resultant extracellular haemolysin would
be host material, il probably would not stirulate antibody
production, -... Such’™ & -product would thus be able to persist in
the body for long periodz and might contribute significantly to the
chronic sbreptococcal diseases.

The contribution of SLS. to the pathegenicity of Group A
streptococei is a complex orne which is still not understood and

there is a lot of scope for further investigation in this Tield.
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AINS OFF THIS THESIS,
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The pantroohic cytological effects of streptolysins 0 and S
are nov well documented and it is generally accepted that the
primary action of these toxins is on cellular membranes causing
disorganisation. These toxins also appear to penetrate to the
interior of cells and disrupt the merbranes bounding
intracellular organelles such as lysosones, nucled and mitochondria,

The cytolytic activity of liwing streptococei on manmalian
cells closely resembles the effect of SLS itsgelf; This suszests
a dual role for SIS in wvivo. It may play a vole in pathogenicity
hoth as a cell-bound toxin and as an extracellular difTusible
vroduct; the action of the latter could result in an extensive
increase in the grea of host tissues being demaged during a
streptococcal infection, At the cellular level, the action of
this toxin on the cell's mewbrane systenms must rTesult in secondary
changes which presumably cause cell death.

The object o this Thesis was to determine what wetabolic
changes occur within the cell as a result of thewgoboxic action
of SL3, To study this the respiratory centre of the cell, the
mitochondrion, was used as a model since it ranufacturss 21l the
energy, stored in the form of adenosine $riphosphate (ATP), which
is necessary for the diverse synthetic processes carried out in
the cell, The adeguate functioning ov . mitochondria is,
therafore, essential for cellular survival. The first secvion
of the resulits will deal with vthe action of SLS on isolated
mitochondrie,

The effect of SL3 on the respiration of whole cells was also
investigated in ordexr to Tind out whether its cybtotoxicity can be
explained solely hy an effect on mifoohondria or whelther more
complex changes ars involved, {rebs 2 ascites tumour cells were
selected as a model for the study of cellular repiration and the

second part of the results section deals with this aspect,
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A study of another cytolytic toxin, staphylococcal alpha-
toxin, on Hrebs 2 ascites tumour cells was also carried out and
the firdinzs are included in the third results section., It is
now generelly accepted thal both SLS and staphylococcal alpha-
toxin act oxn the limiting cell membrane causing the loss of its
~normal seni-permeable proveriies, | Therefore, & comparison of
these toxins in this phase of the work seemed likely tc yield
results which would facilitate the understanding of the mode of
action of ZLS, The value of using staphylococcal alpha-toxin Tor
comparison was enhanced by the fact that it is lnown not %0 impair
mitochondrial respiration, (Loﬁinski, Arbuthnott, CGemmell, Gray
& Marshall 1964; Lominski, Gemmell & Arbuthnott 1968). This t0
some extbteni allowed distinction to be made between effects
resulting from an action on the limiting cell membrane from those
on mitochondria.

The detailed properiies of staphylococcal alpha~toxin are
" well documented (Bernheimer 1968; Arbuthnett 1969) and it is
considered unnecessary to review staphylococcal alpha-toxin at
length here, Staphylococcal alpha-toxin is an oxygen-stable,

extracellular protein excreted by Staphvlococcus aureus during
X ray &

the logarithmic phase of growth and unlike SLS, it does not have

to be extracted from the cells by a carrier. This toxic protein

is haemolytic in the presence of molecular oxygen although the

range of erythrocylte species suscevtible to lysis by staphylococcal
alpha~toxin is somewhat narrower than that lysed by SLS. For
instance the species of erythrocyte mnost sensitive to staphvlococceal
alpha~toxin is wabbit while hwran erythrocytes are 100 times more
resistant to the toxing SIS lyses both human and rabbit erythrocytes
to the same extent. Like SLS, in addition to being haemolytic,
staphylococcal alvha-toxin damages the membranes of several other

biological structures, (TABLE 5).



TABLI

5.

—

In Vitro Sensitivity (+) and Insensitivisy (=)

0f Verious Biological

To Streptolysin S and Staphylococcal Alpha~Toxin,

Tesgt Biological Material

Streptolysin S Staphylococcal

Alpre~Toxin

Rabbit erythrocytes 4 +
Rabbit polymorphonucleer leucooytbes + +
Rabbit platelets -+ 3
Tissue Culture cells (various) + +
I'itochondria (rabbit or mouse) + -
Rabbit lysosomes + +
Whole bvacteria - -
Staphylococous protopiasts + -
B, coli Spheroplasts -
Iycoplasua neurolyticum -
Ciliated protozos - -

Modified from Bernheimer A.W.

(19€8) Science, 159, 847.
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Of particular relevance to this work is the fact that
been reported to czuse grogs

tumour cells whic

p
a8

staphylococcal alpha-toxin h
n

morphological damage to Thrlich ascite
mall and large molecular welghtd
2lso rendered the

¥

resulted in the leakages of =
compounds from the cel Such trewstment
jected intraperitoneally

1

1sa
oo
liferating

r-_y

cells incapable of pro
into mice (Wadoff, Artenstein

Hawving reviéwed the toxic armoury of the Group A sitreprtococcus
18 now

and having outlined the broad aims of this Thesis it is

necessary to give a brief account of the biological nodels
ascites tunour cells.,

employed, narely the mitochondrion and Krehs 2



BIOLOGTCAT, _1'ODYLS,
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THI  ITOCHOWDRIONW.

The mibochondrion is the Y"powerkouze'" of thz cell, It
containg the enasymes of the IMri-carboxylic ecid cycle and the
conplex enszyme systen which transmits 4o oxypen the electrons
removed from the various internediates during metabolism and traps
part of the energy so released in the form of high enexrgsy phosphe
(ATP) which is then utilised by the cells in biosynthebtic reachions.
Comprehensive reviews of the isolalbion, structure and melbabholic
activities associated with the mitochondrion have been made by
Lehninger (1964) and Gemmell (1968)., T shall, therefore, only
outline the propsrties of the mitochondrion which arc pertinent

to its use ag a model for the acltion of SLS.

Structure of the Vitochondrion,.

An electron wicrogranh of cross sections of mitochondria is
shown in FPIG. 3 . The milochondrion is bounded by a doulble
membrane, bthe inner layer of which is invagineted to form
characteristic cristac which vary in conforuation fronm
mitochondria from differenlt sources, The interior of the
mitochondrion contains a "matrix" of dense granules, The generalised
gtructure of the mammalian miltochondrion is revresented
diagramnmatically in FPIG, 4 . The number of mitochoxndria in any
one cell varies according to the function of the cell; wrat liver
cells contain as many as 2,500 mitochondria whereas sperm cells
contain only about 20,

When mitochondria are isolated from disrupted tissues they
are very sensitiive 0 changes in osmotic pressure and the
composgition of the fluid used to suspend them is critical. Sucrose
solutions (Hogeboom, Schneider & Palade 1948) are varticularly
valuable because they prevent aggregation and allow preservaﬁ{bn
of the cytological properties of the mitochondria. Fitochondria

igolated in sucrose show close morphological resemblance to those



Fia. 5. Electron Micrograph of sectioned Mouse Liver Mitochondria.
( X 50,000 )

This section was prepared for me by Dr.P.G.Toner,



FIG 4, Diagramatic Representation

After G.E. Batape

of the Marmalian Mitochondrion,
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found in intact tissues when examir in wlire-thin seetiong under
'the electron microscore (Wither, Watnon & Colton 105Y; R
Hogehoom & Dallon 19563 ‘atszon & Sickevitz 1035: eirler,
Tinnanne; Green, Dass & Riss 1_;58)c Toditic o sions o thig
suspending rediun have been nade by ad’ing ¢ ~mumber of difierent

suhstances particularly buffers.,

Yetabolic Activities Associcted with She Titnchondrion,

Although the entire conplex of ensymes 21 co~Tnclorsz
necessary for the Tri-carboxylic -~ 2id cyele fie prereut in the
mitochondrion (Schneider & Hogolonon 19%3) &~ vell s the fabty
acid oxidabtion ensymes (Green, 1552

1949), the respirato

=

v oactivity of the mitochisncricn is generally
regarded as its cenbral property. Al celliior oxidetions do

not coceour in the mitechondrion but the terrinal ernsyres of the

o}
T’
6]

‘respiratory "hain have been esieblished, wivhoub & dount, b¢
localised in the mitochondxion (Schneider 16465 Schreider &
Hogeboorm 1950),

Following the discovery of dehydrorenasns by Thunburg (1009),
the rediscovery of cytochromes by Keilin (1025), and the flavo-
proteins by Warburg and Theorell (1939), Keilin Formed his Firvst
reconstruction of the electron transport syaton using heart

particlea, This was ags followss-—
dehydrogenases w— Flavonroteinsg -———3 cytochromes -y OXVLEN.

The basic concept that the electron carriers are arranged in a

chain of incressing oxygen-reduction wmctenticls; with electroens

flowing from the relatively slectronegative matretes via the
pyridine nucleotides and the flavoeproiteins to the increasingly
electropositive cytochromes and fin=ally to owrs st31) stands
today. Since then Chance and his collcmb 28 Islng spectroscopy

to examine the respiratory sarriers in the irntact nivochondrion,
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r rovided precis icture of th apositis que and
have provided a precise picture of the composition, sequence and
dynamics of the wrespiratory chalm ¥IG. 5 shows how various
substrates are oxidised wibthin the mitochondrion.

-
RRLY

The congtituentsg of the respirdatory 2in are closely

insegrated with the mitochoxndrial merbrane. This contains 30

to 40% lipids, largely vhosphatides, end 60 o 65% protein of

two types,; structural and enzymic, Undouvbtedly, the greast bulk
of the membranc lipids serve a purely structural Tuanction.
However, certain lipids in the rembrancs have been identified as
having quite specific functions in electron transport,
translocation mechanisms, ana swelling and contraction. Tost

of the mitochondrial phospholipid can be extracted with 90%
acetone in HQO (Lester & Tleisher 1961). Such = procedure

leads to loss of the ability to carry out electron tranalfer butb
this capacity can be restored by adding mitochondrianl phospholipid
and ubiquinone, Fost of the proteins in the mitochondrion, with
the exception of the primary dehydrogenase complexes, are quite
hydrophobic, forming walbter—insoluble polymeric arrays in the
absence of lipids (Greeu & Fleishner 1963). It has been
sugrested that the hydrophobic proseins of the electron transfex
chain reculire phospholipid as a bridge to the aqueous phase,

On the basis of kinetic studies Chance, Istabrook and ILee
(1963) concluded that the catalysts of the respirabory ~hain are
distributed within oxr over the surface of the mitochondrial
membrans sysitem. It is thought that the primary dehydrogenese
conmolexes are associated with the outer merbrane while the
electron transport chain for succinic oxidation is located in the
cristas. Purified preparations of rat liver mitochondria have
been prepared by swelling followed by differential centrifugation
(Parsons, Williams & Chance 1966) and appeared as thin bag-like
structures under the electron microscope, The gpecific activity of

cytochrome oxidase in these outer membrane preparations was less

than 10% of that found in the inner membranes.  Chance and his
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co~workers postulated that each component of the respiratory cléin
possessed some individual mobility but together they Forred a
macrorolecular assenmbly of enzymes cagable of carrying oubt al
the functions of electron transport and oxidative vhosrhooyiaiion.
Using a different ap:iroach, Green (196?) wan able to isolate
four complexes from mitochondria (TADLE &), These Four
complexes could be recombined in a Ll:l:lsl molar retio to Torm
a unit vhich exhibited integrated elaciron transpert activitv

provided that two mobile components; ubiquinone and cytochiorme o
were present, Lipids were also essential for recouwhination.

In this wodel all the components apreared to be rigidly alisned
except for ubigquinone and cytochrone c.

A third type of structural subunit bhas bsen iso
mitochondria more recently by FBlair, Oda, Green, Silver and
Fernandez-Ioran flOOB), the elerentary partizle. Negativa
staining with phosrhobtungstic acid has showa that these elemeniary
particles, whilst still presenf in the nitochondrion, consist of
e spherical head-piece (80 to 100 & in diemeber) and a

cylindrical stalix (30 to 50 ﬂ) which is attachad at one end to

tho
head-piece and the other end o the cristaé (Blair et al 1963,
Fernandez~Foran 1963). The elementary particles have bhesn
shown to contain the ceuplete electron transport chain for the
oxidation of succinateor NADH by molecular oxygen, ‘?he internal

arrangement of the enzymes in mibtochondria is, therefore, a
matter of coniroversy although a fairly rigid spatial arrangement
of most of th: respiratory enzymes is sunvorted by the most racent

work.

Effect of Strevtococcal Products on I'itochondrial Function,

SLS has been demonstrated to cause styuctural alterations in
celluler membraznes including those of mitochondria which rasult in
permeability -hanges (Keiser et al 1964). It seems possible that
such structural disorganisation of mitochondria would result in

inpairment of mespivatory Tunction. To nmy knowledge this has
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TABLE 6,

[

The Four Complexes of fthe JTlechron Transfer Chain,

0]

Complex Designation Electron transfer Reacltion
catalysed

1 HADH-ubiquinone (Q) NADH -3 Q
reduciase

11 Succinate~ubiquinone (2} Succinate —3 §
reduciase

111 QH,, - cybochrome ¢ QH2 ~eep Gy bochrome ¢
reductase

v Cytochrome oxidase Reduced cytochrome ¢ % Op



{0

not been demonsirated nor has & possible site of ftoxin attach: on
the electron transport chain been determined.
Strepiococcal NAD-ase has been shown to split the ricobinanide-

ribose linkage of WAD and therefore inhibite the wiilisasion by

.

mitochonaria of intermediates of the Tri-.carboxylic #ail cycle
vhich regquire NAD as a co~enzyme (FICG., 5 ). It wow decided t
investigate the action of SLS on the funciticning of the elactron
transport chain beyond NAD, Facilitiecs awvaeilable in thisg

departiment alloved the assay of succinic oxi

;._:

dase ol eyteeurone
oxidase to be carried out. Sucecinic oxidase achbivity was assayed
2 L : 1

gince it necessitated the funcitioninz of all the interrcdiste

J

o

couponents of the electron trangport chain berond i vhile Lhe

P

assay of cyuvochrome ¢ relflected the Tunction of the terwinel porbion

the chain. These enzyne complexXes were also chomen becausd

]

o

they wexe known to contain components which functioned only when

lipid bridees were present to mainvein their spatisl arrvengement.

FR 533 2 ASCTITES TUNOUR CELLS,

Fuch of the woxrk on the action ox cytolytic toxins has haen
dorie vaing eryvhrocytes as cellular models, However, since the
erythrocytes lack mest features of intracellular organisetion
(g;g. ‘heleur. and mitochon Tia), haenmolysis reflects the action
of coytolytic toxins on the limiting cell merbrane. It seemed
desirable to select a type of cell which posassssed a full
complement of intracellular -organelles . in order o asseus the
overall action of cytolytic ftoxins on cellular integrity. TFor
several Teasons ascives tumour cslle were chosen az a model for
this study. These cells possess & subcellular organization
which is absent in erythrocytes and the ease with which they can
be propagated, by inlbraperitoneal passage in mice, presents a

distinet practical advantage over tissues culiture cells.



FIG. 6. Electron Micrograph of a cross section of a ICrehs 2

Ascites Tumour cell ( x 20,000 ).

This section was prepared for me by Dr. P.G.Toner, Dept. Pathology
Glasgow University.
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The term "ascivtes tumour" reflers 1o neorlesms growinzg in

the form of suspensions of free and honogefgously distribuied livings

-

tunrour cells in th cages where the prouvorihion
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surmour cells (after e cerhoin shawe avelovrient) is wvery high
represenving almost a pure culiure, The mebtabolism ol eascites

L

tumour cells has been extensively studied anil the ensymes of

Glycolysis and the Tri~carboxylic - roid cycle have hean isoclebed
fyom them. Their mitochendria appear to woeitivs in the sae vay

those from normal mammalian cells.

ok

The Krebs 2 line of ascit

D

1

unour cells originated fron

a2 solid carcincma which arose spontaneously

("‘;
;,_I
=
»]
=
o
5
jab)
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1 the

[
h

o
reglon of & hybrid male mouse and the cells were converbed Ho the
ascitic form by Klein and Klein (1951). IMice containing ¥rebs
2 ascites tumour cells wers kindly donated to me by

IHiss Janet Swillie and Dr., R.H, Burdon of the RBiochemistry
Devartment, University of (Glasgow. Al example of ths Krebs 2

cells used in this work is 1llustrated in FIG.

O

It is necessary to bear in nind that, being tumour cells,
the Frebs 2 cells are abnormal bub perhaps noel nore o than obther

cells grown in vitro e.g. tissue culbture cells. These cells

have been extensively used as models for the study of cellular
retabolism because of the ease of producing large mubers, For
the purpose of this Thesis, Krebs 2 ascites tumour cells were
therefore, used to study the effects of SLE and staphylococeal

alpha-toxin on their respiration using exogenous gubstrates ~hich

e
L

s

were known to be intermediates of Glycolysis and the Tri-carbowmcylic

acid cycle,
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PREFARATION O STRITFPOLYSTN S,

Test organisn

Vost prepuralions of Strepiolysin S wers made using
Streptoccus pyogenes strain ¢ 2035 which wes kindly sent to

me by Dr. A. W. Bernhe

mer, A mutant of this strain, ¢ 203U,

pi
I

was also used for comparison.

Ish
o
Sod
"
[ %]
j
=

im
known not to produce Styen
Four gireinsg of Groun istreptococci Teom the National Collection
of Type Culbures, KCTC 3359, 5163, 9994 end 8198 were also
used in the preparation of serum Strepbolysin S, All cultbures
were maintained in freeze dried ampoules which reré openecd

when required.

Ixtractio:. procedures.

Serum Streptolysin S was prepared by the method of Todd

(1938)9 The organisms were grown overnight at 37OC in

Brain Heart Infusion broth (Difco) containing 20% herse serum
(Wellcome Laboratovies Ltd.) and harvested by cenirifugation
at 10,000 rpm for 10 minutes at 4000 The coceci from 500 ml
of culture were suspended in & ml inactivated horse serum

(56 ¢ for 30 minutes) and shaken with large glass beads

(5 mm diameter) in a Fickle disintegrator using the slowest
speed of shaking for 60 minutes, The 1liquid was decanted and
the cocel removed by centrifugation; these cells were resuspended
in 8 ml of horse serum and sxtracted in the same way. The
serum extracts were bulked and Seitz Filtered, The resulting

. o
haemolysin was stored at ~20 C.



R.N. A, Strepbolysin 5 was prepared by a modification of
the method described by Bernheimer (1.949), L Tresh freeze-
dried ampoule of the orgenism was inocnlated inte 200 ml of
Brain Heart Infusion broth (Difcc) conbtaining 0.1% melitose and
incubated overnight atb 3700, 20 ml of this overnisht culture
was incculated into 180 ml of the same mediur:, vhich had been
pre-hceated %o 3700, and incubated for 5 hours until the end of
the logarithmic phase of growih was reached. The cells were
harvested by centrifugation and washed once in 50 rl of
phosphate buffered saline, containing 0.9% WaCl, and 0,15
sodium phosphate having a pH of T.03; these resting cells
were then incubated for 3 hours in 3 ml of suspending medium
prepared according to the method of Bernheimer (1948),  This
contained 0.,02M maltose, 0,11H KH2PO4, 0,121 MgZSO4g7H20 and.
0.6 mg/ml hotive Factor" ( a ribonuclease resistant R.N.A.
core comnpercially prebared by Worthington Biochemicals Lid. ).
After standing overnight at 400 the cells were removed by
centrifugation and the supernatant.fluid assayed Tor haemolytic
.activity. This was then stored at -20°C in smell volumes (2 ml).
Aliquots of toxin were thawed vhen required and used immediately;
repeated freezing and thawing was found to inactivate the toxin.

Albumin Streptolysin S Resting cells were prepared as for

R.W. A, Strepbtolysin § and suspended in 3 ml of a medium
containing 5m¥ glucose, 6wl cysteine HCL, 5mi ﬁg2SO4, TH,0 and
120 mg/ml bovine gerum albumin, and incubated for 20 minutes at
3700. After centrifugation the supernatent fluid was assayed
for haemolytic activity.

T Tween Strepbtolysin S Again cells were prepared as for
-

R.N.A., Streptolysin S and suspended in a solution conteining



4 mg/ml Tween 40 or 80. An incubation period of 20 minutes
0 . . .
at 37 °C wes allowed prior to centrifuging the cells and

assaying the sugernatant fluid for haemolytic activity.

PREPARATTION OF FEREBS 2 ASCTIES TUFOUR CELLS.

These cells were propageted by intraperitoneal injection
of 0.Q ml of freshly aspircted ascitic fluid into Porton
white mice (weighing 25 to 35 gu)u Cells for all experiments

were harvested by needle aspirstion from mice T to 10 days

after the animals wore inoculated, Only clean preparatlions
-free of blood were used. A ceries of pilot experiments

gshowed that the following washing procedure gave cell
suspensions suitable for resplirasicn studies. The freshly
aspirated ascitic fluid ras diluted with en cqual volume of
7% polyvinyl pyrrolidone (PVP) buifered with O,02W tris/HCl
PH 7.3, and the cells were scdimented by centrifuging at
2,000 r.p.m. in a bench cenirifuge. The cells were then
washed once in Ringers solubtion end resuspended in theiw
original volume in PVP/tris bufifew.

This waghing procedure vorevenhbed the spontanecus
aggregation of ths cells which occurs repidly in normal ascitic
fluid; such aggregated cells did not respire well, therefore,
washing was necessary o make the cells suitable for manometric
studies. Voreover the high viscosity of the buffer, due to
the large molecular weight of the FPVP, helped to preserve the
structural intecrity of the ascites cells, The final
concentration of c¢=2lls in washed prervarations varied between
1 and 2 x 108/m1 when measured by counting an appropriate diluticn
of cell suspension in a haemocytometer. The Krebs 2 cells were

used for manometric studies within an hour of aspiration.
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Disintegrated preparations of Krehs 2 cells were made by
sonicating a washed cell suspension in Ringers solution, using
an VSH ultrasonic probe for 45 seconds after which 90% of the
cells were disintegrated as assessed microscopically, These
dlSl"*eﬂrﬁtbd cell preparations were still capable of oxidising
gsuccinate indicating that mlbOOdOﬂdTlal Tunction had been rreserved,

’

PREPARATMION OF ISOLATED NITOCHONDRIA.

Mitochondria from mouse tissues,

¥itochondria were prevared Treshly every day by the method
of Lominski, Cemmell and Arbuthnott (1668), Porton white mice
(35 to 45 g.) were killed by cervicel dislocalion and
exsanguinated, House liver was usually used as a source of
mitochendria although mitoohondria from other organs of the
mouse, kidney and heart, were used in a few experiments, Tne
methods employed were basically the same for all tissues. Three
mouse livers were excised and placed in ice-cold suspending fluid;
after removal of commective tissue by gentle teasing out, they
were homogenised in a borosilicate glass grinder (Baird and
Tatlock Ltd.) by applying 10 strokes of the matching glass
plunger, The hombgenate was suspended in the appropriate Tluid
in the proportions of 1 g, per 10 ml and first spun at 600 g.
for 10 minutes; in order to remove nuclei and unbroken cells
the sedimenl was discarded and the supernatant fluid spun ab
8,500 g. for 10 minutes. This sediment was washed with 20 ml
of suspending fluid, spun again at 8,500 g, for 10 minutes and was
finally resuspended in 4 ml, I"itochondrial preparztions were
stored for 2 hours before use. The entire process wes carried
out at 400. Immediately prior to use in Warburg experiments
the mitochondrial suspension was dilubted 1:3 with suspendin
fluid., Yhen the oxyzen electrode waes used mitochondrial samples

were not diluted.
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As & Tule the same suspending fluid wazs used for the
preparation of mitochondria, for subsequent dilution and assay
and for dissolving all reagents. In most experinents this

was 0.25H sucrose containing 0.0231 sodiun phogphate bufler
(Henry 1948) pH T.3. However, in some experiments mitochondria
were prevared and assayed in 0,251 sucrose containing

0.033% tris/HC1,

Nitochondria Trom Trebs 2 Ascites Hurour cells,

These were prepared by the method of Wu and Sauer (1967),
The ascites tumour cells were harvested from 4 -~ 6 mice (7-9
days tumour). The ascitic fluid was imrediately diluted in
two volumes of ice cold sucrose (0.2517) solution containing
EDTA (2m)), pHT.5 and the cells centrifuged at 600 g. for 5
minutes, The packed cells were washed twice by resuspending
the cells in approximately 10 volumes of the same sclution and
centrifuged as above. For homogenisation, the packed tumour
cells (approximately 5 ml) were mixed with sucrose-~EDTA solution
and 0.1 ml of 1M %triethanolamine buffer, oH T.4. The mixture
was poured into a pre-cooled mortar (7 om dismeter); 3 g. of
acid washed glass beads (Ballotini) wers added and the mixbure
ground forcefully with a pestle for 6 minutes at 400. Then
25 ml of sucrose~EDTA solution was added to the mortar and the
mixture ground for 20 seconds to give an even suspension. The
mixture was poured into a 40 ml polyethylene tube and centrifuged
at 600 g. for 10 minutes. The supernatant solution was
decanted and stored at 400. The pellet was mixed with 2 ml of
the sucroge~IDTA solution and 0.1 ml of 1} triethanolamine buffer,
2 g. of washed glass beads and ground for another 4 minutes.
25 ml of sucrose~EDTA solution was added and the mixture was

centrifuged as previcusly. The two supernatant fluids were

pooled and spun at B,500 g. for 10 minutes at 4°C; +the pellet



- G6

was washed twice with 2% ml sucrose-IDTA solution and finszlly

suspended in 2 rl of +this solution.

PRIPARATION OF SRYPHROCYDE (UOSTS.
(Human '0O' Blood),

The peacked red blood cells from 20 ml of blood were
washed three times with phosphate bufferad saline. The
washed cells were transferred to & beaker in an ice bath and
lysed by the rapid addition of 200 il of ice cold 0,01K tris/
HCL, The lysate was spun at 5,000 r.p.m, to remove any
unlysed cells and the resulting fluid wes spun at 38,000 g.. -
for 30 minutes to deposit the erythrocyte ghosis, This pellet
was then washed three times with 200 ml 0.0l tris/HCl and
finally once with 200 ml distilled water saturated with czrbon
dioxide to wremove most of the bhound haemoglobin. Again the
process was carried ouvt at 4OC, After the final washing the
pellet wes white or pale pink and the supsrnatant fluid
colourless, The erythrocyve ghosts were suspended in 2.5 il

Q

0.0l tris/HCL pH 7.3 aand used immediately; occasionally
=207C until requireds

0

ghost prevarutions were storad a
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ASSAY OF TANFOLYWIC ACTIVITY 0F STRIPTOLYSIN 8.

Doubling dilutions,

Serial doubling dilutions of Streptolysin 8 were made

[
in 0,5 ml amounts of isotonic saline changing pivetics every

third tube, 0,5 ml amounts of a 2% V/ suspension of washed,
packed human group '0' R.B.C. wore added to each tube

(3" x A" or 4" x %“)o Tubes without haesmolysin served ag

controls. Haemolytic achtivity wos asscesed visually, the
dilution causing 50% haerolysis after 30 minubtes incubabtion at
37 °c. being accepted as containing L Finimal Haemolybic Dase
(I7.7.D. ) s This method was used Tor the determinstion of the

approximate potency of Strepbtolysin S prevarationdg.

Cradient dilutioneg

This methed was a modification of the method describhed by
Bernheiner and Schwartz (1963), for measuring the haemolytic
activity of staphylococcal alpha-toxin. Preparvations of
Streptolysin S were diluted in isotonic saline, ((DABL® 7).

1 ml of a thrice washed suspension of human '0' R.B.C.

Was added to each tube. The concentration of the red cell
suspension used was adjusted so that the samole, alter haemolysis
with saponin and adding an egual volune of saline gave an
absorbance thﬂng&of 0.8 (read in a Pye Unicam SP600O
spectrophotometer)o Each series of tubes was incubated in a

37 °¢. water bath for 30 minutes and then o%ﬁrifuged at 4,500 z,p.m.
for 2 minutes in an MSE swing-oub head oehtrifuge. A standaxrd
for 50% haemolysis was prepared by adding 1 ml of red blood cell
suspension to 3 ml of distilled water, The haemoglobin in the

supernatant fluid was assayed by reading the exsvinction value
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at 545 @1(E545)9 The haeroglobin contens in the supernstant

fluid of each tube in the series which showed heaoermolysis vas

assaysed in this way,. The E515 for each dilution was vlottad
<,

and the dilution of toxin haemolysing 50% of bhe reod cells in
the suspensiorn was determined by interpolation (¥FIG. 7 ).

A unit of haemolysin (HU) is defined as that amournt vhich
liberates 50% of the haemoglobin in ithe test red cell suspension
under the conditions stated. Tour haeunolyiic units determined
in this way are avproximately equivdleat to 1 1,H.D. determined

by serial doubling dilutions,

TABLE 7.

PR AT .

Prevaralion of Gradient dilutionn.

Tube Dilution Factor foxin (ml) Saline (wl)
1 1.0 1.00 0
1.5 : 0.67 0.33
\ 2.0 0,50 0,50
2e¢5H 0.40 0,60
: 3.3 0.30 Q.70
5.0 0.20 0,80
6.7 0.15 0.85
10.0 0.10 0,90
15,0 0.067 0.93
10 20,0 0.005 0.95

N

s

O O~ N U
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FIG, 7 o Titration of the haemolytic activity of SLS,

Starting dilution of toxin = l/_lOOO° Standard 50% haemolysis B 45

This is equivalent +o adding 0,335 ml, 1/1660 toxin, D45
Titre = 1000/0,335 H,U./ul = 2,985 H.U./ml.

=0,195
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MEASURZENT O' RESFIRADPION,

The respiration of ascites tuncur cclls end isolated

mitochondria was followed using two metholdsi—

P

(1) manometbrically using the Warburg acparatus
to measurce the oxvgen untake,

(2) by using the oxygen electrode to measure the

oxygen uptake.

¥osgt of the work was done using the Warburg apperatas because
an oxygen elecirode became available only in the leter stages

of the work.

Apparatus used,

(a) Fanometric assays,

The Warburg apparatus used was manufectured by Towsen and
Mercer Litd., Croydon, Bngland and is illustrated in FIG. §
Tt consists of a detechable flask (F), having an approximate
volume of 25 ml, ecuipped with either one or two side arus
(8), attached to a manometer (1) containing a ligquid of
known density. The flask is immersed in a water bath at a
constant btemperature, and between readings is shalken to promote
rapid gas exchange between the liquid and gas phases,

The manometer shown in ®PIG. 8 has an open and a closed
end. A reference point on the closed side of the manometer
(usually 150 mm) is chosen and the liquid in the closed arm of

the manometer is always adjusted to this point bhefore recording
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$or

P = Flask

P S = Bide am

& G = Side arm stopper with
g

gas vent.

Centre well (Lor alloli)

il

C

M = lanowmeber

4 ?
4 M 5
2 - , R = Fluid reservoir

T = Three-way stopcock

FIG, 8§ , Varburg Apparatus. (Umbreit, Bueris & Stauffer 1959).
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pressure Changes. During the consunption of oxyzen by a
biological system the level of fiuid in the closod limh will
rise, By adjusting the level in this arm once sgain to 150 mm,

a. reading of the gmount of oxygen taken up can be caleculebed

1 O

if one knows tne gas volume of the flasl, the volune of liguid

con pelings

[} ]

in the flask, the temperature of opereiion, the
exchanred and the density of the fluwid in the manoreter. These
factors axrce related by a constant for « matched flask and
manometer, Flask constants were determined using the mercury
method described by Umbrert et al (1952). € the upteke of
oxygen hy a biological system is accompanied by the Tormetion
of carbon dioxide, 20% NaOH must be placed in the centre well
of the flask to absorb the carbon dioxide so that the change
in oxygen tension can be recorded.,

(b) Oxysen electrode.

The oxygen electrode is a fixed voltage polarographic
probe which measures the partial pressure of oxy ien. Tt
has been made part of an integrated aubtonmated system capable
of plobtting oxygen uptake or evolution curves representing the
activity of cells, tissues and homogenates suspended in
physiological medias The system operates at approxinately ten
~times the speed of conventional manometric techniques and
useful information becomes available seconds after insexrtion
of the probe into the reaction vessel, This provides signi-
Ticant information during the period usually recuired for
equilibration time in the standard Warburg technique.
The Biological Oxygen lfonitor consists of a stable
oxygen electrode (sensor), an electronic amplifier, a bath
stirrer assembly, and a constant temperature circulator.
Althouzh the change in oxygen tension can be read directly fron
the meter on the amplifier, in practice the signel is fed to

a recorder which is operated at a spsed compatible with the
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reaction rate of the biological systen. A DPlock diagram of
the system is given in F'IG, 9 .

The oxygen sensor consis a 0.025" diareter platinum
cathode and a U-shaped silver ancde encased in an epoxy block
except for the exposed surfaces of the snode and cathode, A
thin (0.001") teflon membrane stretched over the end of the
sensor effectively isolates the sensor clements ifrom the
experimental solution but allows diffusion of oxygen into
the sensor. ¥hen a polarising current of 0.8v is apuvlied
across the cell, oxygen will react with the cathode cousing
a current to flow through the cell, The curren! which flows
is proportional to the awmount of oxygen diffusing across the
membrane: .

The oxygen electrode is not an ebsolute device, it requires
to be calibrated a2t a knowmn barometric pressure in a solution
with a knowqoxygen content, Although the oxygen elecircde
records oxygen tension (pOg) rather than volumétric changes
(a& obtained by manometric methods), relatively simple calculatvions
are required to transform the date into compatible volumetric
values, This is illustrated in the following exomplet—

Assume a change of 82 to 64% saturation in 5 minutes,
this means that 18% of the oxygen in soluiion was consumed in
5 minutes. Assume also that the reaction mixbure consisted
of 3 ml of Ringers solution at 37000 If Ringems solution
saturated with air at 3700 and ambient barometric pressure
containg 5 Al oxygen/ml of solution, then a 3 rl sample will
contain 15/u1 oxXygen, A change of 18% in saturation means

that 15 x 18% = 2'7,P1 oxygen was consumed in 5 minutes.



ASSAY O ABCITES CWLL RHESFIRATION.

Glucose utilisation was estimated manometrically at

3700o The contenis of irne Warburg [lasks were as followsi—
Main welle: 0.9 ml escites cell suspension
1.7 w1 PYP/tris TCL buffer pH 7.3
: ‘ 0.5 ml Streptolysin S or control fluid
Centre wells 0,2 ml 20% HNeOH
Side arm: 0.3 ml 0,2k zlucose
_ Total Volume = 3 ml,
Afber the reauired pre-incubalion period (usually
30 minutes) with a shaking sopeed of 80 to 100 cycles per minute
at 3700 the manometer was closed, a base reading lbaken, then
the contents of the side arm were tippred into the main well
and. the change in pressure vesulting Trom oxygen upboke read
at 10 or 15 minute intervals, All VWarburg assays weve done
in duplicate; if values in a pair differed by more than 5% the
experinent was discarded, An dimpairment or stimulation of 10%
or moxe was btaken as significant,

Succinate oxidetion. weas also estimated manometricelly

at 3700o The contents of the Warburg flasks were as followsi-
Main well: 0.5 ml agcites cell suspension
1.7 ml PVP/tris HC1 buffer pH 7.3
0.5 ml Streptolysin S orx control Fluid
Side arm: 0.3 rl 0,2K sodium succinate
Total Volume = 3 ml,
. The method was as described above for glucose oxidation,
Glucose and succinate oxidation by disintégrated cell
preparations was measured in the same way, substituting the

disintegrated cell preparation for the ascites cell suspension.
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The succinic oxidase action of the ascites cell mitochondria

was assayed using the oxysgen electrode and the method will be

described later.

ASSAY OF TISOLATED MITOCHONDRIAL ENZYVI ACTIVITY,

Succinic dehydrogenase was heasured by the reduction of

methylene blue by mitochondria employing sodium succinate as
gsubstrate in a Thunberg tube. The Thunberg tube had the

following contentsi—

Main vessel: 0,5 ml mitochondrial susvension
0.5 ml Streptolysin S oxr control fluid
1.4 ml sucrose phosphate bulffer »H T.2.

Side arm: 0.3 ml seodium succinate

9]

0.3 ml O, mlM methylene hlue dye.

The tubes were evacuated for 5 minutes with an
Fdward's High Vacuum FPump (Kédel 23C 50) with constant shaking
to remove air bubbles, ° The Thunberg tubes were then closed
and the contents of the side arm btipped into the main well,
The time taken to decolourise 90% of the dye (visuslly assessed)
at 3700 was taken as a measure of dehydrogenase activity.

Succinic oxidase was measured either manometrically at

o . ‘
37 °C or using the oxygen electrode.

(a) Warbury Assay

The contents of the Warburg flasks were as follows:-

fain well:s 0.5 ml mitochondrial suspension
0.5 ml Strepbtolysin S or conbrol fluid
1.7 ml sucrose phosphate buffer or

sucrose tris/HC1l bulfer both ﬁH Te3e

R

Side arms 0.3 ml 0,21 sodium succinate

Povel volume = 3 nl,



Following appropriate pre-incubation at 3700 the menometber
was closed, a base reading was talen and the contents of the
side arm were bipped into the main well. Readings of the

change in pressure which resulited from oxygen upveke were taken

at 10 or 15 minute intervals.

(b) Oxygen Slectrode.
- The contents of the cell were as follows:-
0.2 ml mitochondrial suspension
0.5 ml Streptolysin & or control fluid
2.0 ml sucrose phosphate bulifer or
sucrose tris/HCL buffer both at pH T.3.
The reaction mixture was stirred with the magnetic stirrer

at 30 C for the required vre-—incubation time (usually 15 minutes).

+
The stirrer was stoppsed and 0,3 nl of 0.21] sodiunm succinate
added, melking the totazl resction velure 3 ml, The sensor probe
was inserted, the stirrer restarted immediately and the change
in oxygen tension recorded auntomatically. A lover incubation
tenverature was used in these experimenis in order to ensure
that the rate of oxygen uptake was not too rapid to be recorded

by the very sensitive electrode.

Cytochrome oxidase. activity was measured in the sane way
as succinic oxidase activity except thalt paravhenylene dismine
(PPHDT, Koch-Light Ltd.) wes used as substrete (PIG.10 ) by
the method of Slater (1949). The mouse liver mitochondrial
suspension oxidised this substrate in the absence of added
cytochrome Ge.

Employing these methods the effect of Strepbtolysin S on
the various parts of the succinic oxidase chain of mitochondria

could be assessed. (FIG.10 ).
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Addition of Txogenous l'itochondriel Components,

In cttenpts to pinpoint the sitve of action of Streptolysin 8
on mitochondria, intermediates of the chain were added to toxin-
treated mitochondrias

mfTect of cytochrome ¢,

Bither at zero time or during the assay of succinie ocuxidase
or cytochrome oxidase, 0.3 ml of an aqueous solution of
cytochrome ¢ (crystalline, iron content 0.43% Koch-Light Ttd, )
containing 2.4 mg/ml was added to both control and Streptolysin 8
treated mitochondria From the second side arim of ths Warburg
Tlask, AMternatively 0.1 ml of the same cytochrome ¢ soluiion
was injected into the oxygen electrode cell using a micro syringe.

Effect of ubiquinone.

5 mg/ml ubiquinone (Qlo’ ex beef heart mitocheondria,
Koch=Light Ltd.) was dissolved in 1 ml ethanol and further
diluted 1/5 in 0,25 sucrose phosphate buffer vH T.3. Addition
of thisg component was made only in Warburg experiments, Either
at zero time or during the assay of succinic oxidase, 0,3 nl
of this suspension was added Trom the second side erm of the
reaction vessel to both conmtrol and toxin treated mitochondria.
The addition of ubiquinone during succinate oxidation uvpset the
gaseous equilibwium within the manometer due to evaporation of
ethanol. This was corrected by opening the manometer stop~
cock, re-sebtting the fluid level to 150 mm, and allowing 1 minute
for re—~equilibration. The rate of oxygen uptake thereafier

was measured in the usual way.
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L PILTRATYION,

Sephadex is a modified dexiran obtained by ferrentsiion
of suear, It is manufactured in the form of minute beads by
Pharmacia, Upsala, Sweden and swells when mixed with water or
elecurolyte solutions. When placed in a chromatographic

el
¥

column, it acte as @ sieve For molecules of different sizmes,
since the porosity ol the Sephadex gel is deteriined by the
amount of cross linkeage in the dextran network, If an aqueous
solution of large and small molecules is placed on the surface oF Me
gel ped, it starts to percolate throuzh. As the solution is
washed through the column with water, the small molecules thet
diffuse into the gel grains are slowed down. The larger
rnolecules camot eunler the gel pores and move throuzh the
column faster and thus become separated from the smaller ones.
Various grades of sephadex are avallable which exclude molecules
of different sizes and ideal separation is achieved using the
grade of Sephadex which will completely exclude the largest
molecules and retain the smaller ones,

RNA--SLS was passed through columns of G 50, G 75, and

G 100 Sephadex.

Preparation of columns.

The buffer used for the preparation arnd running of all
colurms was 0.25lf sodium phosphate pH 6.0 conteining 5%
Glycerol and 0.1 KCl. An.appropriate amount of the required
grade of Sephadex to give a bed volume of 50 ml was weighéd out,
washed three times in buffer then left overnight at 4OC to
swell. The Sephadex was then poured into a Quickfit glass

column 2 cm in diameter (CR 32/30) placed at 400 and washed
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thoroughly with buffer. The end ‘of the column was then
attached via an IIX3 8300 A uvicord 11 rccording specirophotometer
to an L¥B ultrorac’ TO00 fraction collector (LEKB--FRODUKIER AR,

Stockholm, Sweden).

Chromatography of RNA-Streptolysin S.

A sample of RWA-SLS was applied to the surface of the
column, allowed to enter the gel, then washed throush the
columm with buffer, The opticel density of the column

effluent was ncasured at 256 TLAL recorded by the uvicord and

2 ml fractions collected, These fractions were then screcned
for various activities. The exclusion volume of each column

was determined by passing through a solution of blue dextran
2000 (Pharmacia) and measuring the amount of buffer collected
from the application of the dye to its reaching the end of the

colwm.

This descripbion presents the basic methods used
throughout the studye A number of experiments were carried
out in which the aims dictated ccrtain modificetions. The
design of experiments will therefore be wveferred to where necessary

in the Results section.
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As mentioned in the Introduction to this Thesis, SLS is known
to disrupt both the cell wmeubrane and those merbranes bhounding

1 rabbit liver

i
ok
[
o
ok
ot
js
O
ho
-
Q
bt

intracellular orgenelles,
mitochondria bhas been reported to result in swelling and releasc
of walic dehydrogenase (Weissmann el al 195635 Keiser et al 1964).

L

P

Part of the object o this Thesis wasg to investigate whether the
disruption of the mitochondrial membrans by SLS resulted in any
alterstions in resviratory  function. llost recent studies on the
cytotoxicity of +this boxin have been made using the RIA form
which is prepared in a chemically define? mediwm and is therelore

almost free from obther streptococcal products,

BWEECT  OF  STREFTOLYSIN S ON ITTTOCHOIDRIAL

SUCCTIEIC OXIDAS® ACPIVITY,

The fundamental observation which emerged from early

experiments W%? that RNA-SLS from strain C203S of Strephococcus

prepcw‘e
pyogenas as described on page 62 . of the llaterisl and lethods
P ARSI SSR A

impaired the respiration of isolated mouse liver mitochendrie
employing succinate as substrate; such impairment was found vsing
both the Warburg and Oxygen Electrode techniques (I'IG. 11 a & b).
Preparations from the SLS daficient mutant C203U did not impair
mitochondrial respiration. Prior to describing in detail attempts
to elucidate the mode of action of SLS preparations on mitochondrie
it is necessary ©o point oubt the inherent limitabions in the
methods, to present the general features of the inhibition and to
establish the relationship between haemolytic activity and

impairrment of mitochondria.

Variation in Sensitivity of INitochondrial Preparations,

It soon became clear that prevarations of mitochondria varied

*

from day to day in their susceptibility to the same amount of toxin,

The extent of this varia®tion, which could be up to two fold, is
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FIGlllogﬁ Impairment of succinic oxidase activity of mouse liver
mitochondria treated with BNA-SLS at a final concentration

of 109 HU/ml for 30 mins., as recorded by Warburg lManometry.

e~—o respiration rate of control mitochondria
0 --0 respiration rate of tomin~treated mitochondria
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FIG 11 .b. Impairment of succinic oxidase activity of mouse liver
B nitochondria treated with INA-SLS at a final concentration
of 109 H,U,/ml for 15 mins, as recorded in the Oxygen Electrode.

respiration rate of control mitochondria
respirvation rate of toxin-~treated mitochondria

b b
B



~ 836

showm in TABLE 8, Jimilar obhservavions have been reported for
staphylococcal "succinic oxidase factor (CGemmsell 1968).  'This

findine innosged certain restrictions on the work.
standardiced unit of mitochondricl impairment could be cstablished
and secondamnly 1t wes necessary to carry out comparative

experiments on the same preparetion of mitochondria on the same

day. The variability of mitochondrial preparations rade certein
aspecls of the work difficult to quantitate. . However; it should

be emphasised that the overall effects described in this sechion
were consicstently renroducibhle. Critical experiments wvere

t

repcated at least three Times,

Incubation Mine.

Impairrment of succinic oxidass was only observed when
mitochondria were incubated with SLS prior to the additon of

succinate. Addition of 8L to mitochondvia which were aclively

mebabolising sucecinate did not cause any altershtion in the rate

of oxygen unitake (WIG. 12), Initially an arbitrary incubation time
of 30 minutes was used in Varburz exverinments The Oxywen
Electrode allowed a detailed investigation of the influence of
incubation time on thz degree of impairment (TABLE 9)n Over

the first two minutes significant =~ stimuletion was observed
followed by incr2asing impairment. The mosv rapid rige in the
rate of impairment was between 2 and H minubtes, thereafter it
rose slowly 1o a raximam ab 20 minutes. As a result of this
finding a pre-incubation period of 15 minutes was allowed in all

experiments using the oxygen elecitrode.

Effect of Altering the Concentration of SL3,

In oxder to determine whether the aﬁounﬁ of impairment
caused by SLS was provoriional to the dose of toxin present,
dilutions of toxin preparations weres made and tested foxr activity
on mitochondria, The variability of different mitochondrial

preparations made it impossible to attribute an absolute impairment
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Variation in the Sensitiviiy of I'itochondria.

&

Concentration of SLST|Date of Ixrerinent| ¢ Inhibition of
(11.U. /1) Titochordrial O, Unbelke
167 1.11.67 45
167 28.11,067 71
167 29,11.67 60
167 25, 1,68 89
417 1. 4.69 76
437 14, 4.69 52
417 24, 4.69 74
417 e 5.69 65
417 23. 5.69 32

ALl ¥xperimenbts carried ousb

4+ This represents the final conc

by W

[

arburg tanometry.

enivration of SLS in the VWarburg

Flasks, and holds for all the resnlts presented,
9 I
TIRLE Q.
Effect of Tncubation Time on Tmpvairment of Succinic Oxidese,
Incubation Tine o Chargs in Iitochondrial
in Ilinutes. O2 Uptalke.
0 16 stimulation
1 20 "
2 55 inhibition
5 64 u
10 71 "
20 78 "
30 ‘74_ un

A final concentration of SLS of 209 H.U./ml was present in

assay.

All exmeriments carried out in Oxygen Jlectrode.

each
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FiG, 12, The Iffect of Adding SLS to mitochondria which are actively
metabolising succinate, The final concentration ef toxin in
- the VWarbug flask was 56 H,U,/ml.
n—@g Respiration rate of mitochondria treated with SLS for 30
minutes prior to the addition of succinate,
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value to a given concentration of toxin, Nevertheless certain
imrportant points arose and the results of a typical experiment
arve given in FIG, 13, The percentage inhibitions of oxygen
uptake recorded in this FIlG. are expressed relative to the

correspording dilution of control fluid, This was nece

Uz

sary
since the rate of oxygen uptake of mitochondria increased with
incrsasing concentrations of control fluid, In view of this,
the dilution of suspending medium or heated SLS uied s controls
throughout the work was always equivalent to that of the test
mat al, The minirmum awount of toxin required to cause
observable inmpairment was a function of the mitockondrial
preparavion used, Aheove this threshold level, the percentage
inhibition of oxygen untake was dependent on the concentration

of 9LS present until a maximunm was reached above which increases

in the amount of toxin did not cause any significant rise in
inhibition, This maximum level of iunhibition also appesared

vary in different mitochondrial preparations butb 100c inhibition
was never ohserved even when very high doses of SLS (50,000 HuU;/nl)
were used. The wmaximum inhibition observed with most mitochondrial
preparations was between 7C and 80%.

nS

wffect of Different Buffers.

U,

As mentioned previously (vage 50 ) the proverties of isolated
mitochondria depend on the nature of the fluid in which they
are suspended. In early experiments 0,25M sucrose buffered with
0251 sodium phosphate pH 7.3 was used for mitochondrial preparation,
In the course of the work it was pointed out that small amounts of
phosphate may cause some mitochondrial swelling., Thereforey the
results obtained using this buffer were compared with those obtained
using 0.25M sucrose buffered with 0,055K tri#k@ﬂ 7.3 a generally
accepted suspended medium for mitochondria, Results showed that
the experimental observations using both suspending media were
identical, Nevertheless, all recent experiments have been carried

. ! .
out in. sucrose/tris buffer.
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I'IG.15 . Influence of SIS concentration on Impairment of
mitochondrial sucecinic oxidase activity. The toxin
and mitochondria were incubated together for 15 mins,
prior to the addition of succinate:and the experiment
was carried out in the oxygen electrode,
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Susceptibility of Litochondria from Other Ovgans,

The action of MA-SLS on the succinic oxidase achtiviiv of

mouse kidney and heart mitochondrie was also bested. Kidney

[

mitochondria were prepared as described in the laterials and
Fethods (page 64 ) and susperded in a volume of buffer
nroportional to the weight of the kidneys (fthe ratio of Widney
weight to ©inal volume of mitochondrial suspension heings the

same ag for liVer)o However, only half the amount of kidney
mitocho»drial suspension was required to cbitain the sane
respirvation rate as liver mitochondria, When equal quantities
of BLS were tested on kidney and liver mitochondria respiring

at the same rate the observed percenbage impairment of succinic
oxidase activity was almost the same in both preparations

(TABLE 10). On the other hand, heart mitochondria appeared %o
be resistant to the action of SLS, All further experimenbs were
carried out using mouse liver mitochondria unless specifically

stated othervise.

EN

Action of SLS Prepared by Different Ilethods.

Serum~SLS, Albumin-SLS and Tween~SLS were prevarved as
described previously (page~6l ) from strain C203S,. Such toxin
preparatiohs were tested on the succinic oxidase activity of
mouse liver mitochondria using the Oxyzen Flectrode,. Fifteen
~minutes interaction between toxin and mitochondria was allowed
prior to the addition of succinate, The recorded values Tor
percentage inhibition of oxygen uptake (TABLE 11) were calculated
by-comparison with the respiration rates of the conirols in
which mitochondria were trsased with corresponding amounts of the
suspending fluids used for toxin prevarstion, It can be seen
from the results in TABLE 1l. that the amount of mitochondrial
impairment by the different toxin preparations did not correspond

to the amount of haemolytic aciivity oresent.
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TABLE

10,

Sensitivity of Vitochondria from other Organs.

Source of Titcchondria

Concenitration of

SLS (.U, /m)

¢ Inhibition of

I'itochondrial 02

Uptake

liver 249 40
kidney 249 50
liver 67 81

1=t
=
[y
[
=
=

10

Fifect of Various SLE Treparation

5 on Succinic Oxidase.

——

Toxin Preparation

WU, /ml

¢ Inhibition of

I"itochondrial 02 Uptake

DIWA..8T, 8
Tween 40519
! 8 cy @
Tween O00-SLD
Albunin-SLS

Sermun--SLS

53
13
3
11
213

50
37
22
49

i

50

All Bxperiments

Carried Out in Oxygen ZTlectrode,




These reults sugzested either, that the naiture of the

carrier substance deterimines the degree of mitochondrial
impairnent or that a Tacvor othar than SIS wes responsible for
nitochondrial demage. In ordexr Lo investigate this Tursher the

effect of different chermical and vhysical tresbtrments on the
haereolytic and mitochondriel danagineg activiities of RIA-SLS

preverations were sbudicd,

COUPARTSON OF TIH . JASLOLYTIC AND  NITOCHOSDRIAL

DAFAGING BFFGCLS CFF  STREPIOLYSIN 8 PRIPARANTONS,

Effect of Heat,

The toxin was heated at varying temperaﬁur g for 30 minutes,

titrated egainsgt huran erythrocybtes then tested on mitochond

L.a.J
3
-
3]
=t

succinic activity (TARLE 12), At 4000 the haemnolyitic activity ol
the toxin wes considerably reduced by this breatment but the
inhivition: of mitochondrial oxysen uptake was not significantly
altered, t higher temperaturcs both activities were destroyed.
The btemperature chosen to investigate the ratc of heat
insctivation of foxin was 6000 since both acsivities were
significantly reduced but not completely destroyed by heating
for 30 minutes at this btemwperature. The toxin was heated at
60°¢ for varying periods of +time then tested for haemolytic and
mibtochondrial dawraging activity. The results of this expexiument
are illustrated in FIG, 14, The mitochondrial inhibiting activity
of the toxin was destroyed more slowly than the haenolytic activity
but this may have been due to the fact that the amount of toxin
reraining, although dimirished, wes still sufficient to cause
maxinmum impairment of succinic oxidase activity. Once the toxin

level fell Dbelow that giving maxirum impairment, it could be seen

to be inactivated by increased periods of heeting.



TABLE 12,

Effect of Heating SIS Prerarasions,

Temperature of heating |Concentration of % Inhibition of
(30 minutes) SLS (H.U./ml) itochondrial 0, Uptake
Unheated 700 53
40°¢ 267 _
60°¢ 67 30
70°¢ 1
80°¢ 1 ‘
106°¢ 1

All Experiments Carried Out by Warburg MNanometry.




7C0

560

LGO

1]
oUo /L_'l.\.
N

("-:.

[

T
i

200

EOO

FIG, 1% ,

STt gt *

0=~~0
0~~~ 0

TIME OF JEATING IN }IMNUTES

40

20

10

Bffect of ileating SIS at 60°C on the two Biological
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Effect of Trypan Blue.

Trypan blue has been reported to inhibit the heemolytic, lethel
and cytotoxic activities of SLS (Ito 1940; TRosendal & Bernheimer
19523 Taleto & Taketo 1966). In ny experiencs if SLS is
allowed to react with trypan Llue at 2 conceniration of 100’ng/m1
and the mixbure titrated in the usual way a haemolytic pattern of
the type shown in the first lire of TARLE 13, was seen. This
indicated that the inhibition effect of trypan blue was revsrsed
by dilutiens On the other hand, if the concentration of trypean
blue wes nmaintained at lOOJJ”/” in each tube the pattern in
line 2 of TABLYE 13 was observed. Trypan blue may act as a
blocking agent or comvetitvive inhibitor of SLS, the constant
presence of the inhibitor beinz & reqguiremeny of inhibition.

In order to assess the efiect of trypan blue on TLS
ilpaiTment of mitochondrial succinic oxidase activiity, Warhurg
experiments for the assay of succinic oxidase were set up as
described in the Haterials and lethods (page’76) and trypan blue
was added to give a Tinal concentration of 100 ug &/l The rate
of oxygen uptake of nitochondria was not adversely affected by
the vresence of this concentravion of Trypan blue nor aid i
affect the degree of impairment of succinic oxidase actividy by
SLS (T4BLE 14).  Thus at a concentration sufficient to cause
marked inhibition of haemolysis trypan blue d4id not alter the

capacity of the toxin Vo impair mitochondrial respiretion.,

Bffect of Lecithin. -

Lecithin is a well documented inhibitor of SLS (Hewitt & Todd
16393 Humphrsy 1949; Cinader & Pillemer 19503 Stollerman et al
1950) but the quantities of lecithin reported Ho cause inhibition
vary considerably. Tunphrey (1949) found that 0,18 mg of lecithin
was necessary to inhibit 1 H.U, of 3LS. Using vpurer prerarations
of beef heart lecithin, Cinader & Pillerer (1950) found that only
1.4 x 10"3mg. of lecithin neutralised 1 H.U, of SLS. Yet another

value was reporied by Stollermen et al (1950) who found that
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2,09 x 10 T mg, of purified egy wolk lecithin inhibited 1 H.U.

SLSe These discrepancices cen be explained to some extent by
the Tact thed these worlewrs used differant heemclytic unitsg
theraefore, the amounts of lecithin required to cuuse innibition
were not being compared with a stendard amount of SIS, Vore

recently lecithin has bheen used extensively to inhibit “LS an.
varying arbitrary corcentrations have besn vsed hy diflexrent
workers,

A Preliminery exverinrents were carried oub using lecibhin

prevared by the method of Hannahan, Turner and Jolyo {(1L¢31) fre:
1 & 3 o ./.)

egy voll. This preparation was kindly given to me by
Fr. Codo Bmyth, The estimated purity of this preparection wau

80% lecithin but three cormponents were found to be vresent when

it was analysed by thin layer chroratography. AK mg/ml disprrsion
of lecithin in distilled water was prepared by sonication and
dilutions of this were made o give concentrations of 1 mQ/V] it

2.5 mg/ml. Foual volwmes of SLS and 1901uh1n were mixed

and
allowed to interact for 30 minutes at 37 Co Alicuotes of bhe
mixture were then titrated for haemclytic activity and tested Tor
impairment of mitochondrial succinic oxidase activitby. “he

results of such exveriments are given in TABLYE 195,

In order to confirm that the observed effects were due to

lecithin, a chromatographically pure preparation of I-—alrha
lecithin was vurchased from General Biochewicals Litd.. SLS was

titrated against huran erthroone by doubling dilutionsusing
phosphate buffered saline conta 500ug lecit 1n/ml as describsd
by Koyama (1965). After making the toxin dilutions, 10 rinutes

incuvation at room temperaiture was allowed orior to adding the

erythrocytes. The same predraration of toxin titrated in the
absence of lecithin had a titre of 5,000 H.U./ml but in the rresence

of lecithin this fell to 160 H.U./ml. Lecithin at the same final
concentration of SOgug ml was added to the reaction mixture when

testing the mitochondrial damaging effect of SIS, Again 10 minutac



TABLE 15,

s

mifect of Tecithin on SLS,

-

Tagt 17

~

vberial Concentration| % Inhibition of

LS (W.U./rl)|Vitochondrial O, Upbalke

SLS 5,000

Sy Oy
(O AR |

SLS + lecithin (lmg/m1) 830
ST 10,000 63
SLS + lecithin (2.5 ng/ml) 3,300 57

SLS + lecithin (5.0 mg/mi) 3,300 ' 61

ALl Byveriments Carried Out by Varburg Nanometry.
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interaction hotueen © toxin and eclihi, wne allowed before the
addition of miiochonaria which was {felloved by 15 mimtbes
incubation prior to the ediition of gsuonsiqanto end neasuvenreny of
mitochondrial owyeen untele, Tntrea-d Sovin coengsed 55%

inhibiftion oY guccinic oxidase acviviiy nd in the vrecsence of

l_l

hin 50% irhibition wes observed. In oxder to establish
whether the impairnent of succinic owl lazne obuerved in the
presence of lecithin was perhaps due Lo meriducl Loxin, a 1/30
dilution of the orginal toxin prorarstion var o oude coraining
167 H.U./ml and test on the sare yroorasioa of mitochondria,
This amount of tozin cauged no ircairront of zueccelinic oxidase

activity, Theso rezultssug ted that lecltnin selccotively

=

blocked the haemolytic activity of RIL.TLS
with the ability of the toxin to irhibit riteochondrial succinic
oxidase activity.
The results from exrveriments wiil: Lryposn bhlue end lecithin

showed that the two olo.OTlcal activisien of RIA-SLT prepacations

were not identical in all respecis. This raisad tha vossibility
that each activity resulted frow the action . separate entities

in the toxin prevsrations.

EFFRCT O DN4

i
e
2
|
2

P

TTOCACTIDRT AL

SUCCTIWIC OXIDAS

L1

ACTTVI T,

Tt was shown by Bernheimer and Rulfier (1951) that “"resting!
strentococei elaborated exitracelliwlar Niii-ase when suspended in a
medium containing maltose, phosphate and magnesium ions,  Since
all these constituents are present in the suspending medium used to
‘prepare RUA-SLS, these toxin prevaratincng will conbain DNA-

In order to test whether the observed inhibition of mitochondrial
respiration was due to the action of. SLS or contaminating amounts
of DMNA~ase the following experiment was caryried out, "Resting"

streptococci were prepared as described in the Naterials and itethods



- 101 -

77116,

EffTect of DIA-ase on Succinic Oxidase,

Test lTaterial Rate of Mitochondrial | Elfect
0, Urtake gplitres/ml)
Complete Suspending 2.75
liedium
RWA~SLS (2560 H.U./wl) 1.35 40% inhibition
i
Suspending Nedium 1.09
without A.F,
Streptococcal DHA-ase
preparation (80 Her/ml) 243 14% stimulation
'
Sucr0$e/PO4 outfer : 2.15
Pancreatic DWA-ase. 2.5 12% stimulation
(200 ug/ml1)
This experiment was carried out using the Oxygen Electrode. Fach

cell contained 2.,0ml sucrose/PO4 buffer, 0,5m1 test material,

0.2m1 mitochondria and C.3ml succinate,




)

and these were incubeted for I hours atb 3700 in an incouplets
suependirg nmedium lachinge & YActive factor', The resultbtant
svparnatent contzined 50 H.U./xl coupnared o 2550 H.U./ /1l
elaborateld by itre zsomn colls when incubuted in & conrlete

sUuspenal1rn;

YT A t

mediu, The NWTA-SLE causcd 40y% impairment of succinic

oxidase while +he suparnatant Tron the cells incubated in

incomplete suspending nedium coused no significent alteration in

the rate ol oxygen wriake by the mitochondria. (PABLE  16),
Althouch Ebraptocoscal DitA-azse has heen shown to be

*

imounologically diutine’ From pancreatic Dii-ase{licCarty 1949)

i
a preparation ot this leifer raterial with & novm anmocunt of

DN Aw-age activity also tested on mitochondria.Pancreatic Diik-ase
(Koch~Light DWA-ase 1 ex bovine pancreas, Activity 450 units/mg)
was added o give a iinal concentration of 33,pg/m1 (15 wnits

and incubabted wisth mitochondria for 15 minutes.  Again such

treatment did not cause any sipgnificant alfteration in the

et

)

espiration rate of the mitochondria.

It was, therefore, concluded that the chserved effect was not
due to a contaminabing amount of DilA-ase on the RWA-SLS preparabtions,
In an attempt to separate the mitochondrial damazing and haemolytic
activities, RFA-SLS preperations were subjected to Gel Filtration

on Sephadex,

Gzl  FTLTRATTION,

‘Separation of the haemolytic moiety frow the bulk of the
oligoribonucleotides in RVA-SLS preparations by gel Tiltration
on ¢ 75 Sevhadex has been reported by Bernheimer (1957). He
reported that the elution profile obtained was a peak containing
a large amount of orntically dense material (read at 256 %p) which
contained haemolytic material Ffollowed by a smaller peak of
optically dense material which had no haemolytic activity. By

calibrating this column with proteins of known molecular weight he
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was able to calculate a wmoleonler weight of 12,000 for SL3,

In an atternpt to separate the haemolytic and mitochordrial

danaging achtivities of RMA-3ZLS preyparations the toxin was pazssed
bhrou h G 7H Sephadex column, fhe colwm ras prevaved es
described in the laterials anl I'ethods (page 30 ). Samples of

L
v

d

toxin were concentrated by psuv~evaporation oprior to gel filtraz

0
in order to avoid the problem of excessive dilution of biolosicel

activity irn the course of running the colunn,
A 2 nl sample of concenbrated RiTL-SL3 conbaining 50,000 H,U.

wasg passed throush the column. The opticel denszity of the

L

effluent was monitored continuwously ait )o:p and the elusion

profile obtained is illusitrated in FIG, 15, The main peal

possessed & marked shoulder suggesting the presence of two

P
‘r.J.
@

components which were inconrpletely resolved on grade off
Sephadex. This picture differs rmarkedly fror that ohtained by
Bernheirer (1967) but was consistently wreproducible in thres
experinents.

Two ml, fractions were collected and screened for hasmolytic
activity as dilutions of 1/10, l/lOO and W/]OOO an. those having
a titre greater that 10 were vitrated acourately. The

haemolytic profile is shown in FiG., 1% and can he seen to be

]

associated with the shouldexr of the main realk. Because of
technical limitations it was rnot possible fto test individual
fractions for imvairment of mitochondrial sucecinic oxidase
activity. So fractions from different regions of the elution

profile were bulked as Tollows:

-t

Fractions 12 to 15 bulked to form Sample
" 16 to 18 n " L " 2
it 19 tO 22 1 1] 1} 1 3
n 2/_]_ tO 30 n ] n n 4

These four samples were titrated for haemolytic activity and

a

tested on rltochon Tia. The results obtained are given in TABLE 17.
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TERLE 17,

Fractions fro:n G.75H 3

Mitre (H.U./ml)

Uptake

L

2
3
4

BN, '«
PNA-SL,S

12,500
630
585
290

0

sample

L
Sh

v s At kS

TaRTE 18,

Irpairrent of Succinic Oxidase by

I'ractions from G5

Colurn,

[ 1igwo (F.U./ml)

‘o Inhibition OF
itochordriel O,

arting material prior to gel filtration,

Totalze
42 -

o~ oy P o DR

320
640
320
80
10

8

stirulation
1}

1t

A1l Experiments Carried Out Using The Oxygen Zlecirode,
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From these it can be ssesen that the inpairment of mitochondrial
succinic oxidase activity perallelled the heewolytic activity,
both biological activities being associeted with the shoulder of

<
the main peals of absorbance at 256 ma.

In an attenpt to resolve the test material inbto three distinct
peaks, it was passed through a G~50 Sephadex colunrn, G 50

Sephadex waa chosen because it possess o lover exclusicon limit
(10,000 Tiolecular Weight) than G 75 (50,000 Folecular Veight) and
it was hoped that sone of the higher molecular weight material

in the RWA-SLS prepavation would be excluded fror this gel giving
better resolution,

"

Al ml, sample of concentrated test material containing
58,824 H,U. was passed throush a G 50 Sephadex column and three
distincbt peaks of optically dense materiel were Ffound as
illustrated in FICG. 16, The Tractions collected were screened

for haemolytic activity and those containing wmore than 10 H.TU.

were titrated accurately. The haemolytic pro¥ile is shown in
FIG. 16 and it can be seen to be associabted with peak 2,  Bighi

samples were vrepoered by bulking fractions as follows:-—

Fractions 11 to 13 hulked to form Sample 1
1

L 14 $0 26 n v owmo w9
" 17 to 19 ® w owo w3
L 20 to 22 v om om o mo g
n 22 to24 . w wm wm g
L 25 t0 30 w w o owm o wm g
" 31603 " owmwo w9
1n 3"{ ~t0 4_‘2 H 1 1 1] 8

When these were now tested on mitochordria it was Tound that
impairment of succinic oxidase activity was also associated with
the second pea¥.  (TABRLE 18),

These results clearly indicate that the haemolytic and
mitochondrial damaging activities of RNA-SLS preparations cannot he

resolved on the basis of molecular weight.
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ABSORPTION OF STRETPTOLYSIN S,

A Turther attewrnt was nade to disbinguish betwesn the
haenolytic and mitochordrialdenazine activities of the RITA-STC
preparations by selecvive absorpbtion of the cctivities on
mitochondria and exythrocyte merbranes. Blias,; Heller and
Ginsburz (1966) have shown thet erybhrocyie ghosts from humsn
erythrocytes bind SLS irreversibly.

Human erybhrocyte ghosts were prevered es degceriboed in the
Iaterials and Fethods (page 66 ).  An equal volume of the

resulting ghost preuraration was incubated with SLS For 30 mirute:s
at 37 °a. The ghosts were vemoved by centrifuging et 18,000 rrn
for 30 minutes. The resulting supernatant fluid wes titrated

for haemolytic acvivity and tested for impairment of mitochondrial

sucecinic oxidase activity. This experiment was revesied seversl
times using differvent ghost and SLS preparvabions (TARLE 19)., Tt

can he seen that both acliivities vere significantly reduced by
such lbreatnent,
The converse experiment wos carried out to investigate how

interaction with mitochondria affected the two toxic activiti

1
ok
bl
&)
[}
I

Fouse liver mitochondria were prepared as described for resviration

experiments and an egual volume of mitochondria and SLS were

incubaited togeither at 37 C for 30 ninutes; tochondria were
renoved by centrifuging at 8,500 rpm for 10 rinutes, The

suvernatans fluid from this reaction mixture was titrated fox
haerolyftic activity and tested for impairment of succinic oxides
activitys; YDboth activitvies were diminished compared to the original
toxin, The resulits of several such experiments are given in
TARLE 20,

Possible explanations of the relationship between the two
biological activities of RNA~SLS prevarastions will be discussed

later.
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LOCUS O ACTION OF SITREFIOLYSTN 8

" et it bl et

ON THS ELICTRON TRANSPORT CHATI,

L VI S

Results described thus far vefer to the gensrel Testures
of dimpairment of mitochoniriegl svuccinic oxidase activiiy. It
was considered imyortant to extend Lthis woxl: anl 2 ztharms =o
vin point the site of action of 518 vithin the elecitron trerapirt
chain. A detailed knewledge of the interaction bevween SLS end
comnonensvs of the electiron sransvort chain nizsht well yield

information relating to the mode of action of 373 2% the roleculor

level. For reascns nmentioned earlier, page 58 , it was
necessary to locete the rezion of the succinic oxidase chain
affected by SIS and to do this the achtion of the vtoxin on

succinic dehydrogenase and cytochrore oxidase was assessed.

@

Suceinic Dehvdrosencse,

Using methylene blue as hydrogen accepbor to assesy succinic
dehydrogenase activity (paze ™ 76) it wos found that in thres
experinents 167 F,U,/ml of CLS caused no increese in the time
taken to canse G0 decolourisation of the dye. Thus 14 was
concluded that SLS had no detectabl

]
dehydrozenase activity of mitochondria.
o e

Cytochrome Oxidase.

L]

Most oFf the original experiments using cytcchrome oxidase
were carried oub using serun~SLS prepered frowu strain WCTC 5163,
t must be emphasised that the findinzs reported here have bheen
fully confirmed using R¥WA-SLS and are essentielly sinilar for
both SL3 preparations. In experinents the effect of SIS on
succinic and cytochrome oxidase activities were compared (TABLE 21).
Cytochrome oxidase was imvaired by SLS arnd in each case the

degree of impairment was less than that of succinic oxidase

(on average cytochrome oxidase was 30% less impaired than succinic

oxidase)s These results suggested that SLS acted on the terminsel




TABLE

21,

L) L - .
Crrtochrome Oxidease

hay

She

Trvairrment of Succinic and

Experinent

Concentration of

>

! : a <7
% Impairment oi |%

Twpairrent of

numbern SLis (H.Uo/ml) Succinic Oxidase [Cyltochrome Oxidase
" 267" 56 31
o " 58 50
37 " 56 o5
¥ t 50 45
& - -

249T
216"
207"

l b

27
40
44
22

W = Experiment carrvied out by Warburg Vanonaetbry.
e = " " " in Oxygen Hlectrode.
s = Serum~-SL3,

r = RITA-SLS.
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part of the respirvatory chain belween cybtochrome ¢ and oxyzen.

In order to specify the site of aclion more preciscly it was
decided to atterpt ¢ restoration of normal function by adding
congstituents of the clcelron transport chain. The two
components of the resviraiory chain most likely to be afiected by
disorgenisation of tha dtochondrial membrane are the mobile

components, ubiquinone ani cytochrome ¢,

Regtoration Hxreriren

The additbtion of uniou.none vo a final concentrabion of
100‘pg/m1 tailed vo sizniFisantly restore the activily of suceinic
oxidase irpaivment by L, (PABLE 22).  Since ubiguinone is
involved only in cexiying clectrons bebtween succinic dehydrogenase
and the cytochrome ¢ comxlex, it was tested on impeired succinic
oxidase activity and not on c¢ytochrere oxidase activity. Further
more the incuvbabtioan of wmitochordria at a concentration of

"

100 ng ubiquinone/mE prior $o the addition of SIS did not prevent

impairnent of succinic owidcse activitye

A
MABLYE 22,

Addition of Ubisuinons to Inpaired Succinic Oxidase.
Experirent |[Concentration of|% Inhibition before |% Restoration after
number SLS (H.Ua/ml) adding ubigquinone adding ubiquinone

1 100 42 9
100 55 9

A1l Byreriments carricd out by Warburg Fanometry.

In contrast, strong evidence was obbtained to indicate
festoraﬁion of reéﬁifaﬁion of BLS impaired mitochondrie following
the addition of cytochrIome c. A typical experiment showing the
effect of the addition of cytochrome ¢ at a concentration of
80 sg/ml to nitochondrial succinic oxidase and cytochrome oxidase
activities impaired by SLS is shown in FIG. 17 a & b. The results

of several such experiments on succinic oxidase activity are shown



2004,

100

02 uptake in p-litres,

cytochrome ¢
added.,

FIG.17a .

Q ~= 0
O—m @

K 1 3 1

10 20 30 40 50

Pime in Minutes.

-

Stimulation of succinic oxidase activity of mitochondria
inpaired by treatment with INA~SLS (70H°U°/mlo) for 30 mins,
by the addition of cytochrome ¢ (2.4 mg/ml,)

Toxin treated mitochondria,
Control mitochondria,
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FIG.17 b, Stimulation of mitochondrial cytochrome oxidase
activity impaired by treatment with RNA-SLS
(535 H,U,/ml) for 30 minutes by the addition of
cytochrome c. (2.4mg/ml),

0 —~= 0 Toxin treated mitochondria

O~-= @ Control mitochondria,
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in TABLS 23. Althouzh the rercentage impairment and restoration
varied from one experinent to another,in 21l exrerirents it can

L.
be seen that strilring restoration was observed, The percentage

o

restoration was determined by compering the rate of oxygen upveal

in controls with that ofl the fest after the addition of cytochrore

It is irporsant to nove that in meany experiments the rate of

oxysen uptake of mestored umibtochondris was egual to or hicher
than that of the convrols, Thus the efficiency of cytochrone c

rastoration of succinic oxidase impalred activity is extremely
highe

The effect of cytochrome ¢ addition to cytochrome oxidase

impalrioent was even nmore draratic. The results of four similar
experiments on cytochrome coxidase are shown in TABLE 24. Here

the degree of stimulation followinz the addition of cytochrome ¢

e even greater, Also it is important to note that incubaiion
: of mitochoniria with cytochrome ¢ at a concentration of
24)43/m1 vrior to the addition of 81,3 comvletley abolished any

observable inhibition of succinic oxidase or cybtochrome oxidase
activivies,

These exveriments indicate that ubiquinone, as expected,

)

ailed %o restore succinic oxidase activity in mitochondria
impaired by SLI, On the other hand the striking westoration of
succinic oxidase and cytochrore oxidase activities by the addition
of oytoohromé ¢ $o toxin impaired mibtochondria reinforces the
opinion that SLS acts on cytochrome oxidase and that the observed
impairrent of succinic oxidase activity is & reflection of this.
Fitochondrial damage by this toxin appears to cause dislocation of
the electron transport chain at the cytochrome ¢ locus and that
this can be nasked by the presence of exogenous cytochrome ¢,

.

ab inltio% .+ This raised the question of whether such dislocation

of the ele on transport chain would result in leakage of

cytochrome ¢ from the mitochondria,
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Lealage Experiments,

Tn order to find AT there was a detechtadle increase in s

D
@

(]

anount of cyvochrone ¢ in the sugernatent fluid of isoluted

ritochondria treated with SLS the followiny sypsrliment wes

carried ouvtl, Tvro reaction mixtures were set tn vgs followse~
Tube 1. 0,5 ml mitochondria + 1 nl. hested SLS (0 H.U./ml)

Tube 2. 0.5 ml mitochondria + 1 rl, SLS (5,067 HuUp/ml)

. . o : : .
After incubation at 37 C Tor 30 mimutes, bthe mitochoudris wele
renoved bv centrifuging at 8,500 wpm, The resulting suvernchant
fluids were titrated againsthuman erythrocyres o detect residncl

SLS activity also protein concentreticns were titrabten by the

o

Lowry method (Lowry, Rosenrogh, Farr and Randa2ll 1951), There
was no haenolybic activity in the superratant of tube 1 and ftube 2
contained only 40 H,U./ml conpered to the 6,507 H.U, /rl originally
present. There wes 0,984 mg. rroueln/ A odn tube 1 and 1.250 mg
protein/ml in tube 2 indicating that treatment of mitochondria
with SLS results in leakege of vrotedirn, An absoxption spectrumnm
the supernatants is illustratsed in FIC, 16 . &nd Ffrowm this
it can be seen that there is a rarked increase in reterial
absorbing at 410 ma in the supsrnatant fluid from mitochondrie
treaved with SLS, Cytochrome c characteristically has an
absorption maximum at 415 %p and this strongly suggects thet
the leakage of protein from SLS-treated mitochondria can be
partly accounted for in terms of cytochrome o, The succinice
oxidase activity of mitochondria after such treatment was also
tested and those treated with unheated SLS showed 47% impairment

of oxygen uptake.
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EFFECT OF STREPTOLYSIN S ON

KREBS 2 ASCITES TUFOUR CEILS,




— LN e

The cytotoxicity of 8I5 for Bhrlich Ascites Turour cells was
first reported by Ginsburg (1959) when he observed that treatrent

[
-
o
i
<
=

these cells with S8LS or SLO resulted in swvellizns and
their ablility to stain with vital stains such as fryoun blue.

Further work by Ginsburg and Grossowicz (19380) exbtended the

o
[¥7]

e
findings and showed that Fhrlich Ascites Tuwour celle irjured by
SLS or SLO were no longer able to proliferate in mice,

To my knowledge there has been no reports on the action of
streptococcal toxins on Krebs 2 Ascites Tumour cells, Iinveas
et al (1943) weported fthat living haemolytic strepiccocsi hed &
cytotoxic effect on these cells. This groupn found thay Frabs 2

“

cells incubated with Streptococcus pyosenc: hecana enlawxged, showed

swelling, extensive granulation of the nucleuc, emission ol small
and large blebs and cytoplasmic vacuolation. T:ra lapse
yhotograohy, using phase contrast MlCTOuCOp revowleﬁ that these
cytotoxic changes eventually resulited in sudden rupture of the
cells, In the same paper it was stated briefly that purified
SIS was also cybotoxic but no experimental details vere given,

In view of these firdings by previous workerz it was decided
To record the visible changes wnich occurred in Frebs 2 cells treated

with SL3 before investigating any resultant metabolic derangement,

PEAST COWMRAST IYFICROSCOPY OQF ¥RIBS 2
ASCTTRE TUNOUR  C¥LLS TRZATED  WITH ETRETIOLYSINT 3,

¥rebs 2 Ascites Tumour cells were aspirated from mice and
vashed as described in the Katerials and IFethods (vaze 63 ). Test

tuhes were set up containing 1 wl. PVP/ ris buffer pH 7.3, 0.25 ml.

SLS or comtrol fiuid and 0.25 ml. washed ascites cells. These
. . oA O, . . .
tubes were then incubaited at 37 C in & shaking water bath, Sarples

the mixture were reroved at varying +imes and examined by phas
contrast microscony.
The ascites cells ftreated with control fluid were hizhly

refractile; the nuclei were clearly visible and a few cytoplasric




vacuoles wersa always nrezsni. There were no visible changzes

these cells aftex

invo

mice they produced tumours in 7

in

30 minutes incubtaiion av 37 C, and when injescited

- o X
in the rresence of IL3 (2,500 T.,U.), maried chanses in the
. . ~ - 5 o0 . al T T J R EER = WY ; S
morphology of the ascites cells wore obmerved (FIG. 19 a & b, ¢ & ¢

After 10 minutes incvtation, nuclel awnmearad to becore irregular ar

there was

more rarkeld aftexr 20 rinutecs

meshworirts of
mexbranes.
vacuoles aprearad to have

areas occupying up to 50°%

more blebs round the oubtside of the
Frebs 2 Ascites Tumour cells
up to 2 weeks after injection when the experiment

It is important to note however that, despit

30 minutes treatnrent with

ascites cells, 100% of the original haemolytic

recovered from the sunernatenty Tluid afbem

by cenurifugation,

These results clearly

Krebs 2 Ascites Twrour cells,

are consisteny with the

causing gross disorganisation

relevant to determine what

the cells as a result of

increased vecuclsiion of &

small vacuvoles and srall bhlebhs

r deronstrate that

toxin acting

he

This bhecan2 ruc

incubstion when the eriire cells were

on outer

At 30 minutes rucled wrere hordly visivle, many of the

fused vogetlher to form larye relrachile

Kal e - ~ e

of some culls, Also there were many
P -~ L L LR, - - .
cells &% this {tims, SLS—treat

Telled 10 cause tumours in mice even
was terninated,
e the fact that

SLS resulited in irre:?able demagze to the

could be

removing the ascites cell

313 is cyteolytic for
and the changes vhich were observed

on the cellular membranes

of the cells, It therefore, seenred
secondary metabolic changes occur within

gction of SLS,
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19. Phase contrast micrographs of Krebs 2 Ascites Tia:icar cells

treated vith Streptolysin S at a final concentration of

417 U.U./nl. ( % 1,600 ).

FIG. 19ae Cells incubated v/ith control fluid for 20 ninutcs

FIG. 19b, Cells treated with SLS for lo minutes
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FIG. 19c¢. Cells trcaooC with GIS for 20 i.iinutes.

FIG, 1IQcl. Cells treated with GLS for pO minutes.



STREFTCLYSTY 50 0 PH% OXIDATIOH

BY R3S 2 ASCTTEOS CTUTOUR - CELLS,

Succinate wes chosen ag oubsirate for these gstudies bescouae
il is oxidised by &n enzyre complex (sucoinjﬁ oxidase) which Torrs
an integral part of the mitochondrion, shown in the first nert o
this Thesis, to be inhibited by 3LS, Unlixe other possible
subotrates metabolisn of succinate does not reguire cyterlasric

enzymes or co~factors which night leal ous of the cell Tfollowing

merbrane derage. Tor these reasons it geemed likely thal succinsebe
oxidation oflcred a <imple and neeninzful system Tor studyry.

¥rabs 2 Ascites Turmour cells showed increcsed oxygen upvars on
addition of exogenous succinate, indicaning that they are periceble
to this substratve, It was nobticed in early exferiments that
unvashed ¥rebs 2 Lscites Tumeour cellsg anzregated durln" Tarburg
manomaeteye Thus the washiwng procedure described on page 63, of

the Tlaterials and lTethods waes deviged to render the cells suitable
or this +Hechniqua. Vhen rezsuring the oxidaetion of succinate

by these cells no Te0H was put in the ceatre well of the Werburg

flasks gince carbon dioxide is not evolved in the owxidasion of
succinate or other subsequent inbtermediantes of the Tri- carboxylic
acid cycle. The erdogenous rate of oxygen uvntake was elwers

subtracteqd “rom the raite in the presence of exogenous subatrate
hefore expressing the resulis,
When Fraebs 2 Ascites Tumcur cells were treabed with SLS for

30 minutes vrior to the addition of sodiwn succinate there was a

marked increase 1in the rate of oxygen unteke by these cells corpared
to cells treabted with suspending medium (FIG. ZO) That this was

—~d

not & non—syecific effect was shown by the fact that SLS

L ; . o \ .
preparations when heated for 15 minutes at 100 C lost both their
haemolytic activity and the ability to stirmulate the rate of -
oxygen uctake by ascites cells (TABLE 25).  SLS had no effect on
actively respiring cells, a minimum pericd of contact of 10 minutes

between washed cells and ftoxin prior to the additica of sucecinate
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FIG, 20, Increased oxygen uptake by ascites cells utilising succinate
following 30 minutes treatment with SLS.at a final concent1¢ulon
of 2,300 H,U,/ul,

O ~=-Q Toxin-treated cell suspension,

€0 Control cell suspension.

A——A Endogenous respiration,



Effect of Heating SL3,
Sample. HoU;/ﬁlo in Change ascites
Yarburg Fleslk, cell O, Uptelre.
. - ~ . .
RMA-SLS 801 1165 stimulation
RTA-SLS 0 15% inhibition

heated at 100°

for 15 nminutes.

TABLE 26,

offect of Ase on Sensitiviity of Ascites

Cells to LS,

Age of Cells in days.

\0%‘
w2
<
[

mulation of O

o Upteke,

O O~ O\,

10

88
151
156
116
173

A final

assay.

Warburg lManometry.

concentration of 193 H.U, SLS/ml. vas present in each

All experiments using ascites cells were recorded by



was necessary vo induce stivulation, Tre~incubation for longer
than 10 minuvses did not sigmificontly influence the degrec of
stimilation obtained, (PIG. 21).

: - -x R o T U N S vyt m L L
The Ascitoeos Tumour cell ireuvtrétions varied in thelr

q_r
=t
-
o]

susceptibility to BL3, indeed 3 oult of 13 experirants, no

L

shimulation was observed, evan wheh vory hish conczubtraitions of

- Y

3L3 were ewmploryed. ne resson Icr vhis wariation is 1ot rnowm but

ok o , i
it dis,sirply due to winor dirferences in the aze of the oslls

B
(PABLE 28), Beoceuss of this varie2ility in resyvonge, a cetailed
study of the efiect of varyving concenlriitions of SLS weas not
vractical . However, in mrareratlions of ssaribiva calls
200 H,U./ml° or more of SLS were roaulrad o couse observenle
stimulation,

Treatment of ¥rebs 2 Lscites Muzour cells with LY for
30 minutes has been shown previously to czuse ﬁrrcvmréible

lethal changes in the cells

n
o9
3
;',...,.»
e
o
™
(A3
et

oxidation is also imrreversi

rre~treated with 1,000

Tree oy Hovin prior to
oxygen uvtalke.

It has been shown Treviously in thiz Thesis that SIS dnpairs
the succinic oxidase activily of iscloted rouse liver mitochondria,
However, the rasults with Krebs 2 Ascites Mumour caells, namely
stimulation of oxygen uptale, sussests thet the oxidative camacity
of the mitochondric remains infact and is indeed increased.
Therefore, SLS proﬁabiy does not penevrate to the mitochondrie of

these cells. Indeed the fact that ¢

2
=i

25 does not bind to Frebs
2 Ascites Tuwrour cells suggests thed the mnetabolic disgturbance
described above probably resulis irom the action of the toxin on
the cell membrane in such a way as to cause an increase in its
vermeapility to succinate,

In order to confirm this hypothesis i was necessary to exanine

the effect of SLS on the succinic oxidase activity of Krebs 2 Ascites
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PIG, 21, Increased oxygen uptake by ascites cells utilising succinate
following varying periods of treatment with SLS at a final
concentration of 801 II,U,/ml.

0 ~—- 0o Toxin-treated cell suspensions
© — © Control cell suspension.
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Tumour cell mitochondria. Initially, disintézrated cell
preparations, prevared as described on page 64 . of the Pabteri-ls
and 'ethods, were employed. Cells were disrurted Ty sonifuntion
sufficient to destroy the limiting cell rerbrine withoud delrzir-

racells:

ok

the mitochondria; +this treatment exposed thsse insg
orpanelles to SL.S and in these trepareiions the raic of oxymeon
uptake was impeimxed by SL3 (FIﬂ. 22), Further contirmation theat
the succinic oxidase activity of dscites cell mitochondria viog
impaired by SIS was mede when isolated mitochondris were nronrrad
fron these cells by the rethod of ifu and Saver (1967) end tesbed
fith SLS, (PIG., 23)., TFron FIC, 23 it can be seen that these

he toxin.

<

mitochondria were indeed impeired by
Thewse findings suprorb the idea thaet the sec
changes which ocenx in Krebs 2 Ascites Tumour cells Tollowing
treatment with SIS resulit, net FTrom an action on intracel
orgenelles, but from the disorganisation of the limiting cell

menhrane,

—O e
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TIME  IN  MINUTES |

¢FI1G, 22, Impairment of succinate oxidation by ultrasonically disintigrated
ascites cells by 30 nminutes treatment with SLS at a final
concentration of 1,600 H.U./ul,

0 — o Toxin-treated cell suspension
© ~~ o Conirol cell suspension,
A ~— A Fndogenous respiration,
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FIG, 23, Impairment of succinic oxidase activity of ascites cell
mitochondria treated for 15 minutes with SLS at a final
concentration of 417 H.U,/ul.

= Toxin~-lreated mitochondria,
= Control mitochondria,
This experiment was recorded in the Oxygen Electrode,

el
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ERFECT  OF  STAPHYLOCQCCAL  ALPHA - TOXTN

ON KREBS 2 ASCITHYS TULOUR CRELLS,




L. . - .
As mentioned previously (page 46 ) staphylococcal alpha-toxin
has been revorted Lo cause gross morpvhological damage %o

Fhrlich Ascites tumour cells (iiadoff et al 1962). Fadoff reported

k)

extensive inbternal disorsganisation, ths rost striking chances
o5 3 D o

being the aprsazrance of large blebs round the perinetsr of the cells.
tw) &

iy

These appeared to be swellings ox the outer cell menbran

443
';‘:
o
o)
H
]

on occasions as large as the cell itself, These workers also
shoved that the cytopathic changes in these cells caused by the action
of bthis toxin resulited in the reapid release of free amino acids
followed by the release of trichlorcaceiic acid-precipitable
5~meethionine indicating that iarger molecular weight polyrpeptides
were also escaping from ths cells, Such grossg alterations in
gtructure rendered the cells incapable of proliferating in nice.
Belfore comparing the effect on metabolisn of Krebs 2 cells of
staphylococcal alpha-toxin with that of SLH, the visible cytopathic
changes caused were viewed under the phase contrast microscope to
find out whether they resembled those described by MNadoff for
Fhrlich ascites tumour cells,

The staphylococcal alpha—toxin uséd in this study was kindly

prepared for me by Viss Christine l'cHiven from Staphylococcus

'aurggg.(strain Wood 46 HCTC 7121) by the mebthod of McNiven and
Arbuthnot (1968) These toxin preparations had a potency of
approximately §,000 H,U. /ml when titrated ecainst rabbit

erythrocytes by the method of Rernheimer and Schwartz (1963).
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PHASE CONWNTRAST TICROSCOPY OF XREBS 2 ASCITHES TUKOUR

CELLS TREATED WITH STAPHYLOCOCCAL-~ALPHA TOXIN.

Two reaction wixitures were set upe~

(1}. contained 1 ml, FUF/tris buffer pH 7.3, 0.25 ml,
washed ¥rebs 2 Aszcites Tumour cells and 0,25 ml., storhyloco~szal
alpha—-toxin, The final concenbtration of aloha-toxin Tresens Tas
120 H.,U./ml,

(2). contained 1 ml, TVE/tris buffer p4 7.3, 0.25 rl.

sashed ¥rebs 2 4scites Twiour cells and 0.25 ml, beiled toxin,

Boilinz totally inactivated the slrha-toxin and this reaction
nixture served as coantrol. sarmnles of these mixtures were talen
at 10 minute intewrvals while incudbating in & shaking water bath at
3700 and viewed by rhase conbtrast microscory.

The Krebs 2 Ascitewn Turcur cells which wers treated with

heaved toxin remeined unaltered during 30 miautes of incubation,

their #@ppearance was the sare as that described for the ascites

th

cells trested wibh SLS control fluid and is illustrated in

PIG, 24 a,. By contrast, after being in contact with active alcha—
3 o

toxin fer 10 minutbtes, the ouvver membrane of the cells apreared
nore irregular and blebs could be seen on a few cells the
cytoplasm of these cells was less dense than that of the conbrols,

o
(FIG. 24 ). The formation of blebs was much more marked after
the cells had been in contact with active alpha-toxin for 20 nminutes
and some cells aprezred to be undergoing lysis. (FI0. 24 ¢).
Cells which were btreated with alpha—~toxin Tor 30 minultes showed
marked aggregation and the cytoplasm of several cells seemed to have
fused together although some nuclei in these cells remained vigible,.
Rlebbing vas even more extensive at this time and blebs were larger
than those seen on cells which had been treated with toxin for
shorter periods (FICG. 24 d).

After 30 minutes treaitmenst with alpha—toxin the cells were no

longer able to proliferate when injected into mice and when the cells
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FIG. 2d, 1Iliaso contrast uicrograplis of jh'obs 2 Ascites Tumour colls

treated v/ith staphylococcal alpha-toxin at a final

concentration of 120 H.U./ml, ( X 1.600 ),

FIG. 2ta. Cells incubated with control fluid for 20 Minutes.

FIG. 2tb. Cells treated with c-toxin for 10 minutes.
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FIG. 24co0 Cells treated v/ith c.-toxin for 20 minutes.

FIG. 24do Cells treated with c-toxin for jO Minutes.
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were removed by centrifugation, only & small proporticn of the

added haemolyitic activity remained in tlhe supernatant fluid,

EFFECT O SUAFEYI.OCOCCAT-ALTHE TOXTIT  OW  THE  OXTDAUTON

OF 77 SUCCINATE BY TRERS 2 ASCTITWS T OUN  CHIT.G,

Forified staphylococcal slpha-texin had an irmediate ed
on the resvirvation of Krebs 2 Ascitves Tumcur cslls when auccincte
was presext as substrate. In cach of 12 experimente the addition
of alvha~toxin caused a marked incrsase in the rate ol oxygen
uptake by the celle (FIG. 25). The degree of stimulation observed

3

was not directly provoritional to the concentration of alyha-toxin,
fbove a threshold level of 6 to 12 H,U./ml. maximum stimilation ves
ebservel (.W(f 26 the extent of which was fairly constant, until
high concengtravions of alvha-toxin were reached (greater b
200 HoUe/ml.)o At such hich concentrations tho degree of ghimvlation
was reduced in some experiments, The fact that the darmaze to the
ageites cells weas irreversible was demonstrated by treating e
suspension of cells with alpha-toxin for 30 minutes and washing
them free of toxin prior to assaying succinate oxidation. There wes
145% stimulation of oxygen uptake by the cells Ffollowing such
treatment.

In order to esbablish that these effects were svecific Tor
staphylococcal alpha-toxin, Krebs 2 cells were treated with an
anount of alphartoxin which had been Jjust neultrelised with an
appropriate amount of comnmercially prepared alpha antitoxin,
(FIG. 27). Feutralisation of the alpha<toxin also resulted in
neutralisation of the stirmulation effect. In view of the wecent
work of Bernheimer, Avigad and Grushoff (1968) it was necessary o
establish if %races of staphylococcal delfa-toxin were responsible
for the effect. The presence of normal, inactivated horse serunm,

in amounts known to inactivate the haemolytic activity of delta-toxin,
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'1G,25, Irmediate increase in the rate of oxygen uptale by ascites

' cells utilising succinate on the addition of staphylococcal
alpha~toxin at a final concentration of IBBHQU,/mlu The
endogenous respiration of these cells was inhibited by the
toxin,

0 —~ o Toxin-treated cell suspensiom A ..aEndogenous respiration with toxi
© — © Control cell suspension A ~— A Control endogenous respiration
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FIG, 26, Bffect of the concentration of alpha~toxin present on
the stimulation of succinate oxidation by ascites cells.
The cells and taéxin and cells were incubated together for
30 minutes priox to the addition of succinate,
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FIG, 27, Neutralisation of staphylococcal alpha~toxin with specific .
antiserun., The ascites cells were treated with toxin (133 H.U./m@
or neutralised toxin for 30 minutes prior to the addition
of succinate, -

0 ~~ 0 Toxin~treated cell suspension, pD~--pgCell suspension treated with

neutralised toxin

Q@ -— © Control cell sispension, o~-@g Control cell suspension with

antiserunm,
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had no effect on stiwvulation, Also staphilococcal dalte—toxin
was rrepared from a strain ol Stavhvlococcus aureus isolaied

from a case of toxic evidernal necrolysis (Arbuthnoti, Germell,

-

Fent & Lyell 1969) which troduced delta-toxin ani no detecitable

alpha~boxin. Partielly purified delta-~toxing trepcrel by the
je J ok 3 L J

first stage of the method of Uiseman & Caird (1963), and

containing 160 H.J}/ml. was used. The addition of this towin
to the Krebs 2 cells did not causc siirmlation, These

observations would seem to exclule fThe posuibility of the effect

being due to small contaminating azmounts of delta-~btoxin in

pha~toxin vreparation and strongly sugpests thal the ebility

[63]

to stimalate respiration was a specific vroperty of the
sta c}lococcuj alpha—soxin.,

Interaction between alrha-toxin and Krebs 2 cells also
resulted in a loss in the haemolytic activiiy of toxin
preparation, the drep in haerolytic titre with increasin
of conbtact tetween cells and toxin beinz shown in FIG. 28,
However, at this pointv the possibility thet alvhe-toxin wes bei
inactivated by a prbduct leating frem damaced cells could not he
excluded, A crude washed membrane fraction was therelore preuvarsd
by wltrasonically disrupting 5 x 108 Krebs 2 cells, renoving the
cell debris by centrifuging ab 2,000 r.p.m. for 10 minutes and

harvesting the membrane fraction by centrifuging at 18,000 r.p.r.

for 30 minutes followed by washing in FVF/tris buffer. After
30 minutes! interaction bef reen the mermbrane fraction and

900 H,U. of alpha-toxin, an 80% drop in hasmolytic activiiy was
observed., Thus, vhile enzymes released from danaged cells may
well be capable of degrading toxic protein, this exveriment suggests
that alpha toxin treated cells can bind to the cell membrane with
resulting inactivation.

It seems likely that this observed increase in the rate of
succinate oxidation by Krebs 2 Ascites Tumour cells follcwing

treatment with staphylococcal alpha-toxin may be the result of
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FIG, 28, Inactivation os staphylococcal alpha-toxin by ascites cells,

-

The a~toxin titre of control incubation mixtures in
was mixed with PVP/tris buffer s

which a~toxin

howed ne drop in haenmolytic activity
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extra availability ol this subsirate to the mitochondrie following
an increase in the perneability of the cell wewbrans, Unlilke

SLS this voxiny would nowu be cxpected fror previous woxk of
Lominkki et al (1964), to havn a divect action on tho asciies

cell mitochondaria, Indeed, in contrast to vhe elfect observed
with SLS, staphylococcal alypha-toxin did nobt #liter the rate of

sintesrated cell vreparations ubtilising

[N

oxygen uptake of d

succinate (FIG. 29).

1,

&shmM5c¢M€he comparative effects of SLS and staphylococcel alphz-toxin

on the reegpiration of ¥rebs 2 Ascites Tumour cells formed the
basis of & paper to be published in the near future (Symingion

and Arhuthnott 1969),
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FI1G, 29, -Bffect.-on: oxygen uptake by ultresenically disintegrated
-ascites cells fellowing 30 minubtes treatment wiil Lijlae
toxin at a final concentration of 110 H,U./ml,

0 -~ 0 Toxin-treated cell suspension
¢ —— ¢ Control cell suspension,
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The results presented in this Thesis provide useful, new
information about certain properties of SLS and also ekxtend the
work of other workers, In this discussion I shall attempt to
relate my work to that of previous workers and to sugmest its

contribution to a further understanding of the rols of this

extracellular toxin in the pathogenesis of

¢z

treptococcus nyogenes.,

ACTION OF SIRSFTOLYSIN S5 ON  MITOCHOWDRIAL FUHCITON

The Assay Svsten.

The finding that preparations of SLS impair isol

mitochondrial funcition is novel and shows thet the action of this

ted, mamnalian

3]

4

eytolytic agent can result in disruption of an essential cellular
function, namely respiration. The obszerved variation in
sensitivity of different mouse liver mitochondrial preperations

o the same toxin vreparabtion may results from a number of factors
These might include, variation in‘sensitivity of individual animals,
minor differences in preperation technique from day to day and
differenoesiin‘the metabolic state of the liver. In addition
SLS may interact with contaminating amounts of membrancous cell debris
(g;g. endoplasmic reticulum, lysosomes or cell membrane) which
electron micrographs have shown to be present in the mitochondrial
preparations used. ‘
The relative differences in sensitivity of the haermolytic and
mitochondrial assays of SLS preparations may be due to three factors.
- (1.) Differences in the total surface ares of merbrane present
in the two systems.
(2.)  Differences in the number and nature of the SLS
combining sites in the two systems.
(3.) 1Intrinsic differences in nrembrane stability resulting
from differences in lipid and protein cormposition
e.2. the siriking difference in cholesterol content
between erythrocyte and nitochondrial membranes,

(Rouser, Nelson, Fleishner & Simon 1968).
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Bssentially the difficulty in relating different assay
proéedures for various cytolytic toxins stems from the lack of
direct techniques for mweasuring the inberaction between these toxins
and their suhstrates. This necessitates the detection of their
action by indirect reans g.g. haemolysis rcp?egeﬁt the end result
of a series of evenis which culminrates in the release of haemoglobin,
For-these reasons results from such indirect assays must be |
interpreted - with caution,

The minimum-amount of SLS required to cause impairment of
mitochondrial succinic oxidase activity is much higher lhan that
required to cause haemolysis under standerd conditions, It is
difficult to state an absolule value for the amount of toxin
required to impair mitochondrial activity. However, taking into
account the majority of’experiments)lOO H.U./ml consistently caused
impairment.  From the data of Koyama and Hgami (1963))who:concluﬂed
that the specific activity of SLS was 2,000,000 H.U./mg, this would
indicate that approximately 0.05 ug of toxin is sufficient to cause

mitochondrial impairment.

The Identity of the lMitochondrial Damaging Factor in SLS Preparstions.

Almost all previous descripbions of the cytolytic effecﬁs of

SLS have been made using SLS prepared in washed cell suspensions
using yeast RN¥A-core as carrier, Up to the present the use of
Esuch preparations has been Jjustified on the basis that the
preparation nethod is fairly specific for SLS and only one other
strepﬁococcai product, namely DNA-ase, has been detected in these
preparations. However the possivility that other as yet
unidentified products mey be present has been recognised,

"There do not exist satisfactory methods for obtaining SLS in
pure form, and some of the biological effects ascribed to it may
prove to be due o other products of strepbtococcal growthf
(Bernheimer 1969). In one instance the cytolybtic effect of highly
purified RIT4~-SLS has been examined (Taketo & Taketo 1966) and the

purified product was both haenolytic and cytotoxic for

Fhrlich Ascites Tumour cells.,
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In the present work, using St. pyogenes strain C2035 and

RNA-core for production, all preparations of toxin which were
inhibitory for mitochondria were also haemolytic, .Ilorsover the
SLS-deficient mutant C203U kindly supplied by Dr. Alan Bernheimer,
when cultured under identical couditions, failed to impair
mitochondrial respiration. Also no evidence was obtained that
contaminating amounts of DWi-ase were responsible for inhibition.
On the other hand, it appeared that when carriers other than

RNA--core (albumin, serum, Tween 40 and 80) were used, the ratio

of haemolytic to mitochondrial inhibiting activity was not constant

va

On the basis of the above results, it was considered thet the
two activities were provably manifestations of the SLS moiety or a
closely related product. The fact thait the haemolytic and
mitochondrial damaging activities of SLS preparations from various
carriers differed from RNA-SLS and from one another was not
altogether unexpected., It is conceivable that the nature of the
carrier substance attached %o the SLS polyneptide- chain might well
influence the affinity of the polypeptide for menbranes of
different composition.

In order to investigate further  the relationship between
the haemolytic and mitochondrial demaging activity of SLS, toxin
preparations were subjected to gel filtraﬁioﬁ on G~75 Sephadex.
Comparison of the elution pattern in FIC 15 with that of
Bernbheimer shown in FIG 30 reveals a marked difference between
the two preparations. This dissimilarity probably is due to
differences in the oligoribonucleotides present in the RiA~core
used for toxin preparation. The resistant Ycore" resulting from
the action of RMNA-ase on yeast RNVA may not be homogemous and it
seens likely that perhaps only the terminal base sequence of a
particular nucleotide would determine its suitability to act as &

carrier for the toxic polypeptide.'
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The moet important finding using G-75 Sephadex was that
both the haemoiytic and mitochondrial damaging activities were
located in the same fractions and that the fractions having high

. cactivity
haemolyticﬁyere also the most active in impairing mitochondrial
succinic oxidase activity. Considerably better resolubtion of
RWA-SLS from the residual inactive oligoribonucleotide was achieved
using G-50 Sephadex. Again the ftwo bioclogical activities ran
parallel to each other. On the basis of gel-Tiltration ,ftherefore,
it appeared that the haemolytic and mitochondrial damaging
activities were either identical or had very similar molecular
weights, Very recently, since the writing of this Thesis was
begun, Taylor (1969) has reported the isolation of a 1yhphocy£e
transforming factor from RNA-SLS preparations by DEAE cellulose
chromatography. This factor was distinct from the component
responsible for haemolysis and release of lysosomel enzymes., It
is intended to apply this method of Taylor to further investigate
the identity of the haemolytic and mitochondrial dameging activities
of SLS.

Collateral attempts were a2lso made to selectively absorb or
inhibit either the haemolytic or mitochondrial damaging activities
of SLS preparations. From the work of Koyama (1965) and ¥lias,
Heller and Ginsburg (1966) SLS was known to bind irreversibly to
erythrocyte ghosts with a complete loss of haemolytic activity.

I have found that both toxic activities were abolished by nmixing

SLS with erythrocyte ghosts or with mitochondria.. This finding
again supports the idea that the haemolytic and mitochondrial
damaging activities are properties of the same or closely related
moieties, It also indicates that the toxic agent is either bound

to & recepbtor in membranes or that interaction with membranes results
in configurational.changes and inactivation,

The two biological activities of SLS preparations also ran
parallel in heating experiments showing similar sensitivity to
inactivation at 60°C. Preliminary results obtained employing

trypsin and chynmotrypsin to digest SLS (not included in the resultis
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section) suggested that toxic activity ageinst both erybhrocytes
and mitochondria, was destroyed by chymobfrypsin but not by trypsin.
Dissociation of haemolytic and mitochondrial damaging activity
was achieved in inhibition experiments using lecithin and trynan
blue. Both are well known inhibitors of SL3S (page 38). Indeed
it has heen suggested that the former, which 1s a principle
constituent of mammalian cell membranes, is, in fact,the receptor
for SLS. In both cases these substances caused inhibition of
haemolytic activily but not of mitochondrial damaging activity of
SLS preparations. The intrinsic differences between the haemolytic
and mitochondrial assay systems emphasige the danger of placing too
great an importance on these results. For instance, the interaction
between SLS and either lecithin or tryran blue might well be

influenced hy the presence of mitochondria, However, accepting

that the results do indicate selective inhibition ageinst
" haemolysic A = activity, two exvlanations can be put
forwvard :— | .

(1.) That the haemolytic and mitochondrial damaging
activities of SLS preparations are indeed due to
distinct toxic.products and that the results obtained
with the mutant C203Q&%@1 filtration, heating experiments
and enzymic digestion reflect the difficulties in
resolving two closely related activities.

(2.) That the two biological activities reside in a single
moiety having two active sites, one site being
responsible for haemolysis and the other for impairment
of mitochondrial succinic oxidase activity. These
sites differ in their sensitiviity to lecithin and
trypan blue,

Not enough evidence exists at present to distinguish between

these two vossibilities. In my view, the work of this Thesis
taken overally, suprorts the identity oFf the haemolytic and

mitochondrial damaging Tactors and thait these are properties of an
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enti%y known as RNA~SLS, RNA-SLS, as prepared by rost workers,is
itself probably a heterogenous population of molecular species
containing 2 characteristic polypevtide linked to oligoribonucleotides
of varjing length and base composition. The final resolution of

this complex problem awaits the application of refined methods of
geparation allied to a critical evaluation of AlL the reported
cytolytic activities of this important toxin. Thus far,;such an

investiscatbion has not been carried out,
)

The Ifode of Action of SLS on Fitochondria,

Having examined the general features of the impairment of
mitochondrial succinic oxidase activity by SLS, it was considered
necessary lto extend the work and atitempt to characterise, as far gs
possible, the nature of the damage to mitochondrial respifation.

By locating the region of the electron transport chain which was
damaged by. SLS, it was hoped to gain more information about the
mode of action of SLS within the mitochondrion,

The results of assaying different regions of the succinic
oxidase chain, namely succinic dehydrogenase and cybochrome oxidase
(PIG 10) showed that the former was resistant to SLS attack while
cybtochrome oxidase activity was impaired. These prelinanary
observations clearly indicated that SLS caused Ffunctional
impairment of respiration within the cyvochrome oxidase portion of
the electron transport system, i.e. Dbetween cytochrome ¢ and
02.

cytochrome oxidase, as assayed using paraphenylene diamine (PPHDI),

However, the observation that,on average,the inpairment of

was 30% less than that caused by the‘same toxin on the succinic
oxidase (whole chain) activity of the same mitochonirial preparation
remained to he explained. This observed dif'ference in impairment
could be .interpreted in two ways:-
(1.) Differences in the efficiences of electron transfer
at the cytochrome ¢ locus of the intact, whole-chain,
succinic oxidase and at the PPHDI-cytochrome ¢ lirk of

the cytochrore oxidase chain could explain this finding,
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(2.) Alternatively the possibility existed that the whole
chain succinic oxidase was being affected &t more than
one point,

"Restoration" and "protection" experiments using the two

mobile components of the eleciron transport chain, ubiquinone and
cytochrome ¢, clarified this problem. The results in FIGS 17 2 and
b and TABLES 23 and 24 show that impairment of both succinic and
cytochrome oxidases can be completely restored by the addition of
exogenous cybtochrome cj; no appearance of toxin impairment remained
after the addition of cytochrome c. Conclusive evidence has,
therefore been obtained which indicates that SLS causes the
dislocation of the electron transport chain at the cytochrome c
locus., -It is also important to note that treatment of mitochondria
with SLS resulted in the leakage of protein including & product
having an absorption maximum at 410 mps this was probably cyvochrome
C. The fact that cytochrome ¢ itself was not the substirate for

SLS was shown by treating cytochrome ¢ with SLS for 30 minutes,

such material was still oapaﬁle of restoring toxin impaired
mitochondrial activity. It must be emphasised that these experimentes
pin-point the secondary fﬁnctional lesion within the mitochondrion,
resulting from damage by SLS but do not provide evidence for the
primary site of action,

Cybtochrome ¢ is a prism shaped molecule having a molecular weight
of 1200 (Levin 1962)., = It readily combines with lipids and
phospholivpids, forﬁing complexes lknown as lipocybtochrome ¢ which are
soluble in lipid solvents. In the mitochondrion, cytochrome c acts
ag an oxidation-reduction component in the electron transfer process
but is not a permanent constituent of any of the four complexes
(TABLE 6). It is thought to be present as a mobile molecule in a
lipid milieu shuttling electrons between complexes 111 end 1V
(Widmer & Crane 1958; Ambe & Crane 1959). Therefore, exogenous
cytochrome ¢ may either provide a by-pass around the SLE-affected

areas or replace cytochrome c leaked from the mitochondria as a
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result of altered permeability. The presumptive identity of
cytochrome ¢ in the leaked products from toxin-treated mitochondria
suggests that restoretion of electron transport fuanction by the
addition of exogenous cytochrome ¢ could be accounted for in part,
at least, by a re-equilibration of the molar balance of respiratory
carriers within the mitochondrion, Bowever the fact that the
_addition of cytochrore ¢ stirulates the cytochrome oxidase activity
of toxin-—impaired mitochondria to a level up to 50<% above that
of controls suggests that a by-pass mechanism usilising the added
exogenous cytochrome ¢ was also operating. Both mechanisms may
therefore contribute to the observed effect of adding exogenous
cytochrome c. Whatever the mechanism, it seems highly unlikely
that the addition of exogenous cytochrome ¢ reverses vhe action of
SLS on the mitochondrion., It is far more likely that the presence
of cytochrome c maslks the secondary effectis which are being measursd
" in the assay system used,

The complete resistance of actively respiring mitochondria to
toxin attack, sugzests either that there is a configurational
change in the mitochondrial menbrane during electron transport which
involwves the masking of the SLS binding sites, or that when the
respiratory chain is functioning, cytochrome ¢ is more tightly bourd,
Purtherrore, the oxidation reduction stete of cytochrome ¢ could
also influence its leakage from the mitochondrion, »

The results obtained thus far provide evidence of the locus
of the electron transport chain affected by SLS but do not
conclusively indicate whether the primary action of the toxin is on
the mitochondrial limiting membrane or on the internal spatial
arrangerent of essential components in the cristae. As will be
mentioned later this problem may be clarified by studying the effect
of SLS on isolated frazments of the resviratory chain,. A
%

diagrarpatic representation o he possible changes resuliting from the
e ) A ~

action of SLS on mitochondr»ia are illustrated in FIG 31,
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General SigniTicance to Previous Vork.

The finding that SLS impairs ritochondrial respiration
represents a significant extension of the work of Keiser et al
(1964). These zubthors found that SLS caused swelling and release
of vrotein which suggests that the toxin causes a certain degree of

5

1e nitochiondrion, As mentionsd

A

tion within +

1
L

internal disorganisa
previously (page 56) any disturbance in the delicate spatial
arrangement of the electron transverbt carriers might be expected to
resuld in impairment of resmpiratory function.

Initially, in the course of thé present work, I failed to
detect mitochondrial swelling; this was probably due to the high
concentration of magnesium ions present (2 x 1072 M) in the
undialysed preparations of toxin which wars used, Vhen diglysed
toxin weas used, swelling similar to that described by Keiser et al
(1964) was observed (FIG 32). The fact thet very brief conbact
between btoxin and mitochondria (page 87) resulted in a stimulation
in the oxygen uptake by mitochondria rather that impairment might
be explained by increased permeability to succinate. It is
significant to note that the maximum rate of swelling took:- rlace
during the first five minutes of contact and it seems feasible that
this could result in an influx of exogenous substrate into the
mitochondrion,

The inhibition of oxygen uptake which followed longer periods of
incubation could logically follow 1f there was a subsequen’ leaka;e of
essential electron trensport cerriers to osmotvically balance the
initial influx of exogenous material, Purthermore, the eventual
penetration of SLS to the interior of the mitochondrion with

resultant structural disorganisation of the cristae cannot be excluded,
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Certain other bactvterial exitracellular toxinshave also been

shown to impair mitochondriesl functio e.&e Clostridium welchil

n,
elpha-toxin (Edwards & Ball 1954; YMcFerlane & Datta 1954),
staphylococcal succinic oxidase factor (Lominski et al 1964) and

Pasturella pestis rmurine toxin (Ajl, Woeble and Ruste 1$64).

———r

With plague murine toxin, 1t was demonstirated that the specie
specificity of this agent existed at the sub—cellular level. By
studying the effects of this toxin on the absofpﬁion spectrun of
mitochondria to see if any alterations in the absorption peaks :
corresponding to specific oytochfome components were revealed,
Ajlts groun showad that the addition of toxin caused the
oxidation of cytochrome a, b and c,. This finding suggested

that the toxin exerted its inhibitory effect on mitochondrial
respiration by acting on the electiron transport chain in the
region between HADHQ or succinate and cytochrome b.

Further investigation of the mode of action of +this toxin have
been made using isolated enzyme complexes derived from beef heart
mitochondria by merbers of D.H. Green's laboratory,iisconsin U.S3.A.
and Kedis, Monti and Ajl (1966) were able to show that, when plague

murine toxin was incubated with purified ¥ADH - cytochrome ¢

2
reductase, significant inhibition of activity was obtained.
Similarly I‘IADI-I2 ~ ubiquinone reductase is elso inhibited by this
toxin (Hatefi, Heavik & Griffiths 1962).  Although the precise
manner in which the toxin inhibits NADE2 ~ ubiquinone reductase has
not yet been elucidated, it is provisionally suggested that plague
murine toxin acts on the electron transpors system by interfering
with the enzymic activity of NADHQ—ubiquinone reductase; this
prevents the reduction of ubiquinone and therefore impairs an
essential pre-requisite for electron transport in the mitochondrion,
This approach,which has yielded irporbtant results with reszect
to rlague rmurine toxin, could provide the answer az to whether oxr
not SLS acts directly on the enzgymic sctivity of Qﬁ2 — cytochrome ¢
reductase complex (111) or the cytochrome oxidese complex (1V), and

may also give insight into the node of action of verious bacterial
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toxing at the subcelluler level, The use of toxing in this way
may aleo elucidate some of the corplex nechanisms ococurring within
the mifocbon&rion. Biochemisty may find bacterial doxins uselvl
tools in the study of mitochondrial merbrane struchure, which, in
turn, way help to elucidate the vol=2 of the membrane in
respirvesory Funchtion. '

This study has edded to the undersiand
which occur in mitochondria es a resuli of SLS abtack; & discussion
of the implications of this findiﬁg in terrs of tha path

of Grour A streptococci will be pressnted

()

o
1ster (peze 171). Tt

ed
has however, emersed that the measurement of secondery changes is

of limited wvalue. Further understanding of toxin-mermbrane
interactions remains absolutely essential if the cytolytic

mechanism of SLS is to be fully understood.



ACTION OF STREIPTOLYSIN & ON  CELLULAR FHETABOLISH,

As mentioned in the introduction (vage 45 ), the object of this
aspeot'was to debermine the metabolic changes which occur within
the cell as a result of the cytobtoxic action of SLS. It was hoped.
that such investigations might throw some lisht on the role of this
toxin in the pathogenesis of the streptococcus, The reeasons for
choosing Krebs 2 Ascites Tumour cells as a model for this study are
explained on page 58 . T+ was also feltb that these studies might
contribute to a further understanding of the oncolytic activity of

Group A streptococci and the role of SLS in this.

¥orphological Chanses caused by SLS.

Phase contrast microscopy of Krebs 2 Ascites Tumour cells
showed that gross disorganisation occurred in these cells following
treatment with SLS; many of the observed changes could be explained
by membrane damage. The aprearance of numerous blebs round the edge
of SLS-treated cells indicated that the cell surface and probably
the cell membrane was dramatically aflected. Cell darage was also
characterised by the appearance of gross cytoplasmic disbrganisation
and nuclear irregularity. In view of the fact that such cytopathic
effects occurred withoul detectable absorption of SLS, it seemed
likely that these were secondary results of disorganisation of the

limiting membrans,

Bffect of SIS on Succinabe Oxidation.

“To my knowledge the findings relating to the effects of SLS
and staphylococcal alpha-toxin on succinate oxidation are novel and
contribute useful knowledge about the cytolytic effects of these
toxins.

The increased rate of oxygen upteks shown by SLS-treated
Krebs 2 cells utilising exogenous succinate suggested that, desvite
the apparent extensive cellular damage, the mitochondria of such

cells remained functional. The simplest explanation of the increased
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rate of oxygen uptake was that SLS caused an alteration in the
pefmeability of the cell membrane which in turn removed a
permeability barrier to succinate; +the resulting influx of succinate
would lead to a substantial increase in the intracellular succinate
concentration with consequent increased availability of substrate to
the still functioning mitochondria. Such an explana%ion probably
represents an oversimplification bul serves as a useful working

hypothesis,

~

Bffect of Staphylococcal alpha-toxin on Succinate Oxidation.

Stavhylococcal élpha»toxin hag been showm by Nadoff et al (1962)
to alter the permeability of Fhrlich Ascites Tumour cells., - Also it
is known from the work of Lominski et al (1964 & 1968) that
staphylococcal alpha-toxin does not damage ritochondrial function.
This toxin, therefore, provided a wvaluable comparative tooi for
testing the effect of altered cell permeability on succinate oxidation,
The appearance of blebs on ascites cells was even more marked
following alpha~toxiﬁ treatment; this further indicated that the
cell surface was substantially affected by alvha-toxin. The
clear—cut finding that treatment of Krebs 2 Ascites Tumour cells with
this cytolytic agent 2lso resulted in increased rate of oxyzen uptake
provided further evidence for the hypothesis that the observed
effects were secondary results df toxin-nembrane interactions
resulting from the breakdown of normal permeability., Vork is
currently underway in collaboration with Dr. P.G. Toner fto examine
the effects of both SLS and staphylococcal alvha-toxin on the fine

structure of Krebhs 2 cells using electron microscopy.

Comparative Effects of SL3 and Starhylococcal alpha-toxin.

. Predictably, although the overall effect: on %he metabolism of
succinate by Krebs 2 cells was the same following treatment with
SIS or stephylococcal alrha~ftoxin, several differsnces were noted
which indicated tha%t the site and rode of action of these two

cytolysic agents on the cell membrane differed, Staphylococcal
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alpha~toxin acted ruch more rapidly than L3, ceusing an immediste
increase in the rate of oxygen uptake even in cells which ware
metabolising exogenous succinate. It is worth stressing here thet
both the liriting cell and mitochondrial merbranes appear to he
resistant to SLS-attack if the cell or organelle is actively respiring.
Compavatively, Krebs 2 Ascites Tumour cells are less sensitive
to staphylococcal alpha-toxin than to SLS3 200 H.,U. of SLS 4
(20,025 ng of toxin) caused stimulation, whereas 20 H.U, (=2 )Jg‘) of
- alpha-toxin were reguired to cause increased oxygen uptake.
FPurthermore, the interaction beilween staphylococcal alpha-toxin and
Krehs 2 cells involved binding or inactivation of the toxic proftein

while the heemolytic asctivity of SLS was not altered in this way.

Fffect of SIS onn Isolated Ascites Cell I'itochondria,

Although SLS did not appear to penetrate sufficiently;to cause
impairment of mitochondrial function in the whole-cell model system,
isolated mitochondrie prepared from such cells resembled liver
mitochondria in that their succinic oxidase activity was impaired
by SLS. These exprerinents reinforce the view that SLS fails to
penctrate to the interior of intact Krebs 2 cells. Alternatively
the failure of SLS to impair mitochondrial function in the whole
cells might be explained if these organelles were under cellular
control e.g. if they were actively metabolising endogencus substrate.
As has been shown previously in this Thesis, actively metabolising

liver mitochondria are resishtant to SLS attack,
—_ ) e

Any alteration in the permeability of the ascites cell nembrane
as a result of the action of SLS, as well as increasing the
permeability to exogenous materials, would also result in diffusion
out of intracellular constituents. If this included leakage of
solubie, cytoplasmic enzymes from the cell, an upset in the delicate
balance required for the operation of certain metabolic pathways such

as the Imbden-leyerhoff Pathway would occur, This might be
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reflected in the wrate of rmetabholign of irnbteredictoe of thig
pathway, Indeed, staphylococcel alrha-toxin, zciing on ¥KB3 -

tigsue culture cells, has heen shown to causge = decrease in glucose

utilis&tion andl a corresponding drow in lactic id production
(Korhecks & Jeljaszevwiez 1G64),

Effect of SLS on Glucose Oxidatbi
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Althougsh nosv nresentsd in th
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asults, sorse expe
carried out in which the effect of SLS on the metabolisn of
glucose wes stuwdied, These [ proved inconclusive Tor reasons
discussed below but are considered to be relevant to this aspect,
and the main Tindirss will therafors be mentioned bhrielly at Lthis
roint.,

Agscites cells ara Imowm to metaholise slucose by means of the

Enbden-eyerhoff Pethway, the Tri~cerbozylic crycle ond the Fentose-~

Phosnhate cycle, Vost of the enuymas cetalysino the various steps
of these pathways ars soluble in the cytoplesm, It wea, tharelfore,

thought thet the action of SLS or staphvlococezl alrha-toxin would

asult in & decrecse of 1uco se utilisetion by theze cells. In
preliminary experiments carried out as described on pare 75  of
the Faterials and Fethods, results_inﬁioated thet both SL3 =nd

staphylococeal  alvha~toxin immediately inhibited any glucoce

oxidation by these cells and any measursble endozenous metabolism

was also inmediately halted by the addition of either of these
toxins, Considorable technical difficvlties vere encountered in
the use of this assay system. For inssance when exogenous glucose
wvas added as substrate to control cell suspensionsin Yarbury

experiments, an arpreclable incresse in oxygen uphcke above the
endogenous level wes not consistently observed. Duch inconsistens
results, using glucose as substrete for ftunmour calls have bheen

encountered by many workers and several possible exrlanations exist

to account for this. Theé rost important is zrobshly the
Crabtree Wffect (Crabtree 1929). In this yhenomenon, thera is

irhibition of raspyiration following ths addition of slucose to neny

tyres of glucose resabolising cells, T4 i@ now »ecoznised eg 2
- <7 T

generalised effect and has been reviewed by Ibsen (1961) who made

5

recific refarence to the phenomenon in Ehrlich Ascites Tumour cells,
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This is summarised as follows :-

After the addition of glucose to cells a short-lived (20 to 120

seconds) stimulation of yespiration is followed by an inhibitom
Dl ¥ '

]

period which reaches a constant level equal to approximately 30%

ey

N

of the endogenous rate and lasts until all the glucose has been

utilised. About 25 seconds after the glucose disappears the cells

jav]

are released from such inhibition and consume oxygen at a rate which
can be as great as the pre~inhibhitory endogenous'respiration rate,
These observations were ede using an oxygen electrode,. In
my experinents the Crabiree Effect would be compiete before the
first manonetric reading was talen at 15 minutes. Thus it is
extremely difficult to interpret bthe contribution of this phenomenon
to the ove%?ll~pig}ure which was observed. But it is important to
note that ihjgiégyiments carried outv using glucose_as substrate,
increased oxygen uptake above the endogenous level was observed,
Clearly it would bé necessary to measure glucose utilisation
more directly in oxrder Lo obtain conclusive results. Since the
experiments mentioned here were carried out during the terminal
stages of the work for this Thesisy it is hoped to extend them
further in the near fubture using alternative'assay systens. Desplte
these limitations significant indication that SLS and staphylococcal
alpha—toxin do cause disrupbtion of cytoplasmic enzymic function does
emerge from the findings that (a.) both toxins immediately impaired
réspiration in those experiments which increased oxygen uptake
ococurred on the addition of sglucose and (b.) +that the endogenous

oxygen untake by Krebs 2 Ascites Tumour cells was abolished,

Extrapolation from the work with SIS preparations on Krebs
2 Ascites Tumour cells to the possiﬁle effects of this toxin during
infection in vivo, must rerain speculative at this stage, However,
it emerges that SLS is a potent cytolytic toxin capable of disrupting
the normal perneability control of cells at low concentrations.

Also this agent has the capacity of profoundly impairing the
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fundamental energy producing system of the cell namely the
mitochondxrion, Any agent having such properties would be excected
to play an important role in damaging the cells and tissues of the
host. Admittedly, doubts exist ag to whether SLS can actually
penetrate into the cell sufficiently to raraiyse mitochondrial
function, Tt must be emphasised however, that in pashogenesis

SLS may act synergistically with other streptococcal products and
in those cases vhere streptococci succeed in penetrating the cell
interior, SLS elaborated intracellularly would almost cervainly

exert its toxic action on mitochondria,

MODE OF ACTION OF STREFTOLYSIN S.

The observations of the effect of SLS and staphylococcal alpha—
toxin on cellular metabolism are in agreement with the oell‘memhrane
being the poinv of attack of these two cytolytic agents. Their
action upsets the permeability of the cell membrane which results,
among other changes, in a fatal disruption of metabolism,

The limitations mentioned previously, of having to measure the
action of cytolytic toxins indirectly makes it difficult to assess
the order in which the obsexrved changes occur, They also severely
1imit the detailed study of toxin memwbrane-interaction. However,
certain results indicate that the action of SLS on the cell and
mitothondrial membrane is fundamentally different.

The active polyvevtide portion of the SLS molecule consists of
only about 28 amino acids, yet this molecule is capable of disrupting
the cellular membranes of a wide variety of cell {ypes. This
suggests that there is a common receptor for SLS on all sensitive cell
membranes, On account of differences in sensitivity and conditions
of assay systems, a direct comparison of the alffinity of different
cell species for RNA-SLS seems rather difficult. The inhibition
of the haemolytic and cytolytic activity by lecithin and other

phospholipids has raised the possibility that these compounds may



constitute %he-memhrane binding site for SLS. At this point,
however, it should be pointed out that in the opinion of the
aﬁthor, it is unlikely that lecithin alone represents this
universal subsitrate since its absence from the membranss of
bacteria is well docurented; yet bacterial vrotovnlasts have been
reported to be lysed by SLS. Elias et al (1966) found that SLS
was also inhibited by amounts of cholesterol eaquivalent to those
present in the exrythrocyte merbrane and suggeéted that the
erythrocyte membrane SLS-bianding site is a combination of
-.cholesterol and vphospholipid. Bernheinmer (1969) reported that he
wﬁs'unable to repealt the cholesterol inhibition of SLS. In
agreement with Elias et al (1966) and Taketo and Taketo (1966), I
have found that the affinity of Ascites Tumour cells for RNA-SLS,
as measured by absorphtion of haemolytic activity, seems to be
considerably less than that of eryithrocytes. Furthermore, the
mitochondrial menmbrane SL3-binding site may differ fror than on
either erythrocytes oxr Krebs 2 Ascites Tumour cells since lecithin
did not interfere with the toxin mitochondrion interaction,

Taketo and Taketo have suggested that the difTerences in affinity
of ascites cells and erythrocytes for RWA-SLS may be due to the
amount of receptor phospholivids mresent in the two membranes or to
the presence of some unknown masking subsiance (s).

Clearly there is much 1o be gained by studying the effect of
this haemdlysin on various membrane systers, but such a‘study will
be of limited ¥alue until there is a direct assay system available
for measuring the toxin-merbrane interactions, At present the
artificial lipid spherules used by Bangham, Stendish and Dawson
(1985) and Freer, Arburthnott and Bernheimer (1963) to study toxin-
membrane inveractions probably constitue oreof the most useful model
systems because their constituent bilayers have csrtain physical
properivies which closely resemble those of cell nsmbranes. A
knowledge of the rechanisnm of svherule lysis by cytolyiic toxins
rey provide useful inforration oo&cerning in vivo aciivity of these
agents, I'oreover, an urderstanding of the inferaction hetween
toxic proteins and orientvated lipid may be rvelevent to the general

problem of protein-lipid interactions involved in hiologiczl
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nembranes, Inowledge of this aspect is, in turn, dependent on
advances in l'nowledge of the detailed structure of all hiological
membranes which is at present, highly controversial and lacking in

agreenent,

ONCOLYTIC ACTJVITY OFF HAGMOLY(IC STRYPTOCOCCI:—

THE ROLE OF STREPTOLYSIE S,

In 1868 Busch attempted to treat a sarcoma patient by
deliberately inducing an attack of erysipelas and found a rapid
decrease in the size of the tumour. Coley (1891) also reported
that an attack of erysipelas in an inoperable sarcoma patient caused
complete disappearance of the tumour, Since these early "clinico-
exveriments" & great deal of work has been carried out fhroughout
the world to investigate the anticancer (oncolytic) activity of
haemolytic streplococei,

Up to the present time twelve different types of transplantable
animal tumours including carcinomas, sarcomas, leukemnias and ascites
hepatomas have been reported to be sensitive to living haemolytic
streptococeci, No other bacterial species has been demonstrated to
possess this anticancer activity. Not even all svecies of
haemolytic strepbtococeci have this ability. Only strains wvhich can
synthesise SIS act on a wi&g raﬁgé of transplantable animal tumours,
(Koshimra , Nishida, Bando, Shoin, Minami and Kedono 1965).

Detailed studies of the cytolytic action of SLS~forming
streptococci on Bhrlich Ascites cells have been reported in a
comprehensive series of thirty one pavers by Okamoto and his co-
workers in Japan, Their findings are summarised in a review article
by Okamoto, Shoin, Koshimura and Shimizu (1967). Although these
workers showed that only streptococel which weres capable of

synbthesising SLS had oncolytic activity and that brief incubation of




- 167 -

a suspended mixﬁure'of washed, live, haemolytic streptococci and
Fhrlich Ascites cells in hhosphate buffered Ringers solution at

3700 resulted in the vroduction of SLS (Koshimura, Shimizu, lasusaki,
Ohta and Kishi 1958), they revorted that pre-formed SLY was wibthout
obvious effect on the cancer cells (Okamoto, Koshimmura, Shoin,
Hirata, lurasawa, Bando & Shimizu 1958). This finding is in )
complete contrast to results reported by Ginsburg (1959), Ginsburg
and Grossowicsz, (1960) and Taketo and Taketo (1966) and those reported
in this Thesis, that SLS is highly toxic for Fhrlich Ascites cells
and Krebs 2 Ascites cells. The reported antitumour activity of
Streptococcus pyogenes and some of its products are sumnmerised in
TABLE 27.

There are striking similarities between the reported effects of

living haenmolytic streptococci and SLS on cancer cells, The phace
contrast micrographs in this Thesis illustrating the visible
cytopathic.changes resulting from the action of SLS on Krebs 2
Ascites cells show very similar changes to those in the papsr of
Havas et al (1963), illustrating the action of the iive organismsg on
these cells. Shimizu, NWishida, Bando, Koshirura, Hayshi and

. Kobayishi (1964) demonstrated the release of nucleic acid material
from BEhrlich Ascites cells incubated with streptococci, similar
leakage was reported following S0S treatment of such cells by

Taketo and Taketo (1966).

These results suggest that the 3LS moiety is involved in the
anticancer activity of haemolytic stvreptococei. The Japanese
 workers hold that SLS exerts its effect while in the intracellular
form (i.e. ICH-S see page 36 ) and have proposed that SLS may be
formed by a secondary process during interaction between the live
streptococci and the RNA which is released together with other
intracellular constituents from destroyed Humcur cells, Tn early
experimensts these workers added renicillin to their sﬁreptooocci/
tunour cell nixbures, prior to incculation in order to uvrevent the

mice dying Iron strepbtococcal sevticaenia, In more recent



- 168 -

Intitumour dctivity of Strertococcus pvogenes and its FProducts.

¥aterials Tested. _ Antitumour Effect.
Living haemolytic streptococeci virulent +
" " " avirulent +
Cell~free extracts (acetone powder) of cocci +
Phage ~ lysate of cocci ' | "
Heat - killed cocoi | -
Formalin killed cocci : ' -
Culture supernatant . -
SLS preparations +
SLO preparabions +
Varidase (streptodornase + streptokinase) -
RNA-~ase, DllA-ase, hyaluronidase, trypsin
proteinase, pepsin, erepsin, diastase, -

hemicellulase, invertase, [ -—glucosidase,

-glucuronidase, papain and lirase,

-—

+ = Abolishes ability of ¥hrlich Ascites Tumour Cells to proliferzie
in mice, ‘

~ = Do not abolish ability of Ehrlich Ascites Tumour Cells to
proliferate in mice. |

+ = Both the above activities have been reported by different worlers,

Modified from Okamota, He., Shoin, 3., Xoshirmura, S, and Shirizu (1967).
Jap. Jo IFicrobiol 11, 323,
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experinents they have shown thot this antibiotic had =&
differential effect on the 3LS-forming ability and the antiturour
P d

activity of strepiococcei,. They found vwhen strepitococci were

BRI Y
-

N

incubated in Bernheirer's basal medium ( Bernheirer 1949) thet
(1.) the addition of RWi-ase core (0.1%) resulted in a decresse in
the anticencer activity and an increase in SLS formation and

(2.) the addition of penicillin (40,000 units/ml) had the convevse
effect (Okaroto, Shoin, Koshimura and Shimizu 1965) ., Trom these
results this group have suggested the existence of a counterpoise
between SLS-Torming and anticancer activities contained in
resting strepbtococci, This hypothesis is illustrated in FIG 33.
Subsequently these workers found that, by preincubating cocci in

4 ..

Bernheimer's basal medium containing 2 to 4 x 107" units of
penicillin at 3700 for 20 minutes followed hy heating for 30
minutes at 4500 yielded a streplococcal product which had high
anticaencer activity but no SLS activity.

. The role of SLY in the oncolybtic action of streptococci
therefore Temains controversial, Although the largest amount of
work has been done by Okamoto and his co-vorkers, their finding
that SLS does not damage cancer cells has been disproved by three
independent groups of workers (Ginsburg & Grossowicz 1959; 1960;
Taketo & Taketo 1966 and Symington & Arbuthnott 1969). Of great
significance is the vpreliminary report by Taketo and Talkeio (1966)
that certain agents which inactivate the ability of the cocci to
form extracellular SLS complexes and cell-bound haemolysin but not
intracellular SLS deprive the cocci of their in vitro oncolytic
activity.

The identification of the factor within the strevtococcus
responsible for its anticancer activity may conceivably provide &
new means of treating certain forms of cancer, The possibility
that SL3 is this factor is supported by the work of this Thesis.
The 1éok of antigenicity of SLS makes the possibility of its use
as an anticarcinogen seem feasible but its cytotoxicity for normel
cells would severely limit its application. However, it might be

possible to
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use SLS in the ftreatment of ftumours if its spread 1o normal
tissues could be prevented.

The disruption of cellular metabolisn by SLS reported in this
Thesis, provides a possible new approach to the study of its role

in the oncolytic activity of streptococei,

BRIEF EVALUATION OF THE ROLE OF STREPTOLYSIN S II THE

PATHOGENICITY OF GROUP A STREFIOCOCCT.

This Thesis presents a comprehensive review of the products
elaborated by Group A streptococci and may help in the understanding
of the pathogenicity of these organisms, The rultiplicisy of factors

and their contribution to the pathogenicity of the orsanism are
. < )

summarised in FIG 34 and TABLE 28, Such a comrlex toxic armoury
endows the organism with great powers of adaptability. The

present study clearly shows that SLS is an important by-product
elaborated by the organism, Tt is admitted, howsver, that
streptococcal disease almost certainly does not result from the
monotoxic action of this agent. 2% fthe present state of knowledge
and with‘the techniques available, it is impossible to predict with
certainty = the role of individual strepbtococeal products in vivo,
waevef, this Thesis does emphasise the toxic activity of SLS

in vitro and has added to the detailed knowledge of the toxic armoury

of the Groun A stireptococcus,

3LS can damage both

[ ad

The results presented clearly indicate tha
the limiting cell membrane and the nitochondrial menbrane. In the

Krebs 2 Ascibes Tumour cell system, however, the toxin does not appear

i~

to gain access to the intracelluler or ts own

4]

anelles as a resvit ©

1=

action on the cell rembrane, In vivo, it may be that SLS gains

access 1o the interior of the cell as a result of membrane damace

caused by SLO. At present it would be extremely difficult, if not
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impossible, to distinguish vhich of the measurable secondary
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acting on the same cell. Lorsover, the fact thait RWA-SLS is
synthesised during the oncolytic attack of whole, viable st
on Ascites Tumour cells (Koshirmura et al 1958), sugcests that SLS
nay be elaborated inside the cells of the host i.e. the
streptococcl may gain access to the host cells by the synergistic
action of other toxic products and the SLS noiety may then be
transferred from the cell-bound form to the RVA of the host cell.,
Such intracellularly-slaboratedsrS might then be able to act
directly on the mitochondria of the cell and cause impairment of
essential cellular respiration.

The Tact that the action of SLS can rTesult in the impairment
of basic functions common to all cells partially explains .the

diversity of streptococcal infections.



Impairs cellular —
respiration. Associated
with leucotoxicity.
May act synergistically
with SLS and SLO.

Aid spread of
the organisms
within the host
and within
specific tissues.

Essential fo
virulence of organism;
hinders phagocytosis

. causes skin rash
Erythrogenic .~

foxin N

causes immunological imbalance

NAD-ase Disruption of

cellular permeability

*

cell membrane

Cell-bound Haemolysins __——=3LS — Membrane .R lysosomal membrane
——="Y damage DN .
[CH-S ———""" % Pantrophic # mitochondrial membrane
RNA-ase ICH-O._ | cyroroxicity 4
DNA-ase S~ \ Impairment o_” energy
Proteinase \/ production
Fibrolysin
Hyaluronidase

*sSLO |/>>03¢_d:m damage
Cardiotoxicity - rapid death

T and R Antigens due to cardiac arrest

Chronic Group specific  Related to species
M -Antigen inflammatory ___ polysaccharide specificity of host
streptococcal .
oemses Mucopepride

Hyaluronic acid
capsule
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TABLE 28,

Contribution of Various Products to the Pathogenicity

of Groum A Streptococei,

VIRULENCE OF ORGANISH

SPRIAD 0OF ORCARNISK
WITHTIN HOST TISSUES

PERSISTENCE OF ORGANISK
WITHIN HOST

PANTROFPHIC CYTOTOXICITY

IMVUNOLOGICAL INBALANCE

associated with F-antizen which hinders

phagopytosis.

large number of contributary factors,
Proteinase, Streptokinase, Hyaluronidase,

DNA-ase, NiD-ase,

Complex of CGroup specific polyseccharide
and cell wall-mucopeptide asscciated with
chronic inflammatory strepbococcal

disease,

SLS and SLO cause widespread membrane
damage resulting in disrupbtion of
cellular permeability. Cellular energy
production impaired by SLS and lAD-~ase,

Overall cytotoxicity is ypossibly the result

~of the synergistic action of SLO, SLS,

NAD-ase, DNA-ase and RWA-ase.

Erythrogenic toxin induces hypersensitiviiy.
Cellular &ntigen similar to heart antigen -
results in auto-immunity, contribﬁtory

factor rheumatoid arthritis. 810 ~

also cardioctoxic.
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Streptclysin S (SLJ) xs ane af the several extracallular

| jﬁsqtora elabnratad by—ﬁhs Graup A stteptococcus.A In is'a

ipnwerful cytolytxc toxzn whlch is capable of: actxng on a wxde -
- variaty of cell typaa by. v;xtua of its abllxty to disrupt '
biulngmaal membrauaa. ‘ A :

s The aﬁm of this Thesiu was to denmrmine whether metabolxc:<

f'axnhanges uncur within tha cell ns # result of thc ¢ytotox1c

'Taction of SLE. Ruowledge ‘of the efﬁect of. SLS an essential

"’fgnexby»prcducxng. callular mataholiam nould help in the eiuax*‘

“datzan of its mola in the pathogenesxa of Gruup A.aureptococcl.

- . Twa aapects of eellular matabolxsm wera studied.-

(1) ?he actinn of: Lh on the Iunc:zcninh ‘of the respiratory
and energy-ptaducinb centra oﬁ the call, the mitochondrion.

;.g ( ) Tha action of SL& on the respiratxon aﬁ whnle eella usxngqf“'
' Kxebs 2 Asextea ‘Tunour eella a8 ‘models. '

Txeatment af isalatad mausa 11v¢r matcchondria reaultad in

'-, mmpaxrment of thexr suacinzc and cytochrome oxidaae activitzes. E

The toxmn,had ne effect on aatxvely teprrinu maﬁouhandrxa.‘ ai

'H":zperxqé of interaaticn batwe&n Shﬁ and the mitnchondwxa, pxior to

N the’ addxtxun of sﬁbstraue, was" requxred befcxe xnhlbition was o
" dpceeteéa o - s . |

A | ihe additlon of- exqgennua, solubla. cytﬂchrome ¢ to SL&~

| rinpaxre& mitochcndria restored thair sucainxe oxidase aetlvlty
 :€¢ that af untreated conttols. Tha cycachrcme oxidase activ&ty :f'
1fo£ &LS~tra&ted mxtochondria was 1ncreased by up to JQZ above theznv

” aontrols fellowing the adﬁxtion cf eytoahrcme ce The presence of

cxagencus cytochrnma o during uha intaractmon between SLY ‘and

ffmito¢hnndr1a maakad tha imvairment of both auacinic and ¢yto¢hrome
4 axxdase. IR



Ls cauaa& swellxng of miuochondrla and leakaba uﬁ prctein .
,_includan& a produec havxng an adsorptxon maxxmum at &10 mn whxchff
was pcssibly cytnchxome Co. o S ‘

Tha resulta presautad xa this- Theaia hava axﬁended gignzfi— L

C eantly knawle&ga o£ the mnda of -action. af SLS on witcchondrxa.'

3* 16203& ta prcpare

'\ﬂonalusmve evidance has. baen abtaxnad whzch 1nd1cates that SLS
| cauads. dialocahzon of tha- eleatxon tranapart ehazn at the
_ eytauhroma & 1acus. I is reco?ﬁxsed that the. ubaarved reuulﬁn _
pinﬂpcint ES sacondary functiunal lesxonf Wlthln the mxtochondrion
resuitxnh from damaga by SLS bun do not prnv;de qcnnlus;ve E '
,evxdence fox the prlmary s&ta of action. ‘Poasible explanations .
,-oﬁ the sequance qi aventm oceurrinb 1nkmitpchondria1 dzsruptxonhﬁ:f
by. SLS are dxacuasad. ' : L

1n its. extracellular farm. the bxolog&cally active poly~
lyaptxde of SES requmrea to Ea stabiliaed hy atcachmunt of an
. inext carrier substanﬁa. A vatxety of carrxaws have bean use&
by dszarent workers for ‘the praparatxon of aLb. In thia Thesis
f;an RiA=ase, resishant hNAPccra was tha carrler used. ‘this was ]

incubated thh{washed nells af treptucogcus Iyagenes xtramn L

(1949); he. resultant praduct was d331&nated RﬁA?SLS‘:

Toxin prapar&d in thas was wms both haemolyt:c and eaused :f

~~;:disxuptxon of mitqchon&r:al £unenxou. Baﬁh uf thaae binlogxcal

\ ;activ1tias xn tnx&n praparatxuns were dastroyad by heaC1ng at .
B0 %, When the SLS-deflnxent mutant ﬂ203U was. inaﬁba:ed thh ;ﬂ.j'
~»fgﬁgpcoxe, the res;ltant suparnatant xluld cauaed nelther mxto-
:ﬁﬁondrmal damage nnr haamolyszs. Tcxxn praparatlons incubated
" wiﬁh e;ther erythroeyue ghaats ox mitochondria na laﬁger A
"possessed eithexr of tha bmalngzcal activmtiaa‘ Fuxthermare,*
in was not pnssmble to phyaxcaliy separate the twa antivxtias by: -

)the tnxmn aecordiuh ta tha mﬁuhad Qf Bernhelmerfi ‘,



gel filtratiOn on dxﬁiereﬁt pradas of Sephadex.

Leuithin and Txypan blua mnhihitad she haemnlycxa activxty
of RﬂAF&LS preparat:ons hut dxd ot affect their ability to
’&amage mztochﬁndrxa. Taken aVerall. tha wgrh of thls Theﬁis
auggasts that the naam&lynic an& mztenhan&rial damaging activitiea
a*a §repern1eﬁ oi the antzty knuwa aa RﬁA&ﬁL& hut may be 1acated
at distlnuk 31&93 thhin the %LS mclecuie. "

o Phasa eantraat micrasccpy oﬁ Lreba E.Ascxtes Tusour calls
treatad w1th sns vas . ca::&&& out and shcwad that thzs noxin cauned .
| ETOBE disqryanxeatian af the’ eells. nqny of tha Qhaerv&d changas };v

”";%could be explainaa by membraue damnge.- SLb 13 knawn to sttack the :

o lmmlting cell’ membrane c&uazng altaratinna in eﬁllular pnrmaability.

. The eﬁfeeu ut 5unh'memhrane damage on. the tesy;raﬁxnn of Rreha 2

zAseites ;umour cells was investzgatede

_ When &xugenaua aunainate was prasent a8 aubstrate, arebs 2
‘Asciten Tumnur aella whmch had been pravinusly treatad thh SL8,
iexhibxted an 1nﬁreasad rate of oxypen upcakei' ﬁowevgr, the a&dztion |
oﬁ tﬁmin to. ¢e11a which‘ware accxvely matabolising sucniﬂata dx& nnt«
ffcauaa any alteratlnn in’ tha raﬁe of oxyaan upﬁahe. g the othér

'T* hand. tha pxxdatmbn of. guccinata by-mihochonﬂr1a xsolated ftam

‘f Kxebs 2 Ascxtaa Tumour ¢e11a wa& 1mpaired by SLS. Thus 1& appaarsff:
'ﬁhat the toxxn iaxia La yenttrate to the mltachﬂndr1a nf 1ntact |
’af;Ascmtaa aells‘ Theraiore. tha alcexation in membrana permaabilm&y

'naused by SLs appaars o rasult in,eknra~ava11ab111ty oi sucpznate o .

to uln $t111~funetlonmng mxtachendrln an& a cnnsaqueut Qverall

'”' increase in tha xate off celiulaae mxygan ugtake. Whe faeﬁ that

‘ staphylacaccal alpha~toxin, which is known to act cu 1xmxhxng celi

‘mewbranes but naﬂzmxtocﬁnndrihl membranes, had the same exfec; on

'eallular aueamnate nxiﬁation supgerta thxs hypﬁthaszsu' Beth SLS
. and ataghylccoccal alpha*toxin alsa Qausad 1nh1h1txon éf endagenous .



o ;a_;?éitygm A_ umkéﬂ"aﬁé; éﬁir:.é;gﬁmﬁbié{sii@#%"f":éic%atim S

Ia 1s raee nzsed ghat thera ie a ﬁlsarapancy bntween tha

'7fuxaat that QES 15 cagabia of &amagxnh,isalatcﬁ m&tedhcn&ria and

‘"4¢,§;iaa inabiimty te 9anatrate to these o:?aﬁelles when they are

fo;vxnhln tae ﬁﬂllt xhﬁ gosslbmliﬁies of ”L% aetxnh synergiaticaxly‘;_‘q’"

r"with thar streptsaacaal @te&unta oy baxng &laharated intra-

“' ;2¢&11u1ar1y durin dasaasa ara dlﬂGUFSédc

e wivieh, dn. nu :

Erem ch¢ rauulna pxeaenueﬁ in this Ehésis fut#bax knowladge .

| "-*gwuf tha acuian af &LS 1n gittn has bgen axnad. I is claar that-}gﬁ,?*’

i‘;frha acnzcn ﬂf S&S, iﬁ ad&itién to causing mnrnhqln ical ﬁanage, -
.. may 1130 rasult in thv ﬁiatuphian pf eaaential ﬁaliular me:abaizum
ilannlﬁ result in: cgil death¢ ‘Wha rmla of &LS in

71 the anticsncer aativity and: ?aﬁhﬂganl°ity of the &roup A

:?'}stxaptncqncua ia d&seusseﬁ.




