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INTRODUCTION

I. PREFACE

Interest in Staphylococcus aureus as a possible agent

of disease in iaan and animals arose in the last quarter of

the nineteenth century. At that time there were conflict¬

ing views regarding the aetiological relationship of

staphylococci to the pyogenic lesions in which they were

observed. The possibility that diffusible extraoellular

products of bacteria might be involved in initiation of

such lesions was not at first considered until Klebs (1872)

postulated a general relationship between pathogenicity

and toxin production in bacteria, and De Christmas (1888)

demonstrated the toxicity of heated broth cultures of

S, aureus.

It was unfortunately soon apparent that the brilliant

results obtained following bacteriological research on

diphtheria and anthrax were not to be readily reproduced

in the field of staphylococcal research. Pathogenic

bacteria had seemed to fall into one of two groups: the

first characterised by invasiveness, and the second by pro¬

duction of a toxin. However, S, aureus was found on

occasion to possess attributes of both groups. It is now

known that culture filtrates of S, aureus contain a great

many toxic and enzymic factors, some of which have been

fairly well characterised.
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At least 14 antigenically distinct proteins have

been demonstrated in some culture filtrates (Bemheimer

et jal, 1961), and bacteriologists have for long debated

which of these proteins may be closely associated with, or

responsible for, pathogenicity and virulence* Some of

these extracellular proteins appear to be closely assoc¬

iated with invasiveness, while others might be responsible

for the extreme toxic effects occasionally met with in men

and animals afflicted with lesions from which S, aureus

could be isolated.

In general, staplelococcal infections are now reason¬

ably well controlled by the extensive use of many anti¬

biotic substances, but a knowledge of the nature of the

relationship of S, aureus to disease still eludes us; it

is evident that the continuing emergence of antibiotic-

resistant strains of Staphs'lococcus require that the whole

problem of the mechanisms of pathogenicity of this organism

should be reviewed and scrutinised more closely,

II, TKE STAPHYLOCOCCI

The original description of the species is the result

of the work of Rosenbach (1884) and others. Hueker (1948)

suggested the inclusion of three genera within the family

!■;icrococcoceae. Abd-el-Malek and Gibson (1948) proposed

that the group formed a linear series, pathogenic staphyl¬

ococci being found at one end and a thermoduric saprophyte

at the other, Wilson (1955) distinguished "nodal points"

along this continuum where numerous strains were grouped
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together. The working classification of the National

Collection of Type Cultures consists of the five species
.

proposed by Shaw et al (1951). According to Ber^ey's

Manual of Determinative Bacteriology (Breed et al. 1957;»

which is a comprehensive key and not a natural classifica¬

tion, the Staphy1ococcus is one of six genera containing

43 species within the family ; 'icrococeoceae. Hill (1959)

applied the "Adansonian" methods of classification of Sneath

(1957a,b) to the five species of Shaw et al (1951) and

regarded the group as comprising three species. This last

approach at least seems more scientific than the more simple

diagnostic keys.

III. THE PRESUMPTIVE PATHOGENICITY OF S. AUREUS

For the medical bacteriologist, the real problem has

been to decide which species of the groups of staphylococci

are potentially pathogenic and which are generally sapro¬

phytic, Essentially, it is necessary to distinguish

between pathogenic S, aureus (the principal pathogen pres¬

ent on the skin) and certain other morphologically identical

species labelled S. epidermidis (saprophyticus).

Numerous physiological characteristics of S, aureus

have been demonstrated which appear to correlate well with

its potential pathogenicity.

Pigment Production

Pigment production by staphylococci attracted consider¬

able significance in former days and three varieties of

Staphylococcus were thus recognised: S. aureus (golden;,
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S. citreua (yellow) and S. albus (white). Eosenbaoh

(1884) described two variants of Staphylococcus, orange

and white, but stressed that these only differed with

regard to chromogenesis. Passet (1885) similarly thought

that lemon-yellow staphylococci which he called "citreus"

were otherwise identical with the orange organisms.

Barber (1955) considered that the pigmented coagulase-

positive S. aureus could progress to a coagulase-positive

white variant after in vitro cultivation. "Aureus" to

"albus" and "albus" to "aureus" variation is apparently

quite common, the former being more frequent. Coagulase-

negative pigmented strains are not infrequently encountered.

The terms "aureus" and "albus" thus lost significance as

descriptive of the colour of colonies produced by a strain

and began to be used rather loosely to imply the strain's

ability or inability to produce coagulase. While there is

some justification for retaining "aureus" for coagulase-

positive strains, "albus" as a general term for coagulase-

negative strains may be misleading.

It follows that pigment production in staphylococci is

a poor criterion of pathogenicity. Elek and Levy (1950d)
noted that 5-10 per cent of their coagulase-negative strains

produced some pigment, arid about 8-10 per cent of the coagu¬

lase-positive strains produced no pigment. Moreover, Fahl-

berg and torston (1959) noted that 14 per cent of a group of

65 coagulase-positive strains produced no pigment, and Chris¬

tie et al (1946) also have observed no complete correlation

between pigment production and pathogenicity. Greer

(1956; has therefore suggested that pigment formation as a
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criterion of pathogenicity should be abandoned*

Fermentation of Sugars

Fermentation of sugars by staphylococci has been

widely accepted as an index of pathogenicity. According

to Blair (1938), the fermentation of lactose and mannitol

seems to be the most constant sugar reaction of these

organisms. Chapman and Stiles (1940) have found that the

carbohydrates most consistently fermented are glucose,

lactose, maltose, mannitol, glycerol, sucrose, erythritol,

fructose and raannose. Of all these reactions, mannitol

fermentation has been reported by numerous investigators to

give the most reliable indication of pathogenicity (Hine,

1922; Knott, 1947; Allen and Fellows, 1940)* As with

|pigment production, however, there are exceptions to the

general rule. Some coagulase-negative staphylococci are

able to ferment mannitol, which makes the reaction unreli¬

able as an index cf potential pathogenicity although it is

still v.idely used as such.

Miscellaneous Properties Related to Pathogenicity

Kasarov (i960) reported that coagulase-posxtive strains

were able to degrade carotene to a colourless compound.

He found 126 of 250 strains to be carotinolytic. There

was considerable parallelism between haemolytic and caro¬

tinolytic activities in that, of 126 carotinolytic strains,

90 per cent proved to be haemolytic on rabbit blood agar.

Eighty-two per cent of the non-haemolytic strains showed no

carotinolysis. It has to be presumed that Kasarov was

correlating carotinolysis with the production of alpha
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lysiru

The reduction of tellurite has been found by Hoeprich

et al (I960) to be correlated with pathogenicity. In all,

2p9 strains of staphylococci isolated from clinical mater¬

ial were tested for coagulase production and tellurite re¬

duction. Of these, 188 were coagulase-positive and could

reduce tellurite, but three coagulase-positive strains did

not reduce tellurite and two tellurite-reducin^ strains

were not coagulase-poaitive, Of these, 191 were coagulase-

positive, while 193 were able to grow on tellurite medium

and reduce it, and 188 strains did both. Although it

would therefore appear that tellurite reduction could be

used as a substitute for coagulase testing, tellurite

medium h s been found to be too inhibitory for first isol¬

ations, and the tellurite test would not have any advantage

over coagulase testing for presumptive pathogenicity.

Other phenomena reported to be related to pathogenic¬

ity in Staphylococcus are sensitivity to potassium cyanide,

(Vassiliadis and Kaquet, 1959) and sensitivity to lysosyme

(Kashiba et al, 1959). Apparently, coaGulase-positive

strains are able to grow in a medium containing a trace of •

cyanide, whereas few coagulase-negative strains possess

this ability. In the case of lysosyme, coagulase-positive

straxns are most resistant.

Xotis and Skstedt (1959), employing conventional

manometric techniques, were able to demonstrate that coag¬

ulase-positive strains of S, aureus respired more actively

than did the negative strains.
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Although these isolated phenomena are interesting in

view of their apparent relationship to pathogenicity, re¬

search has mainly centred around the coagulases, haemo-

lysins, leucocidins, lethal factor and other aggressins of

S. aureus. This important group of substances merits more

detailed discussion,

IV, PRODUCTS OF STAPHILOCOCCI AKD THEIR
RELATIVE IMPOHTAMGB IK PATHOGENESIS AT® VIRULENCE

Coagulase

Loeb (1903) first reported that cultures of S, aureus

would coagulate animal plasma. While his observations

were net confined to S, aureus, he nevertheless observed

that the coagulating power of the staphylococci was greater

for goose plasma than that of any other bacterial species

tested. Much (1908) observed that staphylococci could

clot plasma to which citrate, hirudin or certain other anti¬

coagulant substances had been added. This property was

thought to be peculiar to staphylococci, and then only to

certain strains.

Walston (1935) noticed that different strains clotted

the pi ismas of different animals with varying degrees of

ease. For example, one strain clotted human plasma more

readily than rabbit plasma and did riot clot dog plasma at

all; while another strain clotted dog plasma more easily

than rabbit plasma, and rabbit more easily than human

plasma. Other observations made by Walston were that the

clottin0 principle is dialyaabls through cellophane after,

but not before, alcoholic precipitation, and it is distinct
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from haeraolysin. The clotting principle was also found

to be precipitable by acetic acid and ammonium sulphate.

It was found to be filtrable through Berkefeld but not

Seitz filters. Purified fibrinogen could also be clotted

by a culture filtrate. Fisher (1936) found that bacteria-

free culture filtrates of some strains could clot human and

rabbit plasma or fibrinogen. He too was able to concen¬

trate the active material by precipitation with alcohol.

Berkefeld and Seitz filters retained most of the coagulase

activity of these filtrates. In some cases, however, the

dotting activity could not be separated from staphylococcal

cells, but this phenomenon did not suggest to him that he

might be working with two coagulases (Duthie, 1954) •

Smith and Bale (1944) showed that coagulase is ,partic¬

ulate, filtrable through Gradocol membranes of pore size

0.5u, and is thermostable. Human plasma was generally-

clotted by coagulase, but guinea-pig, fowl and mouse

plasmas as a rule could not be clotted.

Tager (1948b) effected a ^(Kj-fold purification of

coagulase by precipitation at an acid pK with acetate

buffer followed by alcohol precipitation and separation of

the impurities with ammonium sulphate. Unlike the crude

substance, the purified product was thermolabile. It gave

negative Jiolisch and Bial tests, and trypsin and chyrao-

trypsin were effective in destroying its activity, which

suggested that it might be protein in nature. Tager also

observed the reaction between coa^ulase and plasma to pro¬

ceed stoichiometrically, but claimed that under certain
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circumstances this fact could still fit the picture of

coagulase as an ensyme,

Ramxelkamp et al (1950), using cell-free preparations

of coagulases, injected monkeys with the ccagulases of

three selected strains. On the basis of titration of

monkey antisera with these coagulases, they were able to

detect three types of coagulase, designated types I, II and

III. It was found that types I and II are antigenically

distinct, but type III is related to both. Duthie (1952)

detected four antigenically distinct types of coagulase in

culture supernatants which he labelled A, B, C and D.

Types A, B and C were isolated from three well-known strains

of Staphylococcus, and the fourth was found to occur in

cultures of freshly isolated human strains. He observed

that the majority of human sera neutralize types A and D

while animal strains produce coagulase inhibited by anti-

sera to types B and C» The relationship of Duthie's

coagulases to those of Rata elkarap is unknown.

Duthie (1954) produced evidence for the existence of

two forms of coagulase. One was found to be bound to the

cell wall and is thought to be responsible for agglutina¬

tion in the slide test. Duthie claimed that it acted on

a susceptible fibrinogen, causing the staphylococci to

clump. The other, free coagulase, was said to act on a

prothrombin-like substance to give a thrombin-like end

product, and is responsible for the clotting of plasma in

the tube test for coagulase. Duthie found these two forms

of coagulase to be antigenically distinct.
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Duthie and Houghton (1958) obtained a highly purified

preparation of free coagulase by adsorption of the crude

product to cadmium sulphate followed by fractionation with

ammonium sulphate. The molecular weight of the purified

substance was found by sedimentation methods to be about

44,000. Tie material was toxic to rabbits only when

injected intravenously, apparently causing intravascular

thrombosis. They observed in addition that lyophilisation

caused a rapid loss of coagulase activity. Kato and Oraori

(1959) successfully extracted bound coagulase from cells

which were positive for bound and negative for free coag-

ulase, by grinding or by phenol extraction. These extracts

absorbed clumping-inhibiting antibody (antibody to bound

eoagulase) in immune sera and also adsorbed fibrinogen.

The fibrinogen-adsorbir% substance obtained by the grinding

method was dialyxable and thus different from the non-

dialysable substance obtained by phenol extraction. It

therefore appeared that bound coagulase may be of a dual

nature, Blobel et al (i960) purified free coagulase by

acid precipitation followed by two cycles of ethanol frac-

tdonation. Further purification was achieved by starch

column electrophoresis and onion-exchange chromatography.

The injection of electrophoretically-purified ensyme into

rabbits stimulated the formation of free coagulase-

inhibiting antibodies.

Pan and Blumenthal (1961) demonstrated that coagulase-

positive strains of Staphylococcus produced on the average

five tiraes more acid phosphatase than coagulase-negative
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strains. This finding led Xnniss and Sanclemente (1962)

to investigate the phosphatase activity of purified coag-

ulase. Anion-exchange chromatography and electrophoresis

using starch, starch gel and paper as stabilizing media

failed to separate the two activities. lodoacetate,

ethylene-diaminetetra~acetic acid (BDTA) , azide and

p-chloromercuri-benzoate always differentially inactivated

coagulase and phosphatase activity. Also, when phosphat¬

ase was saturated with excess substrate, coagulase activity

was not inhibited. Inniss and Sanclemente felt that the

parallel increases in specific activity of coagulase and

phosphatase observed during purification procedures might

indicate the existence of a common protein carrier.

Drummond and Tager (1962a) were able to separate the phos¬

phatase and coagulase activities of their preparations

using cellulose column zone electrophoresis.

Coagulase reacting factor (CRF,. The variation in

the behaviour of animal plasmas of different species and of

different members of the same species led to the idea that

coagulase might require an accessory factor as activator.

Smith and Hale (1944) found testicular extract to be

a suitable source of the accessory factor. They observed

that coagulase is the precursor of a thrombin-like sub¬

stance, and that the production of this thrornbin-like

substance depends upon the presence of accessory factor.

The accessory factor occurs in varying amounts in normal

plasma of different species (Smith and Hale, 1944). A

deficiency of this coagulase accessory factor would thus
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explain the non-coagulability of sane plasmas, since these

plasmas are rendered coa0ulable if the accessory factor is

added,

Duthie and Lorenz (1932) also observed that the

activator in plasma closely resembles prothrombin in phys¬

ical properties such as thermolability, behaviour during

"salting-out" and removal by adsorbents. Both appeared

partly lost in blood clotting and dicoumarol poisoning.

They also confirmed the observation of Tager (1948a) that

prothrombin is apparently removed from plasma by repeated

Seita filtration, but activator is not. Tager (1956) was

able to localise CRF activity in various globulin fractions

by means of controlled etbanol precipitation. Onefraction,

semi-purified fibrinogen, contained no CEF activity after

it was further purified, which might explain trie observa¬

tions that free coagulase does not act on purified

fibrinogen. Tager has further outlined a number of

similarities between prothrombin and CRF viz: similar

inactivation by heat, parallel consumption during physiolog¬

ic clotting, disappearance in rabbits treated with

diGoumarol and phenylindanedione, equal restoration by the

anticoagulant effect of vitamin Kj_, and acceleration of

activity by crystalline trypsin. There are, however,

distinct differences between CRF and prothrombin: (i)

phyBiological clottixn,, but not clotting by coa^ulase, is

inhibited by heparin .nd by citrate or oxalate ions; (ii)

the plasma of certain animals is deficient in CRF but not

prothrombin; (iiij clotting by coagulase is not affected

by soybean trypsin inhibitor which inhibits prothrombin
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activity; and (iv) the two factors are differently dis¬

tributed in the various plasma fractions of Cohn et al

(1946).

Tager has concluded that the CEF activity of plasma

is represented by two factors; one associated with lar^e

molecules and indistinguishable from prothrombin at pres¬

ent, while the other is associated with small molecules

showing no prothrombin activity, but presumably derived

from prothrombin.

Murray and Gohdes (1959) have observed, contrary to

the observations of a number of other investigators, that

purified coagulase and fibrinogen will clot slowly in the

absence of CBF. They did find, however, that the addition

of plasma (containing CRF) greatly accelerated the re¬

action. They suggested that coagulase acts optimally on

fibrinogen in the presence of CRF to form fibrin, i.e.

coatJulase + fibrinogen ^ fibrin.

Houghton aiid Duthie (1959) have shown that when coag¬

ulase is previously incubated with CRP, esterase activity

is revealed. More recently, Drummond and Tager (1962b)

suggested that the chemical mechanism of fibrinogen clott¬

ing by coagulase and CHF involves a preliminary stage of

proteolysis, analogous to that found in thrombin-catalyzed

fibrinogen clotting. They found that the coagulase-CRF

complex also exhibits N-^- toluene-p- sulphony1-L-arginine
methylesterase activity in addition to its fibrinogen-

clotting and proteolytic activities, Drumaond and Tager

also demonstrated that the coa^ul se-CRF, and thrombin-

fibrinogen systems are inhibited in a similar manner by
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soybean trypsin inhibitor and also by diisopropylfluor-

ophosphate (DFP) which is known to inhibit esterase act¬

ivity. Investigation of the mode of action of coa^ulase

naturally presents considerable experimental difficulty,

since the mechanism of physiologic clotting itself is

imperfectly understood.

The relation of coagulase to pathogenicity. Loeb

(1903) considered that coagulase production was related to

pathogenicity in the staplelococci. Cruickshank (1937)

first observed that coagulase production by staphylococci

was most highly correlated with pathogenicity to rabbits.

He was unable to demonstrate antibody to coagulase in nor¬

mal or infected individuals and hence presumed that

coagulase was non-antigenic.

Smith et al (1947), aware of the non-coagulability of

guinea-pig plasma by coa0ulase, were able to select a few

strains of Staphylococcus producing coagulase which did

react with guinea-pig plasma. They shoved that these

strains were more virulent for guinea-pigs than strains

which produced coagulase not reacting with their plasma.

They also discovered that staphylococci were more virul¬

ent for mice if they were suspended in a coagulable plasma

before injection.

Much has been made of the interesting phenomenon that

coagulase - positive staphylococci grow readily in fresh

human serum whereas coagulase-negative strains do not.

llodarczak and Jeljaszevdcz (1959) confirmed this, but

partially-purified coa^ulase added to the serum containing
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coagulase-negative strains did not allow growth. However,

the addition of crude culture filtrate from a coagulase-

positive strain then permitted growth of the coagulase¬

negatxve strain. These results do not of course indicate

that growth was necessarily facilitated by the presence of

the coagulase in the culture filtrate. Yotis and Ekstedt

(1959), using conventional manometric techniques, showed

that the addition of purified coagulase to coagulase-

positive and negative strains growing in human serum stim¬

ulated the respiration of the negative about twice as much

as the positive strains. The use of a more sensitive

method such as manometry might explain the discrepancy

between these results and those of \7lodarczak and

JeljassewicE who observed no growth of coagulase-negative

strains in human serum.

Alami and Kelly (i960) found that the form in which

coagulase occurred in staphylococcal cultures did not

determine their virulence for mice. However, upon intra¬

peritoneal injection, mucin enhanced the virulence of those

strains which produced free coagulase but did not contain

bound coagulase. Mucin did not enhance the virulence of

strains which contained bound coagulase but produced no

free coagulase. Kapral and Li (i960) investigated the

virulence and coagulases of S. aureus using a virulent

parent strain that produced both free and bound coagulase.

Ultraviolet irradiation of this strain yielded three

mutants; one having free but not bound coagulase; another

having bound but not free coagulase; and a third which pro¬

duced both. On injection into rabbits, the mutants having

free but no bound coagulase, or bound but no free coagulase,
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were no more virulent than the parent strain. The mutants

having both free and bound coagulases were avirulent.

These results have been interpreted as indicating that the

possession of either free or bound coagulases does not

determine virulence of S. aureus for rabbits.

It has been suggested by Blair (1962) and by Hale and

Smith (1945) that coagulase may play a role in the initial

stages of infection. Hale and Smith state that it may

well act by depositing a fibrin barrier around the cocci

which could protect them from phagocytosis. Cohn and

Morse (1959) have observed a delay in phagocytosis of

staphylococci, and Rogers and Tompsett (1952) have shown

that coagulase-positive staph;''lococci are eventually in¬

gested by leucocytes, but are capable of intracellular

survival for relatively long periods.

A few investigators have put forward evidence in

addition to that of Kapral and Li above, which challenges

the positive role of coagulase in relation to pathogenicity4

For example, Roake (1956) has described a coagulase-

negative but toxigenic strain which is fully infective for

normal rabbits and for rabbits immunized against coagulase.

Smith (1962), using a small number of strains and their

variants, claimed that coagulase is not a factor in mouse

pathogenicity. He based his conclusion on relatively few

results. Though the above exceptional findings cannot

be ignored, they have in general concerned old laboratory

strains or variants.

The bulk of evidence, however, would seem to
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implicate coagulase as a positive factor in the pathogen¬

icity of S. aureus for man and animals.

Hyaluronidase

Duran-Reynals (1933) was able to correlate virulence

of 53 freshly-isolated strains of 0. aureus with their

production of a soluble factor which greatly increased tissue

permeability. This factor not only appeared to enhance

invasiveness of staphylococci, but also had the same effect

upon infections produced by other bacteria and by the

vaccinia virus. The factor was found to be similar to

the spreading factor isolated from many animal tissues,

especially testicle. It was identified by Chain and

Duthie (1939, 1940) as a mucolytic enr-yme acting on the

mucopolysaccharide hyaluronic acid, which is widely dis¬

tributed as a constituent of the intercellular ground sub¬

stance of various body tissues,

Schwabacher jet al (1945) found that coagulase, alpha

lysin and hyaluronidase production were closely correlated

in 654 coagulase-positive staphylococci obtained from human

sources. They found 93*6 per cent of such strains to be

hyaluroniaase-positive, while 91.1 per cent produced alpha

lysin. One hundred and sixty coagulaae-negative strains

did not produce hyaluronidase or alpha lysin. These work¬

ers suggested that hyaluronidase and alpha lysin production

are associated with virulence, since a greater proportion of

strains from healthy carriers is deficient in hyaluronidase

and alpha lysin than strains from active lesions.

The hypothesis that hyaluronidase contributes to the



18,

severity of an infection by aiding the spread of organisms

and their toxins has been an attractive one, but mechanisms

illustrated by in vitro experiments may not truly reflect

in vivo conditions. Against this l^rpothesis, Rogers (1956)

has presented evidence that the extra-cellular enzymes

formed at or near the cell surface in staphylococci may be

inhibited by "macroanions" or negatively charged synthetic

polymers. Thus natural macroanioris such as chondroitin

sulphate, hyaluronic acid, heparin, or nucleic acids could

perhaps inhibit the synthesis or action of such enzymes

in vivo. In addition, it certainly is evident that the

ability of S. aureus to elaborate hyaluronidase does not

seem compatible with the tendency of staphylococcal infec¬

tions to localize.

In fact, the true role of hyaluronidase in many

bacterial infections such as those caused by staphylococci,

streptococci, pneumococci and Clostridia is still in doubt,

Staphylokinase

It has been known for many years that staphylococci

produce a substance capable of lysing a fibrin clot

(Rietsch, 1887),

Fisher (1936), in a study of 26 coagulase-positive

strains of S. aureus found seven which were able to dissolve

clotted plasma and 15 which went on to dissolve fibrin clots

initially produced by their coagulase activity. All of

these lytic reactions proceeded slowly. He also found

that no staphylococci produced the fibrinolysin in the

absence of coagulase.
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III Australia, Hountree (1947c) found a completely

inverse relationship between beta lysin and fibrinolysin

production by her strains. However, Levy (1952) found in

England, that 69 per cent of strains which produced beta

lysin, also produced fibrinolysin. Also in England, Lack

and Wailling (1954) found that 314 of 435 strains produced

fibrinolysin and that 37 of these 314 fibrinolytic strains

also produced beta lysin. Thus there is no clear correla¬

tion between fibrinolysin and beta lysin production.

There has been much speculation as to whether the

clotting of plasma and lysis of the clot are due to the

same entity. Kleinschrnidt (1909) was the first to con¬

clude that the two activities are distinct. Gratia

(1919 a,b,c), observing a correlation between the time

taken for clotting to occur and time of dissolution of the

clot, suggested that fibrinolysis naturally succeeded the

clotting process. This evidence was later supported by

Gengou (1935) and Vanbreuseghem (1934c;. Vanbreuseghem

suggested that guinea-pig plasma, for example, would not

clot because fibrinolysis was more rapid than coagulation.

The inability of guinea-pig plasma to clot in the presence

of coagulase is now. known to be due to absence of accessory

factor and these theories are perhaps now mainly of historic

interest. Evidence that coagulase and fibrinolysin are

different substances is now fairly conclusive. The anti¬

genicity of coagulase has only recently been established,

but it has always been relatively easy to demonstrate the

antigenicity of fibrinolysin. Also, numerous investigators

have reported strains of 3. aureus which were coagulase-
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positive but which were devoid of fibrinolysis!. Tager

(1948b) has been able to produce highly active preparations

of coagulase which are very low in fibrinolysis! content.

This has been confirmed by huthie and Lorenz (1952) whose

partially-purified coagulase exerted no action on a fibrin

clot in 24 hr, at 37° C«

Lack (1948) observed lysis of a human plasma fibrin
-

clot by 14 of 24 strains of Staphylococcus. Twenty-three

of these 24 strains clotted rabbit plasma but no lysis of

the rabbit plasma clot occurred, although all of their

culture filtrates contained both coaputare and fibrinolysin.

Hunan throubin-fibrino0en clots could be iysed at fairly

high dilutions of fibrinolysis. If either fibrinogen or

fibrin were heated to 60° C. for 30 min. to inactivate

plasminogen, or if soybean trypsin inhibitor was added to

the mixture, no lysis occurred. Soybean trypsin inhibitor

is able to inhibit plasmin, then, but it does not appear to

inhibit bacterial proteases in general. Thus the absence

of lysis of coagulated rabbit plasma was explained, since

Christensen (1945) showed that rabbit plasma contains an

inhibitor, or anti-plasmin. This evidence led Lack to

believe that S. aureus produces a plasminogen activator and

not a true fibrinolysin, and is similar to streptokinase.

The terra "staphylokinase" is now generally accepted.

Gerheim (1948) produced similar evidence simultan¬

eously. The following schesrie is thus suggested:
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Fibrin Split Products

Plasmin (fibrinolysin)
' *

(S tapiy lokinase)

Plasminogen

Various methods, notably acetone, alcohol or trichlor¬

acetic acid precipitations have been employed in the

purification of staphylokinase. Cultural conditions for

staol^lokinase production do not seem to have been studied

very extensively, with the result that relatively weak,

crude starting material was used. Bungay (1961), employ¬

ing a casamino acid-yeast diffusate liquid medium, found

that optimal yields of staphylokinase occurred in aerobic

cultures shaken at 35° C» after 6.5 hr.

1'odern methods of fractionation, employing ion-

exchange materials, adsorbents or electrophoresis do not

seem to have been applied to the purification of staphyl¬

okinase. Consequently, relatively little is known of the

nature and properties of the purified material.

The role of staphylokinase in the pathogenesis of

staphylococcal infections is obscure. Fisher (1936)

suggested that increased virulence might go hand-in-hand

with the ability of a strain to dissolve a fibrin barrier

and thus spread the infection. Such a suggestion ignores

the tendency of staphylococcal infections to localize.

Also, if this were true, coagulase and staphylokinase

would be in opposition in vivo. Cruickshank (1937) sug-
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gested that small emboli might be liberated by staphyl-

okinase from an infected thrombus and thus produce pyaemic

spread to other parts of the body.

Data such as those presented by Elek (1959), which

show that approximately the same percentage of strains

isolated frcra carriers and from active lesions produce

staphylokinase, indicate that staphy1okinase may not play

an important role in virulence.

Staphylococcal Lipase

Staphylococcal lipase is an extracellular enzyme which

at first was thought to be identical with haemolysin, until

Birch-Hirschfeld (1957) succeeded in obtaining lipase free

from haemolysin. Christie and Graydon (1941) demonstrated

that sheep red cells which had been treated with beta lysin

of Staphylococcus could be lysed in the presence of lipase,

whereas normal cells remained unaffected by the lipase.

The lipolytic agent is at present inadequately

characterized as a heat-stable factor, active at pH 5,8 -

9.0 with an optimum at 7.2 (Michaelis and Nakahara, 1923),

It is non-dialysable and antigenic.

Levy (1952) has shown that 99«5 per cent of coaguiase-

positive S, aureus are lipolytic and that approximately 30

per cent of coagulase-negative strains are also lipolytic#

Gillespie and Alder (1952) and Alder et al (1953) employing

egg-yolk broth as indicator, have found a correlation

between coagulase and lipase production. Willis and

Turner (1962), employing tributyrin, egg-yolk and human
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fat agars found no relation between lipase, coagulase and

pigment production by 86 strains of Staphylococcus. Some

of their coagulase-negn tive strains were also lipase-

positive.

Conflicting results such as these tend to suggest that

lipolytic activity is not related to pathogenicity.

Staphylococcal Phosphatase

Living staphylococci are able to hydrolyse phosphoric

esters. The reaction can be shown conveniently on an agar

containing the ester in the form of phenyl disodium phos¬

phate or phenolphthalein diphosphate. In the case of

phenolphthalein diphosphate, the enzyme splits off the

phosphate, and free phenolphthalein is then detected by

exposing the plate to ammonia vapour, whence the colonies

turn pink. Presumably the phosphatase is an intra¬

cellular enzyme.

Barber et al (1951) found that all of a large series

of coagulase-positive 5. aureus strains produced phosphat¬

ase within 24 hr. (usually 18 hr. at 37° C.) whereas

coagulase-ne0ative strains produced either no phosphatase

or only a little after at least 48 hours' incubation.

Numerous other workers showed that in general there is good

agreement between coagulase and phosphatase production.

Baird-Parker (1963) incubated strains for 3-5 days at

30° C. He found that of 1250 fresh isolates of coagulase-

positive and negative staphylococci and micrococci, all

coagulase-positive and 378 coagulase-negative strains were
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phosphatase-positive.

The work of Pan and Blumenthal (1961,), lnniss and

Sanclemente (1962) and Drummond and Tager (1962a) has already

been mentioned in discussing coagulase activity. The for¬

mer observed that coagulase-positive strains produced five

times as much phosphatase as coagulase-negative strains;

Inniss and Sanclemente were unable to separate coagulase

and phosphatase activities by various methods, but Druramond

and Tager (1962a)did accomplish a separation of the two

activities.

The phosphatase reaction as an indication of patho¬

genicity is not routinely used at present. An increasing

number of exceptions has been observed, probably because of

the interest in the phosphatase reaction generated by the

paper of Barber et al (1951). At present it is clear that

the results of phosphatase tests in Staphylococcus are

influenced by variable factors to a much greater extent

than qoagulase tests. There is incomplete correlation

beteeen phosphatase and coagulase production by pathogenic

strains and there would be no justification for the dis¬

placement by the phosphatase reaction of the coagulase test

as an indicator of potential pathogenicity,

Bnterotoxin

An unknown proportion of strains of S, aureus has been

shown to produce an enterotoxin, Pood contaminated with

these strains which has been allowed to stand under con¬

ditions which permit the formation of the toxin has been a

major cause of food poisoning in man especially in America,
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Fortunately illness in nearly all cases is transient and

recovery is rapidj but there is great individual variation

in sensitivity to the toxin.

Denys (1894) was the first to relate an outbreak of

food poisoning to the contamination of the infected food

with staphylococci. Since then many outbreaks have been

investigated and great efforts have been made to differ¬

entiate an enterotoxic group from non-enterotoxic coagulase-

positive staphylococci. Numerous claims for such

differentiation have been made, exploiting differences in

gelatinase production, lack of agglutinability in dilute

horse serum, ability to grow in the presence of 8 per cent

sodium chloride and differences in susceptibility to

bacteriophage. Levi et al (1956) showed that there was an

absorption band at 1100-1000 cm ^ in the infrared for

enterotoxic but net for non-enterotoxic preparations. Of

these many criteria, the only reliable one has been shown

to be bacteriophage sensitivity. Allison (1949) found that

64 per cent of enterotoxic staphylococci from various out¬

breaks were of phage type 6/47 end serological type IIIc.

A small number of the rest of the strains could be class¬

ified as 421). Eighty-one per cent of all strains belonged

to either of these two types. However, not all staphyl¬

ococci of these phage types are enterotoxic.

No special conditions appear to be necessary for the

production of the toxin in food, and nearly every kind of

food has at one time been incriminated. Concentrations of

sodium chloride above 20 per cent and glucose and sucrose
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above 40 per cent are said to be inhibitory (Kunheimer and

Fabian, 1940) to growth of staphylococci. A moisture con¬

tent below 15 per cent (Haines and Blliot, 1944), and the

presence of high concentrations of D- and L-serine,

L-cysteine and glycine (Castellani, 1953) will ibhibit

growth of staphylococci and consequently avoid enterotoxin

production. The enterotoxin is heat resistant and past¬

eurised milk has been known to cause an outbreak (Haekler,

1939). The normal canning process will destroy staphyl¬

ococci and the enterotoxin (Dack et al 1931)• The toxin

may be produced anaerobically or aerobically in infected

food, but Davison and Dack (1942) have found that under

anaerobic conditions the toxin yield is somewhat less.

Time and temperature of storage of food are also important.

The available evidence indicates that there must be good

growth of the eriterotoxic strain in the infected food before

it becomes poisonous. Enterotoxin production is particul¬

arly likely to occur when food is left at room temperature

above 18° C», e.g. on a warm summer day (Dolman, 193&), and

it can be avoided by refrigeration of prepared food below

18° C, (Gastaldi, 1954).

For some time speculation centred on whether the enter¬

otoxin was identical with any of the agents responsible for

the haemolytic, lethal or dermonecrotic activities of

S, aureus. Fulton (1943) believed that there was insuffic¬

ient evidence that the enterotoxin differed from the alpha

toxin, and suggested that differences in thermostability

ought to be interpreted very cautiously.
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Davison and Back (1939), however, showed that there

was no correlation between production of enterotoxin and

any other diffusible product of staphylococci. Woolpert

and Dack (1933) showed that antxsera neutralising alpha

lysin would not neutralise enterotoxin. There is now

general agreement that the enterotoxin is a distinct entity.

Progress in the study of enterotoxin has been hindered

by lack of a suitable means of detection. It has already

been mentioned that there are no real differences between

enterotoxic and non-enterotoxic strains of 3. aureus.

There is some controversy as to which animal is best suited

for the detection of the enterotoxin. So far, only

kittens, frogs arid monkeys have been claimed to avoid

recourse to human volunteers. The kitten test (Dolman

et al, 1936} was formerly widely employed but has now

fallen out of favour. Dolman et claimed that Seits-

filtration, boiling and formolization of the enterotoxin

did not inactivate it, whereas the alpha and beta lysins

were destroyed. This treated material was then injected

intraperitoneally into 6-8 weeks' old kittens, and the

characteristic syndrome of staphylococcal food poisoning

appeared in a few hours. Many workers have since offered

either support or condemnation. Perhaps the most serious

objection to the kitten test has been that of Pulton (1943)

who found that a filtrate which would not cause vomiting in

man would do so in kittens. He also found a case in

which the reverse was true, and observed that boiled alpha

and beta toxin and numerous non-specific substances would

cause vomiting in the kitten when injected intraperitoneally
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He claimed that a false result in the kitten could be

particularly ascribed to the beta toxin. Matheson and

Thatcher (1955) claimed to have inactivated the haemoly sins

in their boiled filtrates without affecting the enterotoxin,

by treatment with ascorbic acid.

Results with fro,_e have also been equivocal (Eddy,

1951). Monkeys vary in their susceptibility depending

upon the species used. Rhesus monkeys "nave been claimed

to be suitable (woolpert and Back, 1933)• Surgalla et al

(1953) state that at least two monkeys should be used and

that both animals must vomit if the test is to be consider¬

ed positive. Amounts of 1 ml. or less per kg, body weight

are said to be sufficient if administered orally. Monkeys

are, however, difficult animals to maintain, and are

expensive. They are also less susceptible than man to

staphylococcal enterotoxin.

The complete characterisation of enterotoxin following

its purification, will almost certainly lead to improved

methods of detection. Bergdoll et al (1952) passed crude

enterotoxin through a silica gel column at pH 6.35 and

eluted it at pH 7*8. The product after dialysis, showed a

10-20-fold increase in specific activity. The partially-

purified enterotoxin contained little carbohydrate, and was

ninhydrin-positive. It consisted of several antigenically-

distinct fractions. Two substances could be separated

electrophoretically, only one of which contained the emetic

principle,

Davison and Dack (1939) precipitated the active
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principle with ethyl alcohol artel ammonium sulphate,

Severity-five per cent saturated ammonium sulphate is said

to precipitate other staphylococcal toxins leaving the

enterotoxin in solution. Thatcher et al (1955) employed

precipitation with 40 per cent ethanol at -20° C. and con¬

tinuous electrophoresis in an attempt to increase the

specific activity,

Bergdoll et al (1959) have succeeded in obtaining a

preparation of high purity by acid precipitation, adsorp¬

tion on alumina, precipitation by ethanol, chromatography

on IRC-5C cation-exchange resin, and sone electrophoresis

cm starch. The product was shewn by them to contain only

one antigen v.'hen employing the gel diffusion technique

of Oakley, and was also homogeneous in the ultracentrifuge.

A preparation was obtained that caused emesis in monkeys at

approximately 1 ug. nitrogen per dose, A study of some of

the chemical and physical properties of the purified enter¬

otoxin showed it to love a molecular weight of 24,000 t

3,000 and an isoelectric pli 8,6, There was no indication

of the presence of carbohydrate or lipid. An amino acid

analysis was also done, which revealed a high percentage of

lysine. In addition, the toxin was antigenic and resistant

to trypsin.

The Leucocidins

The leucocidins of S. aureus have never been a subject

for easy study because of the technical difficulties involv¬

ed, The leucocidal action of staphylococcal filtrates lias

been known for sane years, Van de Velde (1894) being the
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first to observe the leucocldal effect of purulent exudate

produced by the injection of virulent staphylococci.

Neisser and Wechsberg (1901) developed their

"bioscopic" technique for measurement of leucocidal

activity, which employed rabbit leucocytes. The test

itself involves demonstration of the power of a toxin to

inhibit the respiration of leucocytes as measured by the

reduction of methylene blue, Neisser and Wechsberg showed

that a toxic filtrate of S. aureus was lethal for poly¬

morphs and that the leucocidin, unlike the alpha haemolysin,

was unstable. Subsequent investigations postulated the

existence of more than one leucocidin (held and Gunther,

1931; dr03S, 193l^>) •

Fanton and Valentine (1932) found a strain producing a

human leucocidin which was distinct from the alpha haemo¬

lysin; the latter acts principally on rabbit red cells.

They were able to find strains which produced alpha lysin

in the absence of leucocidin, and vice versa. This

leucocidin is now known as the FV (Panton-Valentine)

leucocidin.

Gladstone and Van Heyningen (1957) were of the opinion

that coagulase-positive staphylococci produce three distinct

leococidins. The first is the alpha lysin which is active

on rabbit but not on human polymorphs. The second is the

FV leucocidin which is active on human and rabbit polymorphs,

and the third, they claimed, had many properties in common

with the delta lysin. It is active on the polymorphs of

man, rabbit, guinea-pig and mouse. They observed that the
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FV leucocidin does not rupture the white cell; the delta

lysin in high concentrations ruptures the cell, but causes

only swelling and nuclear disturbance at lower concentra¬

tions, and could more properly be termed a leucolysin.

Gladstone and Van Heyningan also noted that this leucolytic

action ran parallel with haemolytic action on human and

horse cells, and like delta lysin activity, was inhibited

by cholesterol,

Jackson and Little (1956, 1957b) also suggested that

staphylococcal delta lysin is leucocidal. They comjjared

the leucocidal activity of alpha lysin with filtrates of

delta lysin which had been freed of alpha lysin. The

alpha lysin caused swelling of human leucocytes, while delta

lysin lysed them.

There is now general aareement with the contention of

Gladstone and Van Heyningen (1957) that there are at least

three leucocidins; the alpha and delta lysins, and toe FV

leucocidin. Woodin (i960) has determined that the FV

leucocidin actually consists of two components, designated

"F" (fast) and "S" (slow) according to the speed with which

they pass through columns of ion-exchange resins. The "F"

and "S" components were purified on Dowex-2 and Amberlite

CG-50 ion exchange resins. The "F" component could be

crystallised from 0.2 M» phosphate buffer at pH 6,7 in the

form of needles or as hexagonal plates. The "5" component

of the FV leucocidin was crystallized by "salting-out" with

ammonium phosphate from 0.05 M. phosphate buffer, pH 6.7,

in the form of very fine needles. Neither of the compon-
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ents is leucocidal alone, and both behave immunologically as

a single substance. Upon electrophoresis and in the ultra-

centrifuge, they show a single boundary. An antibody

combining-power method was developed for the assay of these

components. More recently, Woodin (1961) has developed a

method for the preparation of "F" and "S" leucocidin from

as little as 500 ml. of culture filtrate, which yielded

enough "F" and "3" components to do 250 titrations.

Morse (I960) isolated a phagocytosis-inhibiting sub¬

stance from oulture-filtrates of the encapsulated Smith

strain of S. aureus. The purified substance was homogen¬

eous by electrophoresis and ultracentrifugation. The

substance precipitated with rabbit antisera prepared against

homologous, heat-killed cells. It appeared not to be anti¬

genic, and appeared to be inherently non-leucotoxic, only

inhibiting phagocytosis.

The role of the leucocidins in the pathogenesis of

staphylococcal infections is obscure. It has been su^est-

ed (fiogers and Tompsett, 1952) that leucocidin may affect

the metabolic activities of leucocytes which are responsible

for the destruction and digestion of the staphylococci.

More recently, Gladstone et al (1962) and Mudd et al

(1962) reported a 6-7-fold increase in antibody to "F" and

"S" components of FV leucocidin in patients with miscellan¬

eous staphylococcal infections. Other groups of patients

infected with 3. aureus also showed anti-"F" and "3" titres

in excess of the normal. They emphasized that most toxoids

do not elicit FV-leucocidin antibodies, and recommend that a
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toxoid which will elicit a good response to this leucocidin

should be employed for prophylaxis.

The HaemolytiCjDermonecrotic and Lethal Properties of
S, aureus

The haetnolytic action of coagulase-positive staphyl¬

ococci on various species of animal erythrocytes was veil-

known before 1900, and various workers had observed the

hnemolytic, dermonecrotic, lethal and other effects of the

organism. The importance of these observations was largely

ignored until the occurrence of a disaster at Bundaberg,

Australia, in 1926, in which a number of children died

after receiving diphtheria toxin-antitoxin antigen con¬

taminated with virulent S, aureus. This stimulated fresh

research into the organism's extracellular products,

p>articularly the haemolysins and the dermonecrotic and

lethal factors.

Investigations since that time have revealed an

incredibly complex array of extracellular products, the

haemolysins being no exception. There is still disagree¬

ment as to the haemolysin spectrum of S, aureus, the

properties of the haemolysins, their mode of action and

their relationship to pathogenicity. Virtually nothing is

known of their chemistry. Fortunately, the trend of the

past ten years has been toward the isolation and purifica¬

tion of the haemolysins using modem methods of fractiona¬

tion. It is clear that purification and characterization

of the toxins of S. aureus must be accomplished before

their true relationship to pathogenicity can be assessed.
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The alpha hamolysin. The haemolytic action of

staphylococcal filtrates on rabbit erythrocytes was noted

by Van de Velde (1894) and Kraus and Clairmont (1900),

before the multiplicity of staphylococcal haemolysins was

realized. The lysin affecting rabbit red cells eventually

came to be known as the alpha haemolysin.

Various media have been eraployed in the production of

high titre alpha lysin. Probably the best complex media

yet devised are those of Walbum (1921a, b, 1922) and

Dolman and Wilson (1940). The former contains meat

extract, Witte peptone, and magnesium sulphate, buffered at

pH 6.8. Dolman-Wilson medium consists basically of

proteose-peptone and a solution of calcium and magnesium

salts buffered at pH 7#4. The original recipe requires

the addition of 0.3 per cent agar.

Numerous other complex media have been recommended,

and each has its advocates. For the production of lysin

which is to be purified, however, a semi-synthetic medium

like that of Dolman-Wilson, or preferably a completely

synthetic liquid medium should be employed.

Gladstone (1938) was the first to achieve success in

producing alpha lysin in a completely synthetic liquid

medium. His basic medium contained 16 amino acids,

glucose, aneurin and nicotinamide. He claimed to be able

to differentiate between requirements for haemolysin pro¬

duction and growth. The most important amino acids

appeared to be arginine and to a lesser extent glycine and

proline. The requirements ax^peared to depend upon the
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strain employed.

Yfhile it is not absolutely essential, the incubation

of cultures in an atmosphere of carbon dioxide increases

the yield of haemolysin, whether or not synthetic or com¬

plex media are employed. Parker et al (1925, 1926)

employed 10 per cent carbon dioxide with considerable

success. The effect of carbon dioxide was attributed to

its buffering action, in the belief that it prevented an

alkaline shift which reduces lysin production. Bigger

(1933) dispensed with the carbon dioxide requirement by

using glycerol in a well-buffered medium. lie was using

sheep cells as indicator and may have been detecting beta

or some other lysin. In spite of the amount of work that

has been done and the number of years that carbon dioxide

has been employed, there seems to be no general agreement

as to exactly what concentration of the gas is best. It

is also uncertain whether any other gases could replace

carbon dioxide.

Regarding the nature of the alpha lysin, some of the

earliest work was done on its heat resistance. Arrhenius

(1907) found that the alpha lysin exhibited paradoxical

behaviour when heated. He stated that heating alpha lysin

to 60° C. for 30 min. inactivates it, but that heating it

at 100° C. for 10 min. restores half of its activity.

Landsteiner and von Rauchenbichler (1909) suggested that the

heat anomaly was due to the action of an extraneous factor.

They obtained evidence that inactivating products unite

with the haemolysin at 65° C., but that higher temperatures
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dissociate the anion, thus re-activating the lysin. Tager

(1941)» by means of acetone precipitation, isolated the

inactivating product and his observations supported the

earlier explanation of Landsteiner and von Rauchenbichler.

Ee found that the alpha lysin itself was relatively heat-

stable .

A number of attempts have been made to purify the

alpha lysin, some being more successful than others,

Pillemer and Robbins (1949) have reviewed the work of

Wittier and Pillemer (1948) in which staphylococcal alpha

lysin was precipitated from the parent filtrate at pH 4,0

in 15 per cent methanol at a temperature of -5° C, It was

reprecipitated at pH 4,3 and 0° C,, and the toxin was

extracted from this precipitate with 0,15 M, acetate buffer

at pH 5,0. Impurities were precipitated in a final step

at pH 6,2 in 10 per cent methanol at a temperature -5° 0.

The purified product contained over 2,000 Lf doses per mg.

N, and was haemolytic, dermonecrotic and lethal.

Robinson et al (1960a) separated alpha lysin from other

components of a culture filtrate by treatment of the

filtrate with ethanol at -20° C,, calcium phosphate gel and

ammonium sulphate. They subjected this partially purified

haemolysin to carboxyme thylcellulose (CM Cellulose) chroma¬

tography, and observed the alpha lysin so obtained to be

haemolytic, dermonecrotic, lethal and proteolytic. Upon

addition 1 purification of the preparation by zone electro¬

phoresis in starch gel, a minor non-haemolytic dermonecrotic

component was isolated (I960 b), Three out of six strains
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produced this component, and it was suggested that the

variable presence of such a component could explain the

lack of parallelism between alpha lysin and derraonecrotic

titres noted by some investigators.

Bulter (1939) attempted to purify the alpha lysin by

means of ammonium sulphate, ethanol and "Cellosolve"

(2-methoxyethanol} , but was unable to get preparations of

very high purity or activity. Ammonium sulphate did not

inactivate the lysin but the procedure was of limited

value. Precipitation with "Celiosolve", in contrast with

ethanol, effected a further step in purification. Com¬

parison of the ratios of lethal to haemolytic activities of

the preparations indicated a differential denaturation of

the active factors and this supported the view that there is

a multiplicity of active factors. The isoelectric point

of the haemolytic factor was determined by an electro-

phoretic fractionation method and found to be pH 6,4.

Madoff and Weinstein (1962) achieved a 600-fold

purification of alpha lysin by precipitation at PH 6,5

employing sine acetate. The precipitated material was

suspended in trisodium ethy 1enediarninetetra-acetate and

passed through a column of "Sephadex" G—25 (cross-linked

dextran) and then through "Sephadex" 0-75 at pH 8,6, This

material was then subjected to continuous curtain electro¬

phoresis at pE 8,6, The active fractions were pooled and

passed through a column of dietbylaminoetbylcellulose

(DEAE) equilibrated at pH 7.4. The activity was not

retained on either the "Sephadex" or DEAE cellulose.
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Madoff and Weinstein were also able to achieve a several-

fold increase in specific activity by adsorption of the

lysin on CM Cellulose equilibrated in 0,01 M, phosphate,

pH 4.8. The purified material was markedly unstable and

gave a single line in immunodiffusion analyses by the

Ouchterlony (1958) technique.

Jackson (1963a) reported that alpha lysin could be

purified by initially treating the crude material with sine

acetate, the sine-lysin complex being precipitated with

cold ethanol-water mixtures at pH 3*9. After several

cycles of precipitation, the partially-purified material

was passed through a column of bydroxylapatite (calcium

phosphate) at pE 6,8. Active lysin was eluted at a

0.075 M. phosphate buffer concentration. It was found

that the purified alpha iysin was 250 times more active

than the crude material in terms of nitrogen content.

Only a few properties of the purified material were

investigated. Habbit but not human erythrocytes were

lysedj the material was dermonecrotic in rabbits, and was

lethal to mice when injected intraperitoneally. Unfort¬

unately, no antigenic analysis was carried out on the

purified material.

Bernheimer and Schwartz (1963) have described a method

for the purification of alpha lysin of approximately JO per

cent purity in a yield of 40 per cent. Ammonium sulphate

precipitation of the lytic agent was followed by curtain

electrophoresis, at pH 8.3. The purified lysin was found

to contain two impurities, one of which could be removed
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electrophoreticaliy, and the other by centrifugation.
.

Examination of the purified material in the analytical

ultracentrifuge revealed a major and minor component.

Immunological analysis employing the Ouchterlony (1953)

technique indicated that the partially-purified material

(containing the major and minor components) contained two

antigens, Further purification of the partially-purified

material by sucrose density gradient sone electrophoresis

revealed a total of four components, designated alpha a,

b, c and d. All four components were haemolytic to rabbit

red cells and lethal to mice. Alpha "an at this stage

was still contaminated with traces of the minor component

mentioned above, but was eventually obtained free of this

component by ultracentrifugation in a sucrose density

gradient. The final preparation of alpha "a" lysin was

found to yield a single peak in the ultrocentrifugej to

have a molecular weight of 44,000; to be non-proteolytic

and to contain most of the usual amino acids. Cystine was,

however, notably absent. This purified material had all

the characteristics ascribed to classical alpha toxin and

further confirmed the unitarian hypothesis suggested by

Burnet (1929)»

As the various attempts at purification have in recent

years achieved some success, a picture of the physico-

chemical characteristics of alpha lysin is beginning to

take shape. Jackson and Little (1957a), using an alpha

lysin preparation free from detectable quantities of beta

and delta lysins, were able to show that its haemolytic

activity is maximal at a pli of 6,8-7*0. A linear
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relationship was observed between baeraolysin concentration

and degree of haemolysis, within 25-75 per cent limits of

the latter. It was also found that the alpha lysin was

inhibited by citrate and glucose.

Mercier (1938) found that ascorbic acid would also

inhibit the haemolysis of rabbit erythrocytes by alpha lysin

at a concentration of 30 mg./ce, of lysin. Dialysis of

the lysin-ascorbic acid mixture restored the haemolytic

activity of the lysin. He suggested that this reversible

inhibition might be explained by the formation of a dis¬

sociable complex between alpha lysin and ascorbic acid,

Robinson et al (1958) achieved a 600-fold purification

of a lysin affecting rabbit cells, which did not z-equire

divalent cations in order to effect haemolysis and was not

dermoneerotic or lethal to test animals. It was not

possible to identify this lysin as the alpha lysin with

certainty.

Lorainski and Arbuthnott (1962), using an alpha lysin

preparation which was 35-fold purer than the starting

material, showed that it was inactivated in the presence

of trypsin, and concluded that the alpha lysin is a pro¬

tein. They carried out a kinetic study of the lysin on

rabbit cells, and found that when the rate of haemolysis

was plotted against lysin concentration, a curve was

obtained in which the reaction velocity was linear at low

and gradually reduced at higher concentrations of lysin.

They clai ied that such a curve is compatible with an

enoyraic reaction. The kinetics were carried out at "room
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temperature" however. In addition, they performed what

they called a "split titration" in which lysin was taken

after having reacted with red cells and retitrated. This

procedure was repeated six ti= es and no decrease in titre

was demonstrated in any of the titrations. This was taken

to indicate that the reaction was enzymic rather than

stoichiometric. It is doubtful whether this type of

experiment is sensitive enough to prove this point.

The red cell spectrum of the alpha lysin has never been

adequately elucidated, in view of the fact that investigat¬

ors used either plate or tube methods of demonstration, or

were working with a mixture of haemolysins. There is much

confusion in the literature regarding the degree of

sensitivity of species of red cells to the alpha lysin,

Elek (1959) reports that the red cells of the rabbit are

most sensitive, and that the cells of sheep, cow, and goat

are also lysed, while human, guinea-pig, and horse red cells

are almost entirely resistant. The red cells of other

species are said to occupy an intermediate position. Since

metal ions are known to affect many lysins, it is difficult

to rule out their possible influence in much of the experi¬

mental work on this subject.

Regarding the mode of action of the alpha lysin on

erythrocytes, investigators have been unable to decide

whether alpha lysin and erythrocytes unite stoichiometrical-

ly or whether they show an enzyme-substrate relationship,

Forssman (1934; suggested that it was an enzyme effect,

since he found that fixation of the lysin by erythrocytes
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is not essential to the occurrence of lysis. Fixation,

when it occurred, appeared to be irregular and reversible.

Using constant amounts of rabbit erythrocytes, Levine

(1938) plotted the disappearance of the lysin from mixtures

of varying lysin concentrations, arid found that a curve of

the Preundlich adsorption isotherm type was obtained.

The question whether the haernolytic, dermonecrotic

and lethal effects of the alrsha lysin are due to the same

molecular entity has stimulated a great deal of research.

The monistic view of alpha lysin has gained almost univer¬

sal acceptance since the careful analysis of Burnet (19318),

who found that the optimal flocculating ratio and the

neutraZ point of the toxin's various activities were not

identical, but were close enough to be considered within

the range of experimental error. Certainly the recent

work of Robinson ,et al (i960 a), Kadoff and 'Veinstein (1982)
and Bex-nheimer and Schwartz (1963) bears this out, although

Butler (1959) was unable to agree.

The beta lyain. Glenr^ and Stevens (1935) produced

evidence for a new haemolysin which they designated "beta".

They observed that, whereas the haemblytic and dermonecrotic

activities of a particular alpha lysin were neutralised by

similar amounts of antiserum, for another toxin ten times

as much antiserum was required to neutralize the haemo-

lytic effect as was required for neutralization of its

dermonecrotic activity. Following incubation at 37° C.,

the haernolytic effect of this second toxin was greatly

intensified on standing for a period at room temperature
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or 4° C» This "hot-cold" beta lysin was lethal for

rabbits but riot for mice, unlike its alpha counterpart

which is lethal for both species. The beta lysin also

produced an erythematous flush rather than actual necrosis.

No attempt was then made to purify the beta lysin. Bryce

and Eountree (1936) found that the beta lysin wis produced

largely by strains of animal origin. They prepared beta

lysin free of alpha lysin by noting that the preparation

withstood heating at 60° C. for 15 min., whereas alpha

lysin was inactivated at this temperature. The beta lysin

was antigenic and could be toxoided. The toxicity of the

beta lysin for rabbits observed by G-lerny and Stevens was

confirmed. The work of Bryce and Rountree indicated that

the erythrocytes of sheep and oxen were susceptible to the

action of beta lysin, while those of the ferret, rabbit,

rat, guinea-pig and koala bear were quite resistant. The

lysin proved to be only feebly lytic with human erythro¬

cytes. In their experience the beta and alpha lysine

were also antigenically distinct.

Elek and Levy (1950 b), in a study of 200 coagulase-

positive human pathogens found that only 11 per cent

produced beta lysin, whereas 88 per cent of 59 animal

strains produced the lysin. Christie and North (1941)

found that the beta lysin was the only staphylococcal lysin

to tk. produced under anaerobic conditions.

Jackson and Mayman (1958), working with the crude

beta lysin, found that it lost much of its lytic powers

upon dialysis, but that its activity could be restored by
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the addition of magnesium or manganese ions. Lytic

activity appeared to be maximal at neutral reactions and

decreased sharply below pH 6.8. The time-haemolysis

curve was sigmoid. They observed that lytic activity

could be inhibited by the addition of citrate or EDTA and

that gelatin, albumin and rabbit serum enhanced the lytic

activity. Unfortunately they tested only rabbit, human

and sheep red cells with the beta lysin, observing that

with sheep cells, activity is about 100 times greater than

activity with human red cells. The activity with rabbit

red cells was much less than that with human red cells.

Thatcher and Matheson (1955; in a study of the kitten

test for staphylococcal erterctoxin, made the claim that

beta lysin could, in addition to enterotcxin, cause eraesis

in cats, but that the lysin and not the enterotcxin could

be inactivated by boiling with subsequent incubation in the

presence of ascorbic acid, Aodaua and Kojixaa (1939) found

that the beta lysin is not inactivated by ascorbic acid.

Some workers (Dolman and Kitching, 1935J Bryce and

Rountree, 1936) have reported that the beta lysin is not

completely destroyed by boiling, although this is debated.

Elek (1959) states that there is reason to believe that the

beta lysin is subject to the same heat anomaly as the alpha

lysin.

In addition to the recent work by Jackson and Mayman

(1958) outlined above there is relatively little inform¬

ation on the general physico-chemical properties of the

beta lysin. Flaon (1938) reported that the beta lysin
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was very slightly adsorbed to a Seitz filter.

Christie and Worth (1941) and others have reported

that the beta lysin produces turbidity in human serum agar

plates, but their conclusions were based on studies in

which strains were grown on the agar and they did not test

reactions with partially-purified lysin preparations.

The beta lysin has not as yet been successfully

purified, Kodama and Kojirsa (1939) observed that it

could be precipitated by ethSnol, methanol or acetone,

Heydrick and Chesbro (1962) have partially-purified the

lysin using cellulose phosphate columns, and claimed that

when activated with magnesium ions, beta lysin was lethal

upon intraperitoneal injection of guinea-pigs. The beta

lysin does not seem to have been studied as devotedly or as

extensively as the alpha lysin. Perhaps this is the reason

for the fact that knowledge of this lysin is not as com¬

prehensive or as advanced as it is with the alpha lysin.

The delta lysin has already been crystallized, and it is

only a matter of time before crystallization of the alpha

lysin will be accomplished. Unfortunately only a few

papers have recently appeared which deal with the purific¬

ation and properties of beta lysin. Whether this situation

is due to its insignificance in human medicine is not

explained. Clearly, much remains to be elucidated regard¬

ing the beta lysin.

Robinson et al (1958) partially-purified two haerao-

lysins from an enterotoxigenic strain and were unable to

identify either of the lysine with certainty. One of these



46.

lysins lysed sheep red cells but not rabbit cells. It was

a "hot-cold" lysin and its activity was enhanced by various

metal ions. The authors were not prepared to identify

this lysin with the classical beta lysin, however, because

they encountered serological inconsistencies with a

"monovalent" antitoxin then available. Their purification

method employed calcium phosphate gel (heilin and Hartree,

1951) for the adsorption of the lytic factor; 66 per cent

saturated ammonium sulphate also precipitated the lysine

from the crude material. The lysins adsorbed onto the gel

were purified and eluted with phosphate buffer at 0.1 and

1.0 M. concentration, ph 7*3« The 0.1 M. step removed

pigment and sane proteins. The 1,0 M, step eluted the

lysins themselves. The eluate was then dialyaed over¬

night against running tap water and centrifuged to remove

a slight precipitate, before lyophilization. The lyophil-

ized material was then dissolved in water and reprecipitat-

ed by the addition of ammonium sulphate to 66 per cent

saturation at pii 7*0, The resultant precipitate was

collected by centrifugation, redissolved in water, and

dialysed overnight against running tap water at 12° C.

The precipitate which formed during the dialysis was used

as the starting material for zone electrophoresis employing

starch. The lysins purified in this way were not

dermonecrotic. One lysed sheep, but not rabbit cells at

37° C., and the other lysed sheep cells only after a "hot-

cold" procedure. Each lysin was inactivated by an adsorbed

antiserum specific for beta lysin. It is doubtful if such

an antiserum could be prepared by adsorption with the
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knowledge available. One lysin (which lysed steep cells

at 37° C») required no divalent metal ions; but the lysin

lysing sheep cells after "hot-cold" treatment showed a

positive requirement for ferrous, magnesium or manganese

ions, of which calcium and zinc ions had no demonstrable

effect. Citrate and 3DTA inhibited the "hot-cold" lysin's

activity and this could be restored by the addition of

cobalt or magnesium ions.

Thaysen (194'dj, employing culture filtrates of

St:■ phylococcus isolated from cases of furunculosis in dogs,

differentiated a lysin which he called "beta-2" on sero¬

logical grounds. He claimed that the beta-2 lysin differed

from the classical beta lysin in its antigenic properties

and characteristic dose-time curve. He also claimed that

both lysins occur together in the ordinary beta-toxin

filtrates which were usually examined, and that normal dog

serum contains relatively large amounts of beta-2 antilysin.

Whether these lysins possess the same physico-chemical

properties is not known.

The mode of action of beta lysin on susceptible red

ceils has not yet been satisfactorily explained. Bigger

(1933) believed that interfering substances resulting from

the use of unsuitable media, prolonged incubation, or too

alkaline a reaction were possibly the cause of the "hot-

cold" effect.

The delta lysin. Vtilliams and Harper (1947) dis¬

covered a new haemolysin which they labelled "delta".

They found that on sheep blood agar plates containing alpha
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or alpha and beta antiserums, a type of haemolysis was

produced which was different from that due to alpha or beta

lysins. The delta lysin was found to have a wider haecao-

lytic spectrum than alt>ha or beta lysins, being lytic

towards the erythrocytes of rabbit, sheep, man, monkey,

horse, rat, mouse and guinea-pig. It also differed from

the alpha and beta lysins in that it could not be produced

in a fluid medium.

Marks and ¥aughan (1950) confirmed the existence of

the delta lysin. They found it to be dermonecrotic, and

said that it could be recognised by its lysis of human and

horse cells at 37° C. It was observed to act synergistic-

ally with beta lysin on human and sheep erythrocytes, and

was noted to be soluble ir ethanol but not in ether or

acetone. They also confirmed the observation of Williams

and Harper that carbon dioxide is not essential for its

production.

Jackson and Little (1958a) studied the delta lysin and

found that haemolysis of human erythrocytes by the delta

lysin was unaffected by the presence of alpha lysin to

which human red cell3 are relatively resistant. The effect

of beta lysin in this respect was not tested, A number of

proteins, particularly serum were, however, found to be

inhibitory to the action of delta lysin. Haemoglobin and

erythrocyte ghosts were also found to be inhibitory.

Glucose, citrate and magnesium ions had no effect upon

haemolysis due to the delta lysin. There was a linear

relationship between degree of haemolysis of human erythro-
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cytes and lyain concentration within 3°**65 per cent limits

of haemolysis.

As in the case of the beta lysin, relatively few-

attempts have been made to obtain a highly-purified delta

lysin. *?arks and Vaughan (1950) made the first real

attempt to purify and characterize the lysin. They grew

their cultures on nutrient agar overlaid with cellophane

and initially placed these cultures after incubation in

absolute ethanol overnight at 4° C. The cellophane was

then removed and the culture-ethanol mixture centrifuged,

the supernatant ethanol being thereafter decanted and the

residual ethanol evaporated in a stream of air. The

culture residue was then extracted with ether overnight to

ranove traces of ether-soluble lytic substances, and this

extract was discarded. Ether was removed from the residue

by warming in an air current, and the residue which con¬

tained the delta lysin, was subsequently dissolved in 0.85

per cent sodium ohloride. The yield of lysin was about 25

per c«=nt of the crude material but this varied greatly.

Neither ether nor acetone could extract the lysin directly

from cultures. The purified lysin was found to be ther¬

mostable, there being little change in titre after heating

at 65° C. or 100° C., for up to 2 hr. Crude preparations

were thermolabile if heated for 30 min. at 65° C. or 100°C.,

only a small amount of lytic activity remaining. The

crude and purified lysins were non-dialysable, and Seitz

filtration removed crude and purified products. The beta

and delta lysins could be separated by adsorption of the

latter onto alumina at pH 8,0, An attempt was also made
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to separate alpha from delta lysin by heating at 100° C.

for 15 min. and neutralizing the small amount of alpha

lysin remaining by adding alpha antilysin. This procedure

somewhat reduced the delta lysin titres, however. It is

doubtful if heating cultures at 100° C., could completely

inactivate the alpha without affecting the delta lysin, as

the alpha lysin is 3aid to shew some reactivation at

100° C.

Jackson and Little (1958 b) made the next serious

attempt at purification. They claimed that delta lysin

could be separated from alpha lysin by heatin^ the pre¬

paration at 60° C., for lG-lp min. This treatment led to

a sharp drop in delta lysin activity, suggesting to them

that they might possibly be dealing with two lysins; one

of which was thermostable and the other thermolabile.

Unhealed lyophiliaed preparations of crude delta lysin were

precipitated with ethanol at pH 4.0 and at -5° to -20° C.,
which resulted in 95 per cent recovery of the delta lysin.

The delta lysin so recovered was, however, still contamin¬

ated with alpha lysin. As a further step, the 95 per cent

ethanol precipitate was extracted with 75 per cent ethanol

in water. Forty per cent of the delta lysin. was recovered,

all of which was thermostable. No more than a trace of

alpha lysin now remained. This final preparation contain¬

ed no hyaluronidase, phosphatase, coagulase, lipase or

proteinase activity. The dermonecrotic and lethal prop¬

erties of the lysin in animals were not tested, nor were

its red cell spectrum or antigenicity determined, JacksGn

and Little also passed preparations containing alpha and
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delta lysins through a sterilising sintered glass filter.

The alpha lysin passed through, but all of the delta lysin

was adsorbed, and only 50 per cent of it could be recovered

from the filter.

The most recent and also the most successful attempt

has been made by Yoshida (1963), who succeeded in crystal¬

lizing the delta lysin. Heated culture medium (60° C.,
for 30 min.; was dialysed against distilled water at 4° C,,
and concentrated with polyvinylpyrrolidone. This material

was then lyophilised and used as the crude source. The

powder was fractionated on a hydroxylapatite column and the

haeaolytic fraction dialysed against distilled water at

4° C. This preparation was lyophilised. The lyophilized

material was then subjected to chromatography on

triethylamxnoethyl (TE&E) cellulose at pll 8,6 and the

haemolytic fraction was a0 in dialysed against distilled

water at 4° C», and lyophilised. Crystalline delta lysin

was obtained by dissolving this lyophilized powder in a

small volume of 0*05 tris (bydroxymethyl) aminomethane

buffer at pH 8.6 and centrifuging. The supernatant was

dialysed against distilled water in the cold and centrifuged.

The resulting precipitate was dissolved in a small volume

of the "tris" buffer and crystals separated out at this

stage. The crystalline product appeared to be a protein,

since the rate of hydrolysis by crystalline trypsin coin¬

cided with loss of haemolytic activity toward human cells.

The preparation was homogeneous in the ultracentrifuge and

gave one line of precipitation when tested against normal

human and rabbit immune sera. An amino acid analysis was



52.

done and the aolecular weight was calculated, Gladstone

(personal communication) has stated that biological studies

of the purified lysin are at present in progress.

Other baeaolysins of S, aureus. It is now generally

agreed that p., aureus produces at least three serologically

distinct haemolyslna; alpha, beta and delta. The exist¬

ence of other staphylolysins has however, been postulated

from time to time, but there has bero considerable doubt

and confusion regarding their nature and existence,

Morgan and Graydon (1936) presented evidence that the

alpha lysin really consisted of two distinct lysins which

they designated "alpha-1" and "alpha-2". This suggestion

arose when it was observed that there were different end-

points when two alpha lysins containing no beta lysin were

neutralized with an antiserum. All culture filtrates viere

found to contain the alpha-1 and about two-thirds of the

filtrates contained small amounts of alpha-2. Both

alpha-1 and alpha-2 lysins appeared to antigenic, and the
•1

antisera for each lysin were partially separable.

Smith and Price (1938c) described a "gamma" lysin.

They claimed that the gamma lysin was less stable than the

alpha and beta lysine, being completely destroyed by heat¬

ing for 30 rain, at 55° C. Ho evidence was presented which

suggested that the gamaia lysin might be subject to the same

anomalous heat behaviour as the alpha lysin. They were

able to produce a preparation of gamma lysin which contain¬

ed no alpha lysin and only small amounts of beta lysin.

They found its lytic spectrum to be wide, the sensitivity
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of animal erythrocytes being in the following ascending

order: horse, rat, ox, guinea-pig, sheep, man and rabbit.

The gamma lysin was observed to be slightly dermonecrotic

for guinea-pigs and rabbits. It was lethal for rabbits

but not guinea-pigs and mice. It was antigenic, and

could be toxoided. Furthermore, they found that antisera

selected for a high gamma:alpha ratio also had a high

alpha-2:alpha ratio, which led them to suggest that the

alpha-2 lysin of Morgan and Graydon might be identical with

their gamma lysin.

Eleic and Levy (1950 b) made a study of the distribu¬

tion of hemolysins of 3. aureus on rabbit and sheep blood

agar plates. They produced confirmatory evidence for the

occurrence of the three distinct lysins; alpha, beta and

delta. According to them the possible combinations that

a pathogenic strain might produce would be; alpha, beta,

delta, alpha-beta, alpha-delta, beta-delta and alpha-beta-

delta, all of which.were actually observed. The recog¬

nition of these lysins was based on an elegantly-devised

test in which an antitoxin-soaked filter paper strip was

placed in melted blood agar which was allowed to solidify.

Then a strain was inoculated at right angles to the strip

and incubated for 4B hr. at 37° C., in an atmosphere of

carbon dioxide and air. The method presumably depends

upon a different rate of diffusion through the agar and a

different degree of inhibition of the various lysins

adjacent to the growth and antitoxin strip respectively.

They claimed that each lysin could be recognised by its

characteristic pattern of haemolysis on sheep and rabbit
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blood agar and by the degree to which it was neutralized

on these agars by commercial antisera, Only three

separate lytic and neutralisation patterns were observed

with coagulase-positive strains, which inclined them to the

view that there was no need to postulate more than the

three haemolysinsj alpha, beta and delta. Elek and Levy

claimed that on the basis of their results, the alpha-2,

gamma and delta lysins were probably identical.

Marks (1951) supported the view that the alpha-2 lysin

is identical with the delta lysin, but argued for the

separate existence of gamma lysin. Delta lysin was shown

to react in the same manner with concentrated and uncon-

centrated antitoxins as did the alpha-2 lysin. As

mentioned before, Morgan and G-raydon found that most cul¬

ture filtrates contained a small amount of alpha-2 lysin

and that this obscured the end-point of haemolytic titra¬

tions by producing a tail of minimal lysis. The alpha-2

lysin also acted on rabbit and sheep cells, and was slightly

antigenic. All these findings are in accordance with

those for delta lysin. Though Marks was not convinced of

the identity of the gamma lysin with the alpha-2 and delta

lysins, it is noteworthy that the lytic spectrum of the

three lysins is more or less identical. However, the

gamma and delta lysins, if such claims are to be accepted,

do show differences in their heat stability, the former

being apparently inactivated at 55° C., for $0 min., and

the latter resisting denaturation at this and higher

temperatures.
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Jackson (1961) has claimed that the thermolabile

factor of his delta lysin preparations is possibly identi¬

cal with the gamma lysin on the basis of heat stability and

behaviour in the presence of mild reducing and oxidising

substances such as cysteine and ascorbic acid. This claim

has not been substantiated.

It is obvious that there is considerable difficulty in

assessing the validity of the claims of different invest¬

igators regarding the existence of various haemolysins,

particularly in view of the fact that such a great variety

of techniques has been used to demonstrate their presence.

According to Elek (1959), discrepancies between plate

haeaolysin patterns and quantitative tube titrations are

due to three factors; bacterial variation, interactions

between haeraolysins, and the different sensitivities of the

tube and plate methods. Elek claims that the tube test

is inferior to the plate test because it does not allow

more than one lysin to diffuse out as in the plate method

and reveal its presence; all the red cells in the tube

test being simultaneously subjected to the action of what¬

ever lysine are present. As a result, he suggests that

serial dilution will result in the same relative proportions

acting together in the tube test. This is no doubt an

important assessment of the problems involved, but it has

to be admitted that the plate test also has its difficul¬

ties of interpretation, and certainly for quantitative

studies the plate test is rendered inaccurate and laborious

because of the problem of measurement of haemolytic zones.

The present writer (Wiseman, 1961), in a quantitative study
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of coagulase, alpha and delta lysin, dermonecrotic and

lethal factors, was unable to find evidence of correlation

between plate and tube methods for demonstrating coagulase

and haemolysins.

In conclusion it should be stated, however, that

though the view that there are three and only three anti-

genically distinct haemolysins of 5, aureus may have its

critics, it is attractive to the majority of workers

because it is the simplest hypothesis yet presented to

explain the facts. Acceptance of the existence of the

gamma or other lysine must await the presentation of more

convincing evidence.

The relation of the haemolysxris to pathogenicity.

Schwabacher et al (1945) have stated that the property most
►

closely associated with the pathogenicity of S. aureus is

the alpha lysin. Christie et al (1946) produced evidence

that, of the various tests employed, the production of

alpha lysin agreed most closely with mouse pathogenicity

tests. Whether or not this evidence is applicable to

human disease is of course difficult to say. Marks (1952)

claimed that the production of alpha lysin is a more

accurate and convenient criterion of pathogenicity of

staphylococci than is the coagulase test. Lack and

Wailling (1954) have not been able to confirm this con¬

tention. They found only 82 per cent of 455 strains to

produce alpha lysin, and suggested that pathogenicity of

S. aureus is correlated with a broad spectrum of toxins

rather than with a single entity.
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Elek and Levy (1950 b) found three haemolysine to be

associated with coagulase-positive strains. These were

the alpha, beta and delta lysins already discussed. The

occurrence of alpha, beta or delta lysins alone was net

absolutely correlated with coagulase production, but alpha

and delta lysins together occurred most frequently in

cultures derived from human sources. Alpha, beta and delta

lysins occurring together were found most often in cultures

derived from animal sources. They found that out of 200

strains examined from human sources, 96 per cent produced

alpha lysin, 11 per cent produced beta lysin, and 97 per

cent produced delta lysin, None was found to produce no

haemolysin when measured on plates. It is, however, note¬

worthy that since coagulase production is in complete agree¬

ment with pathogenicity as established by the majority.of

investigators, coagulase-negative strains generally produce

none of the three lysins associated with coagulase-positive

strains* Exceptions to the general rule do, however,

bedevil serious investigators. The present writer

(Wiseman 1961) noted two such exceptions in a series of Mi-

strains. Elek and Levy pointed out in addition that their

observation of a lysxn produced by 95 per cent of coagulase-

negative strains of staphylococci invalidates the

assumption tint a "haemolytic" Staphylococcus is pathogenic.

Marks (1952) was, however, unable to find any evidence of

this haemolysin produced by coagulase-negative staphyl¬

ococci.

Brown (I960) sug0ested that although coagulase

production may well be necessary for the pathogenicity of
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a strain, the degree of virulence can be most conveniently

assessed by measuring alpha lysin production.

By means of a special sampling device attached to the

side of the animals, Gladstone and Glencross (I960) made

the interesting observation that high yields of alpha lysin

were produced by four coagulase-positive strains growing

for 24 hr. in vivo in mice, rabbits, guinea-pigs and rats.

The same cultures growing in vitro under optimal conditions

produced no alpha lysin, Coagulase-negative strains which

were non-haemolytic in vitro were also non-haemolytic

in vivo. In view of these results, it was pointed out

that tests for toxigenicity on cultures grown in vitro may

not always be valid.

Bauser and Berry (1961), using a similar technique,

came to similar conclusions. They added, however, that

they were unable to resolve which of the toxins produced in

the chambers in vivo was of primary importance in patho¬

genicity.

Lack and Towers (1962) measured four antibodies pro¬

duced during the course of bone and ^oxnt infections in a

number of human infections, and found that anti-leucocidin

(IV) titres rose more constantly than the alpha antilysin.

Anti-eoagulase levels rose and fell more slowly and were

of less help diagnostically. Anti-staphylokinase was

frequently the first to rise but less constant.

Smith (1962) studied the relationship of exocellular

products of S, aureus to their virulence for mice. He
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claimed that the decree of virulence is not determined

by the amounts of coagulase, alpha, beta or "gamma" lysins

produced in vitro. The number of strains studied, however

was very small.

Again it is most difficult to draw conclusions as to

the relationship of the haemolysins to pathogenicity

because of the wealth of conflicting data presented. If

a single toxic entity is responsible for the pathogenicity

3» aureus, it has so far eluded all investigators.
• !»

In view of this chaotic situation, it is perhaps best to

re-iterate the view of Lack and Wailling (1954) that

disease manifestations of S. aureus are best related to a

broad spectrum of toxins rather than to a single entity.
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MATERIALS AND METHODS

Sources of Strains of Staphylococcus aureus

Five strains of S, aureus were employed in. this

investigation. Strains R-l, G-128, P-92 and G-143 were

supplied by Professor J.W, McLeod of the Western General

Hospital, Edinburgh. Strain R-l was isolated from endemic

furunculosis in the horses of a commercial antiserum

source j G—128 from fomites; P-92 from an inflamed human

throat, and G-143 from a lesion in man. Strain 252F was

acquired from Br, G. Praser of the Royal Dick Veterinary

School, Edinburgh, and is of canine origin. All strains

are ccagulase-positive and fit the description of S, aureus

given in Breed et al (1957)♦

Strains received from these sources were immediately

sub-cultured on nutrient agar plates, and single colonies

from the plates were inoculated onto nutrient agar slopes;

growth after 24 hr. being suspended in nutrient broth and

freeze-dried,

Suspendin,, Fluids

The following suspending fluids have been employed

where specified:

(1) Physiological saline,

(2) Physiological saline buffered with 0,01 M, phosphate

at pH 7,0, (Cruickshank et al. i960),

(3) Ptysiological saline buffered with 0,01 M, phosphate
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at pH 7.0, containing 0.002 M, rna^esium chloride.

(4) Tris (hydroxymethyl) aminofnetlriane ("Tris")-saline

buffer of Jackson and Mayman (1956), adjusted to

PR 7.0.

(5) Phosphate buffer (Cruickshank et al. I960), pB 7*0,

at various molarities.

Inocula

In the experimental work, freeze-dried strains of

S. aureus which had been reconstituted by incubation on

nutrient agar slopes for 24 hr, at 37° C. were employed as

inocula, Except in the case of crude haemolysin produc¬

tion in bulk, all inocula were washed three times in

sterile physiological saline. All plates, however,

received 0.1 ml, inoculum suspended in saline which was

spread with a sterile bent glass rod.

Determination of the Baemolysin Spectrum of Strains

The haemolysin spectrum of the strains was determined

by the method of Elek and Levy (1950 b), modified in some

respects. Instead of the medium described by these

authors, the medium of Dolman and Wilson (1940;, containing

1.5 per cent a_,ar, was employed. Fresh rabbit and sheep

erythrocytes were washed three times in sterile physio¬

logical saline and resuspended to the original volume of

the blood. This blood was added to give a 2-5per cent

concentration of rabbit or sheep erythrocytes in melted

Dolraan-Tcilson medium held at 50° C, After thorough mix¬

ing, about 20 ml. medium was added to 15 x 100 mm. Petri

dishes. Before the medxum solidified, a 15 x 60 mm.
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filter paper strip which had been soaked in Wellcome

commercial staphylococcal antiserum (920 international

units anti-alpha lysin/ml.) was sunk into the blood a^ar

at its centre. The plates were allowed to set arid dry on

the bench for 2-3 hrs. Staphylococcal strains were

inoculated one to a plate, using a wire loop, at right

angles to the filter paper strip at the centre of the plate.

The inoculation was carried within 2-3 cm. of the edge of

the plate. The inoculated plates were placed in an anaer¬

obic Jar and gassed for 15 min. with a mixture of 25 per

cent carbon dioxide in air (see below;. The jar was then

incubated for 24 hr. at 37° C., and the plates examined.

These plates were usually incubated at room temperature or

4° C. for a further 48 hr. period.

The 48 hr. incubation period at 37° C. employed by

Elek and Levy was found to be unnecessary for the full

development of baemolytic patterns. Furthermore, rabbit

and sheep blood agar plates did not stand up very well to

incubation for this length of time at 37° C., even when

fresh blood was used and the plates inoculated immediately

after drying.

Production of Carbon Dioxide and Air or Oxygen Mixtures

Carbon dioxide obtained from a cylinder and air from

the compressed air line in the laboratory were respectively

connected to carbon dioxide and air flowmeters obtained

from Messrs, Fischer and porter, Glasgow. When oxygen was

used, it was obtained from a cylinder and connected to the

air flowmeter. After passing through the flowmeters, the
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carbon dioxide and air or oxygen were led into a 2 1. flask

containing cotton wool to allow mixing of the gases. The

mixture was then carried to an aquarium tank containing the

inoculated plates, and allowed to flow for about 13 min.

At the end of this time, screw clamps were used to close

the inlet and outlet tubes of the tank.

In order to prevent large pressure fluctuations in the

system, air and carbon dioxide or oxygen were each connect¬

ed to a glass "T"-tube, the long end of which was immersed

in about 500 ml. water contained in a glass cylinder.

This pressure-regulating apparatus was connected between

the gas sources and flowmeters.

Production of Crude Beta Haemolysin

Dolman-Wilson medium containing 1.5 per cent agar was

employed in the preparation of crude beta lysin. The

technique of Marks and Vaughan (1950) as adapted from Birch-

Hirschfeld (1933) was used in the inoculation of the plates.

This method consists of carefully layering cellophane

("Eayophane") cut to fit 15 x 100 mm. Petri dishes, and

which has been previously sterilized by steaming for 1.5

hr., onto 20 ml. solidified medium. The inoculum was

placed on the cellophane. Approximately 100 plates were

inoculated in this way at one time and were placed alor.%

with a 250 ml. beaker of water in a glass aquariutn tank

measuring 30 x 30 x 60 cm. A "Perspex" lid containing an

inlet and outlet for gas was then carefully sealed onto the

tank with tape. The tank was gassed with a mixture of 25

per cent carbon dioxide in air for 15 min. before being
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placed in an incubator at 37° C«

Plates were harvested after incubation for about

24 hr. Two ml. phosphate-buffered saline was added to

each platej the growth suspended with a bent glass rod,

and taken up with a Pasteur pipette. Growth from all

plates was pooled, Gram-stained and centrifuged at 3000

for 30 m,in. Merthiolate was added to give a concentration

of 10 ug/ml. in the supernatant crude lysins, which were

then stored at -20° C. until required.

Preoarat ion of Erythrocyte Suspensions for Baeraolyain

Titrations

Rabbit erythrocytes were obtained by bleeding four

mature animals from the marginal ear vein. The blcod from

each rabbit was immediately added to an equal volume of

Alsever's solution (Carpenter, 19^6j, pooled and stored at

-4° C, until required. Pooled human erythrocytes from

4-8 donors were obtained from the Blood Transfusion Unit

of the Royal Infirmary of Edinburgh and stored in Alsever's

solution at 4° C. Sheep's blood from one animal was

obtained defibrinated from an abattoir in Edinburgh and

treated in the same manner as rabbit and human blood.

These bloods were replaced once weekly, although blood two

weeks old gave the same result as fresh blood in haemo-

lysin titrations.

Erythrocytes stored in Alsever's solution were

centrifuged at 1000 G. for 5 min., washed three times and

resuspended to a final concentration of 2 per cent in

phosphate-buffered saline containing magnesium ions unless
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otherwise stated. Cell suspensions were always used the

same day as prepared.

Quantitative liaemolyain Measurement

Culture superaatants and partially-purified prepara¬

tions of beta lysin were assayed for haemolysin activity

against rabbit, human or sheep erythrocytes. Serial 2-fold

dilutions of lysin commencing at 1/2 or 1/10 were made in

1 ml. of phosphate-buffered saline in "Wasseraann" tubes

measuring approximately 1 x B.5 cm. An equal volume of a

suspension of 2 per cent erythrocytes (prepared as descr¬

ibed above) was added to each tube to give a final volume

of 2 ml. The tubes were then agitated in racks and placed

in a water bath at 57° 0, for 60 min. The racks were

removed, placed at 4° C. and examined at the end of a 16 hr,

period. This treatment allowed the erythrocytes to settle

in a compact mass at the bottom of the tubes, leaving any

haemolysis clearly visible in the supernatant fluid.

The amount of haemolysin present was expressed in

terms of Burnet's 50 per cent end-point (Burnet, 1931 a) by

comparing the unknown with a standard, showing 50 per cent

haemolysis, against a white illuminated background. This

end-point may be defined as the reciprocal of the highest

dilution of lysin causing 50 per cent haemolysis of a sus¬

pension of 1 per cent erythrocytes under the conditions

specified. Generally, in the comparison of two or more

single titrations, one-tube differences in end-point were

not considered significant.

In the case of strain R-l crude lysina, titres with
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sheep arid human erythrocytes in the presence of magnesium

ions are assumed to be due to the beta lysinj and titres

■with rabbit erythrocytes, to the alpha lysin.

Estimation of Protein

Total protein was estimated by the method of Lowry

et al, (1951)• The amount of protein in the samples was

determined from a standard curve based on fraction V

bovine albumin.

Estimation of Baoterial Growth

The amount of growth on ©olid media was determined by

suspending the growth on the plate in 10 ml. phosphate-

buffered saline in a test tube. This suspension was heated

for 15 min. at 60° C. so that the risk of using live staph¬

ylococci in the spectrophotometer would be avoided. About

0.5 g. glass beads 0.1 mm. in diameter was added and the

contents of the tube thoroughly agitated by sucking up and

expelling the material 20 times with a Pasteur pipette.

Unless otherwise specified, a 1/^ dilution of this sus¬

pension was made and its optical density determined at

650 mu, using a "Unicarn" SP-50G spectrophotometer (Cam¬

bridge instruments, Cambridge). Growth remaining on the

agar plate always accounted for less than 5 per cent of the

optical density of the original suspension.

immunodiffusion Analyses

In assessing the purity of partially-purified pre¬

parations of beta lysin, an imnunodiffusion analysis was

carried out according to the technique of Quchterlony (1958)»
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The gel used consisted of 1 per cent "ion a^ar" (Qxoid) and

0.02 per cent sodium aside suspended in 0.01 phosphate

buffer, pR 7.0. This mixture was heated to 100° C. for

1 min. to dissolve its components and then immediately

poured in 10 ml. quantities into lp x 100 mm. Petri dishes.

These plates were allowed to dry on the bench for 2 hr.

Holes 6 mm. in diameter were cut with a cork-boring appar¬

atus around a central well of the satae size and 7 mm. away

from it.

One drop (about 0,05 ml.) of the Wellcome antiserum

described above was placed in the central well and the

same amounts of antigen were placed in the peripheral wells.

The plate was then placed in an anaerobic jar along with a

beaker of water, sealed, and incubated at roan temperature

for 2 weeks.

At the end of this period, the plate was removed from

the jar ana the centre portion of the agar containing the

holes removed and placed in 250 ml, physiological saline

for 2 days. After this treatment, the agar was placed in

250 ml. distilled water for a further 2 days, at the end of

which time it was removed, carefully deposited on a clean

glass photographic slide measuring 8x8 cm., and allowed to

dry on the bench overnight.

The glass slide, to which the agar became firmly

fixed, was then stained by the method of Hondle and Carman

(1956). The precipitation lines are sharply-stained by

this technique. The advantage of the procedure is that

the plates may be kept indefinitely and photographed
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whenever desired.

Partial Purification of Beta Lysin on Hydroxy la.at ite

Hydroxylapatite was prepared according to the method

of Tiselius et al (1956), and was stored at 4° C, until

required. Throughout tl*e purification procedure, 0.1 M,

phosphate buffer, pll 7.0, was employed. Twenty-four hr,

before use, the adsorbent was washed three times and

resuspended in buffer. Just before use, the adsorbent

was centrifuged at 250 G. for 10 min,, the supernatant

fluid poured off, and the material resuspended in 2-3 ml,

buffer.

Approximately 800 ml, crude beta lysin was dialysed

for 24 hr. against 5 1. buffer at 4° C. The adsorbent

slurry as prepared above was then added to this quantity of

crude lysin. The amount of adsorbent per 800 ml. was

calculated to be about 9 g. dry weight. The mixture was

allowed to stand at 4° C. for 1 hr, with occasional shaking,

and was then centrifuged at 250 G-. for 10 min* The

supernatant fluid was poured off and set aside for a fur~

ther adsorption; the adsorbent being washed eight times

with about 200 ml. buffer to rid it of extraneous material,

particularly alpha lysin. The beta lysin was eluted from

the adsorbent by the addition of 100-150 ml, 2 M. sodium

chloride dissolved in buffer and re-adjusted to pH 7*0.

The eluted lysin was recovered by centrifuging the adsor¬

bent at 250 G, for 10 min.

The beta lysin eluate was dialysed against running tap

water (about 10° C.) for 24 hr. A slight precipitate
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developed at this stage, and was removed by centrifligation

at 40,000 G-. for 45 min. The supernatant fluid, which was

clear and colourless, was freeze-dried arid stored at 4° C,

The characterization of the beta lysin undertaken in this

investigation was carried out on this product.

Preparation of Antisera

Antiserum against partially-purified beta lysine of

the 252F and R-l strains of S, aureus was prepared in young

mature rabbits of the same age. Pre-inoculation blood

samples were taken from the rabbits, The following

schedule of doses of antigen was employed*

Time interval in days Quantity beta lysin ml, route

0 2.0 intravenous

6 0.1 subcutaneous

9 0.5 •f

14 1.0 If

a 2.0 fl

On the 48th day, about 40 oil. blood was taken from the

marginal ear vein of each rabbit. The blood was incubated

for 1 hr, at 37° C., followed by a further period of 24 hr.

at 4° C. The serum was separated from this blood by

centrifugation at 1000 G-. for 10 rain, and was stored at

-20° C. until required.

Titration of Antilysin

Serial 2-fold dilutions of lysin were made in 0,5 ral.

volumes of phosphate-buffered saline commencing at 1/5 in

"Wasserrnann" tubes measuring 1 x 8,5 cm. To each tube was

added 0.5 ml. of the appropriate dilution of antiserum, and
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the titration incubated in a water bath at 37° 0. for

15 min. The titration was removed from the bath and 1,0

ml, suspension of 2 per cent rabbit, human or sheep

erythrocytes in magnesium buffer prepared as described

elsewhere was added to each tube. The titration was then

returned to the water bath and incubated for a further 60

min. at 37° 0. Results were read after incubation for

16 hr. at 4° C.

The titre of antilysin was taken as the reciprocal of

the highest dilution of lysin causing 50 per cent haemo-

lysis of a suspension of 1 per cent erythrocytes in the

presence of antilysin under the conditions specified.

Demonstration of the Dermonecrotic Property of llaeraolysxns

The skin-neorotising property of crude and partially-

purified staphylococcal lysins was demonstrated in mature

rabbits of about 2.5 kg. weight. The back of the rabbits

was closely shaved, and the skin divided into sections with

a marking pencil. Each rabbit was injected iirtraciermally

with 0.05 ml, quantities of lysin undiluted. Nearly 20

injections could be made into an area measuring about

15 x 20 cm, on the back of a rabbit of average sine. Two

rabbits were used in each assay. The dermonecrotic effect

was measured in terms of the preparation of lysin which

initiated a visible inflammatory reaction in the skin. As

the lysins were not sterile, 5 units/ml, penicillin were

incorporated into the material to be injected. It was

found that the use of penicillin did not alter the result.

Also, no inflammatory response was ever observed when non-
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sterile buffer controls containing penicillin were injected

into the skin. The strains of S, aureus from which the

material for injection was derived were shown by in vitro

disk sensitivity tests to be sensitive to 5 units/ml,

penicillin. Reactions to the injected lysins were read

and recorded every 24 hr. for 3 days.

Demonstration of the Lethal Property of Haemolysina

The lethal activity of crude and partially-purified

lysins was observed in mature rabbits weighing about 2,5

kg. and in Swiss white mice of about 25 g. in weight,

in rabbits, 0,5-2.0 ml. lyain was injected intravenously

into the marginal ear vein, and the animals closely

observed for 2 days. Only deaths occurring within a 24

hr. period were actually recorded. In mice, 0,1 ml. lysin

was injected intravenously into the tail vein, or 0,5 ml,

intraperitoneally, and deaths occurring within a 24 hr.

time interval were recorded. Experiments with rabbits

were repeatedj and in the case of mice, five were used

with each injection.

As in the demonstration of skin-necrotizing properties

of lysins, 5 units/ml. penicillin were employed in these

experiments. The results were not influenced by the use

of penicillin.
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RESULTS

Determination of the Haemolysin Spectrum of Strains

The antitoxin diffusion method of Elek and Levy

(1950 b) has been applied in the preii inary assessment of

the haemolysin spectrum of strains of S. aureus employed in

this study. They suggested that on rabbit and sheep blood

agar, a strain of S. aureus might produce any one of seven

combinations of the known haemolysins; alpha, beta, delta,

alpha-beta, alpha-delta, beta-delta and alpha-beta-delta.

The staphylococcal strains studied in this invest¬

igation have been tested in this way. In Figure 1, strain

R-l, which apparently produces alpha, beta and delta lysins,

is shown. On rabbit blood agar, two haemolytie patterns

are clearly visible; the first, a sharp-edged pattern

surrounding the growth but not inhibited, and the second,

strongly-inhibited and with an ill-defined edge. Such

effects on rabbit blood agar are presumably due to the

delta and alpha lysins respectively. On sheep blood agar,

two haemolytic patterns are again distinguished. The

first is a clear area of «h/Vib;£ited haemolysis surrounding

the growth as described for rabbit blood agar, but the

second is a large moderately-inhibited extensive area of

"discolouration", outlined by a dark line in the agar.

This is interpreted as being due to delta and beta lysins

respectively. Ho evidence of lysis by alpha lysin is
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PlanHE 2 (Sheep)
HHEMOLYTIC PATTERNS OP R-l STRAIN IN PRESENCE OP ANTI¬

TOXIN
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apparent. When considered together, rabbit and sheep

blood haemolytic patterns suggest that the R-l strain pro¬

duces alpha, beta and delta lysins. Figure 2 shows the

haemolytic pattern of the R-l strain on sheep blood agar

24 hr, later after being held at room temperature. The

area of "discolouration" has progressed to almost complete

lysis.

Figure 3 shows the haemolytic pattern of strain 252F,

which is said to produce only beta lysin, on rabbit and

sheep blood agar. The beta lysin has no effect on the

rabbit blood; but an area of "discolouration" surrounded

by a dark line and without the uninhibited clear area of

haemolysis surrounding the growth, is observed on sheep

blood agar. Ko other lytic zone on either a^ar is evident.

As with the R-l strain the pattern on sheep blood agar

progressed to more or less complete lysis after standing

at room temperature for 24 hr.

Of the five strains tested, only variations of the

three basic haemolytic patterns described by Elek and Levy

were observed.

Table 1 indicates the haemolysin spectra of the strains

3. aureus employed in this study.
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Rabbit Sheep

FIGURE 3

HEMOLYTIC PATTERNS OF 252F STRAIN IN PRESENCE OF

ANTITOXIN

r



76.

TABLE 1

HABMOLJSIH SPECTRA OP STRAINS OP S.AUREUS

EMPLOTED IN THIS INVESTIGATION

Strain Haemolysin Spectrum

G-143 alpha-delta

252F beta

R-l alpha-beta-delta

P-92 alpha-beta-delta

G-12B alpha-beta-delta
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PART A

REQUIREMENTS FOR OPTIMAL YIELDS OF BETA LYSIN

Media

The ability of six solid and two liquid media to

support production of high titre beta lysin was tested.

The media employed were those of Bramann and Nor1in

(Jackson and Little, 1957a), Dolman and Wilson (1940), the

chemically-defined medium of Gladstone (193&)> nutrient-

agar, horse blood agar and Hartley agar (Cruickshank et al,

I960). Bramann-Korlin, Gladstone and Hartley digest media

are normally liquid media, but in this investigation were

employed with 1.5 per cent agar. Nutrient broth and

Dolman-Wilson medium (normally a semisolid medium) were

also tested as liquid media, but lysin titres obtained were

disappointing, and it therefore seemed justifiable to pro¬

ceed with a more caaplete investigation of solid media.

Three plates of each medium overlaid with cellophane

were inoculated, and ^rowth and haemolysin measurements are

the mean of three results. Haemolysin titres are expressed

as geometric means.

Results obtained with R-l and 252F strains on solid

media are shown in Table 2. It is evident that the R-l

strain produced the largest amounts of beta lysin (as

measured with human and sheep erythrocytes) on Dolman-

Wilson, Hartley and Bramann-Rorlin media, and the smallest

quantities on horse blood agar. Of these three media,

Dolman-Wilson agar was selected because the alpha lysin
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TAKLE 2

COMPARISON OF BASMOLYSIK TITHES AND GROWTH ON SOLID MEDIA

Strain R-l Strain 252F

Medium Growth
O.D.
650 mu

Haemolysin litres
Unit^/ral

Growth
O.D.
65O au

Haeaolysin Titres
Units/ml

Rabbit Human Sheep Rabbit Human Sheep

Horse blood agar 0.29 1,016 254 508 0.55 127 320 1,280

Gladstone agar 0.09 320 640 1,016 «• - - -

Nutrient agar 0.32 1,280 1,260 2,560 0.43 40 80 508

Dolman Wilson agar 0.36 2,030 6,450 25,800 0.78 127 1,016 4,065

Hartley agar 0.34 2,560 6,450 25,800 - mm - **

Bramann-Nor1in agar 0.47

....

6,450 8,130 25,800 0.49 64 16o 800
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titre (as measured with rabbit erythrocytes) was a third of

that produced on Bramann-Nor1 in agar. Although Hartley

agar gave excellent yields of beta lysin as well, many

hours of labour are involved in its preparation. Beta

lysin production on horse blood agar appeared to be sup¬

pressed to a considerable extent. It is worthwhile noting

that the ratio of rabbit to sheep lytic titres on horse

blood agar is about two, whereas with the high-titre beta

lysxn media, it varies from 0,1 - 0,4. With the exception

of Gladstone synthetic medium, haemolysin titres generally

increased with growth.

Strain 2;>2F presented a different picture with these

media, Bramann-Norlin medium not giving equivalent results

with those on Dolman-Wilson agar, However, Doltaan-Wilson

agar again supported good growth and beta lysin production.

Nutrient agar gave poor yields with this strain. As in

the case of the R-l strain, haemolysin titres paralleled an

increase in growth.

Gladstone synthetic medium, while possessing certain

advantages over the other semi-synthetic and complex media,

produced relatively low titres of lysins with strain R-l.

Effect of Carbon Dioxide and Oxygen on il ■■emolysin Txtres

The effect of carbon dioxide and oxygen on yields of

beta lysxn was studied employing strains P-92, G-128, R-l
4>

and 252F. Three Dolman-Wilson plates per strain, overlaid

with cellophane, were inoculated and gassed with 25 per cent

carbon dioxide in air or oxygen, A set of controls was



80 »

table 3

effect op mixtures op carbon dioxide and air or oxygen

on growth and haemolysis tithes cp strains

Strain Atmosphere
Growth
O.D.
65O mu

Haemolysin Titres (Unit^/ml)

Rabbit Human Sheep

252P air

co2-o2
C02«air

.84

.76

.91

40
80

160

320
320

1,280

1,016
1,280
2,560

R-l air

OQ2*-Q2
C02~air

.58

.43

.59

202
2,560
3A75

806
3,225
8,127

2,560
20,480
32,510

P-92 air

co2~o2
C02-air

.56

.51
,54

320
1,613
5,120

2,030
2,560
12,900

5,120
16,260
65,010

G-12B air

002-oz
.62
.48

508
806

2,560
2,560

20,480
16,260

C02-air .64 4,054 25,800 130,100
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incubated in air. All plates were harvested after 24 hr.

at 37° C.

It is evident (Table 3) that carbon dioxide is not

required for haemolysin production. In fact, the beta

lysin titre of strain G—128 is relatively high in air.

However, there is no doubt that the use of a 25 per cent

mixture of carbon dioxide in air increases yields. Titres

obtained with oxygen and carbon dioxide are greater than

those in air alone, but less than titres in mixtures of air

and carbon dioxide. With respect to growth, there is

relatively little difference between the figures for air

and carbon dioxide in air. Oxygen at a concentration of

75 per cent, however, markedly depresses growth*

On the basis of these results, a mixture of 25 per

cent carbon dioxide in air was employed in all experimental

work.

Rate of Hnemolysin Production

The rate of haemolysin production with respect to time

was investigated in strains E-l and 252F, which were each

inoculated onto 18 plates of medium overlaid with cello~

plane. Three plates of each strain were placed in

anaerobic Jars. During incubation, Jars were removed at

3, 6, 9, 12, 24 and 48 hr, intervals. Plates ivere har¬

vested and the supernatant fluids stored at -20° C, until

the completion of the experiment, at which time all super-

natants for one strain were titrated together.

Results obtained with strain R-l are shown in Figure 4.
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RATE OF HAEMOLYSIN PRODUCTION IN STRAIN R-l
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It appears that the rate of release of haeraolysin is

greatest before the commencement of the logarithmic phase

of growth, and rabidly declines during this phase. Growth

and lysin production appear to reach a maximum between

18-24 hr., and show a slight decline at the end of 48 hr.

In the case of strain 2p2F (Figure 5)* haemolysin

production begins to decrease during the logarithmic growth

phase, as with strain R-l, and haemolysin maxima are

attained during the 18-24 hr. period.

On the basis of these results, the convenient time

interval of 24 hr. was chosen, and in all further work

crude beta lysin was harvested from plates incubated for

this length of time.

Influence of nil on Growth and iiae.nolysin Production

Strain R-l was employed in an investigation of the

effect of pH on growth and haemolysin production. Acetate

buffer was employed at pH 3*0; phosphate at pB 6,0 and

7.0, and box-ate at pB 8.0 and 9.0 (Cruickshank et al, I960).

All buffers were 0.01 M, with respect to Dolman-Wilson

medium. The pH values of the medium did not fall more

than 0.3 unit after a 24 hr. period of growth.

In Table 4, it is shown that growth and haemolysin

production extend over a range of pH 6.0-8,0, but that

growth and haemolysin titres at pH 6.0 are slightly less

than at neutrality. At pB 8.0, growth is less than half,

while the beta lysin (sheep cells) titre is 1/12 that at

pH 7.0. A similar relationship is observed with human
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TABLE 4

INFLUENCE CF F30 ON GROWTH AND HABMOLYSIN TITRES

CF STRAIN R-I

pH
Growth
O.D.
650 mu

Raemolysin Titres (Unit^ml)

Rabbit Human Sheep

5.0 ,00 < 20 <20 <20

6.0 .75 4,065 16,300 81,920

7.0 .37 5,120 20,480 130,000

8,0 .36 2,030 1,280 10,240

9.0 .00 <20 <20 <20
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red cell titres at pFI 7.0 and 8.0. It is interesting to

note that alpha lysin titres at pH 7.0 and 8,0 vary much

less than human red cell and beta lysin titres in this pH

range. It will also be observed that the alpha lysin

titre is £ of the human red cell titre at pH 6.0 and 7.0,

while it is twice that with human cells at pH 8,0.

Amino Acid Requirements for Growth arid Haemolysin

Production in Strain R-l

In the course of investigation of the synthetic

medium of Gladstone (1958) in connection with the produc¬

tion of haemolysins on solid media, data were obtained

which shed light on amino acid requirements for growth and

lysin production in strain R-l. The medium contained in¬

organic salts, glucose, 16 amino acids, vitamin B]_, nico¬

tinamide, and was buffered at pH 7.6 with 0.03 phosphate

In the work herein described, 1.5 per cent agar was added

to the complete medium, and individual amino acids or

growth factors were omitted from the complete synthetic

medium in an attempt to determine the specific nutrients

required for growth and haemolysin production. In the

determination of the amount of growth upon the plates,

optical density measurements were made on cell suspensions

20 times heavier than usual, in view of the small amounts

of growth encountered on some of the incomplete media.

The results, which are the average of three obtained

upon media overlaid with cellophane, are presented in

Table 5. On the basis of these results, it appears that

valine, glycine, proline, cystine and arginine are
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TABLE 5

EFFECT OF OMISSION OF INDIVIDUAL AMINO ACIDS AND GROWTH FACTORS

FROM GLADSTONE SYNTHETIC MEDIUM ON GROWTH AND

HEMOLYSIN PRODUCTION IN STRAIN R-l

Omissions from

Complete Medium

Growth8
O.B.
650 rau

Haemolysin Titres (Unitml)

Rabbit Human Sheep

(1) alanine 1,71 80 320 806
(2) valine .59 7 64 160
(3) leucine 1.37 64 202 806
(4) glycine .26 <20 7 32

(5) proline .22 <20 <20 20

(6) hydroxyproline 1.66 80 403 640
(?) tryptophan 1.53 101 254 403
(8) histidine 1.57 101 202 403

(9) cystine 1.14 32 64 127
(10) methionine 1.60 127 403 806

(11) aspartic acid 1.54 50 202 403
(12) glutamic acid 1.69 32 64 254

(13) phenylalanine I.63 64 254 806
(14; tyrosine 1,60 127 202 508

(15) lysine 1.74 80 254 640
(16; arginine .30 <20 <20 3

(I?) vitamin Bi .67 <20 <20 3
(18) nicotinamide .85 3 3 32

(19) Complete medium 1.61 80 320 508

m Optical density determinations made on suspensions 20 x heavier.
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required along with vitamin and nicotinamide for the

degree of growth and beta lysin production in strain R-l

obtained on complete medium (No,19). Growth and haemo-

lysin titres obtained in the absence of other amino acids,

with the exception of medium Ho.12 (lacking glutamic acid;,

while in many cases differing from values for the complete

medium (Ho,19), may be within the range of experimental

error in optical density and haemolysin titre determine-

tions, and are arbitrarily not considered significant if

two values differed by less than -g.

While in general the same amino acids seem to be re¬

quired for growth as for beta lysin production, certain

discrepancies are noted. Growth obtained on nicotinamide

and vitamin Bi-free media (Kos. 17-18) is about 1/3 to "&

that obtained on the complete medium, but haemolysin titres

on these media are negligible in comparison with complete

medium. Growth and lysin production are also reduced on

medium Ho.9 (cystine-free). On medium Ho.12 (glutamic-acid

free), growth is comparable to that upon complete medium,

but lysin titres are reduced.

i
In summary, valine, glycine, proline, cystine and

arginine appear to be required for growth and beta lysin

production in relation to the complete medium, while

glutamic acid may be required for full haeraolysin produc¬

tion, but not for growth. It is difficult to determine

the effect of amino acid deprivation on alpha lysin pro¬

duction in this experiment, but in general there are no

striking discrepancies in the ratio of rabbit to sheep



88.

erythrocyte titres of the various incomplete media.
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PART B

I. PARTIAL PURIFICATION CF STAPHYLOCOCCAL BETA LYSIN

Preliminary Experiments with Hydroxylaoatite

Influence of pll on adsorption. The relationship of

pH to adsorption of haemolysins onto hydroxylapatite was

investigated in strain R~l. Buffers employed were 0.1

M, acetate, pil 4.0 and 5.0; 0.1 M, phosphate, pH 6.0 and

7.0, and 0.1 M, borate at pH 8,0 and 9.0 (Cruickshank et

al, I960).

Three ml. lydroxylapatite slurry (about 0.2 g« dry

weight of adsorbent) was poured into each of six 15 ml.

centrifuge tubes and the supernatant buffer removed by

centrifugation for ten minutes at 250 G« The adsorbent

was then washed three ti es in buffer of the appropriate

pH, resus£>ended in this buffer, and allowed to stand for

about 24 hr. cm the bench. Just before use, the buffers

were removed by centrifugation. Ten ml. crude R-l haemo-

lysins, which had been equilibrated for 24 hr. against

the appropriate buffers were centrifuged at 45,000 G. for

45 min. to clear. Eight ml. equilibrated material was

then added to the adsorbent at the correct pH, immediately

mixed, and allowed to stand for 1 hr. at 4° C. The

adsorbent-hnemolysin mixture was centrifuged for 10 min,

at 250 G. and the supernatant clear fluid removed.

The extent of adsorption of haemolysins was deter~

mined by titration of the supernatant fluid and is shown

in Table 6. In the absence of adsorbent, titres with
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TABLE 6

INFLUENCE GF F*1 OK ADSORPTION BY HYDROXYLAPATITE OP

HAEMOLYSINS CP STRAIN H-l

pH

Haemolysin Titres Units/ml

No Adsorbent Adsorbent

Rabbit Human Sheep Rabbit Human Sheep

4.0 80 320 10,240 <20 80 160

5.0 1,280 640 10,240 20 40 160

6.0 1,280 5,120 81,920 80 <20 40

7.0 1,280 5,120 81,920 1,280 40 160

8.0 1,280 2,560 40,960 80 40 16o

9.0 1,280 2,560 81,920 320 20 80
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rabbit, human and sheep erythrocytes are all greatly re¬

duced at pB 4.0, At pH 3.0, human and sheep red cell

titres are considerably reduced, but this is not the case

with the rabbit red cell alpha lysin titre. The haemo-

lytic activity of the crude preparation is unaffected over

the pH range 6,0-9.0,

In the presence of adsorbent, titres with rabbit red

cells are all considerably reduced except at pH 7.0,

where there appears to be no difference between titres of

adsorbed and unadsorbed material. Titres with human and

sheep red cells are greatly reduced at all pil values.

It would seem that the differential adsorption of

alpha lysin (rabbit red cells) is minimal at pll 7.0. Ad¬

sorption of beta lysin (human and sheep red cells) is

apparently considerable over the whole pB range tested.

Similar results were obtained with strains P-92 and G-128,

A pH of 7.0 was thus adopted in all further adsorptions.

Influence of buffer molarity and quantity of adsorbent

on adsorption. In this experiment, 5.0, 2.0, 1.0 and 0.5

ml, hydroxylapatite slurry was added to each of two sets of

four 15 ml. centrifuge tubes, respectively. The first set

was centrifuged and washed as previously described with

0.01 M. phosphate buffer, pH 7.0, while the second set was

treated with 0,1 M, buffer, pil 7.0. Eight ml. crude R-l

lvsins equilibrated against the appropriate molarity of

buffer was then added to each of the eight tubes containing

the various amounts of adsorbent, immediately mixed, and

allowed to stand as usual for 1 hr, at 4° 0. before
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centrifaging.

Results are shown in Table 7- It is evident that the

use of 0,01 M. buffer causes a decrease in titres with

rabbit, human and sheep erythrocytes which is inversely

related to adsorbent quantities. At 0.1 M. buffer con¬

centrations, this inverse relationship of adsorbent quant¬

ity to haemolysin titre is again observed with human and

sheep red cells, but not with rabbit cells, Titres with

rabbit cells remain virtually unaffected over the whole

range of adsorbent quantities employed. It seems that at

0,01 M. concentrations of buffer alpha and beta (and

possibly delta) lysins are adsorbed to the same extent,

while at 0.1 M, buffer concentrations, alpha lysin (rabbit

erythrocytes) remains unadsorbed over the range of adsor¬

bent quantities tested, while beta (and possibly delta)

lysin is adsorbed proportionally.

In all further work, therefore, a quantity of hydro-

xylapatite not exceeding 0.04 ~ .17 &• dxy weight per 8 ml,

crude lysins was employed at a 0,1 M. phosphate buffer con¬

centration, pR 7,0.

Influence of ti. e on adsorption of haernolysins. The

effect of time on adsorption of strain R-l crude lysins was

determined by adding 8 ml, equilibrated lysins to three

centrifuge tubes each containing about 0,08 g. hydroxylapa-

tite washed in the usual manner. After mixing, the three

preparations were allowed to stand at 4° 0,; the first for

10 rain,, the second for 1 hr. and the third for about 24 hr.

before removing the supernatant fluid by centrifugation.
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TABLE 7

INFLUENCE OF BUFFER MOLARITY AND QUANTITY OF HYDROXYLAPATITE

OK ADSORPTION OF HAEIZOLYSINS OF STRAIN R-l

Dry Weight
Adsorbent

Erythrocyte Titre with Haemolysins (Units/ml.)

0.01 M, Buffer 0. 1 M. Buffer
&•

Rabbit Human Sheep Rabbit Human Sheep

0 2,560 20,480 163,840 2,560 20,480 163,840

0.04 1,280 320 1,280 2,560 5,120 81,920

0.08 640 160 640 2,560 1,280 10,240

0.17 80 80 160 2,560 160 1,280

0.34 40 40 160 1,280 80 320
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The three supernatant fluids were titrated simultaneously,

the rabbit, human and sheep red cell titres for the three

samples were identical. Adsorption was not increased upon

standing at 4° C.

However, all further adsorptions with hydroxylapatite

were allowed to stand routinely for about 1 hr. at 4° C,

Efficiency of the .urification Procedure with Hydroxylapa¬

tite

The method of partial purification finally adopted for

staphylococcal beta lysin is outlined in Figure 6, It was

found that the hydroxylapatite-beta lysin complex required

repeated washing with buffer in order to remove residual

alpha lysin activity. For strain R-l, this was accom¬

plished by five applications of 100-200 ml. buffer to the

adsorbent. In order to allow a margin of safety, eight

washings were routinely employed with all strains.

The efficiency of the method for partial purification

is shown in Table 8. Reference to stage two indicates

that no haemolysin activity is lost during dialysis. The

purification procedure allows 17 per cent recovery and 35-

fold purification of the beta lysin.

It will further be observed that the ratio of sheep

red cell titres (beta lysin) at sta^e one is 16, and that

this ratio becomes 128 at stage five. The usefulness of

hydroxylapatite in the selective adsorption of beta lysin

is thus re-emphasised.

Similar results were obtained with partially-purified
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SCHEME OP PARTIAL PURIFICATION ADOPTED FOR

STAPHYLOCOCCAL BETA LYSIN

CRUDE BETA LYSIN

DIALYSIS AGAINST O.I M PHOSPHATE BUFF-R PH 7.0. AT 4° C.

j(CENTRIFUGATION)
TREATMENT WITH 0.04 - Q.I7 tt. IIYDROXYLA. ATITE PER

8 ML. BETA LYSIN AT 0,1 M BUFFER CONCENTRATION.

PH 7.0. AT 4° C.

♦ r

HYDRCXYLAPATITE WASHHD EIGHT TIKES Y-ITH 0.1 K DUFFER

AT 7.0

* r

BETA LYSIN ELUTED WITH 2M NaCi in 0,1 M BUFFER. P11 7.0

CENTRIFUGATICN)

DIALYSIS AGAINST COLD RUNNING TAP WATER FOR 16 kr.

I (CENTRIFUGrATION)
lyopbililation

figure 6
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PARTIALPURIFICATIONOFBETALYSDJOFSTRAINR-lBYABSORPTIONANDDIALYSIS Stage

HaemolysinTitre (Unita/ml.)

Volume

Total Protein mg./ral.

UK

Specific Activity (Sheep)

PerCent Recovery (Sheep)

Rabbit

Human

Sheep

or Weight

(1)CrudeHaemolysins
2,560

5,120

40,960

850ml.
1.260

3.25xicA

100

(2)BiaiyzedCrude
2,560

5,120

40,960

850

1.000

4.09xicA

100

(3)SodiumChlorideEluate
1,280

10,240

163,840

125

0.200

8.19x105

59

(4)EluateDialyzedagainst TapWater

640

5,120

81,920

125

0.066

1.17x106

30

(5)LyophilizedTapWater3 Dialysate(1.0mg./ml.
I640

•)

L

5,120

81,920

67mg.

0.070

1.17x106

17

*Activitiesperrng,Protein.
himemolyticUnits(Sheep)permg.Protein.
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beta lysin from strains G-128, P-92 and 252F,

Immunodiffusion Studies of Crude and Partially-Purified

Beta Lysin

An immunodiffusion analysis of crude and partially-

purified beta lysin derived from strains R-l and 252? to3

carried out in order to ascertain the degree of purity ob¬

tained insofar as it is reflected by this method.

Into six wells were placed 0.05 ml. samples of the

following materials:

(1; Partially-purified beta lysin of Strain R-l (final

product)•

(2) Identical with No.l, but strain 252F.

(3) Panton-Valentine (PV) leucocidin prepared according to

the procedure of Woodin (i960). This was an impure

preparation supplied by Dr. G.P. Gladstone, Sir

William Dunn School of Pathology, Oxford.

(4) Purified delta lysin prepared according to the method

of Yoshida (1963), also supplied by Dr. Gladstone.

(5) Crude lysin preparation of strain R-l.

(6) Crude lysin preparation of strain 252F,

In this experiment, the antiserum was used undiluted.

Results are shown in Figure 7. In the case of crude lysins

of strain R-l (No,5), five strong and at least several faint

lines of precipitation may be seen. With partially-

purified R-l beta lysin (No.l), two (or three) strong bands

are evident, as well as an additional faint one between

these two.
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In preparations of strain 252F, the crude lysin (No.6)

shows eight or nine lines of precipitation, two of which

are close together and fairly strong. In contrast, the

partially-purified material (No.2) shows one strong and

several faint lines.

With purified delta lysin (No.4), one strong band is

observed which shows a reaction of identity with one of

the bands in partially-purified R-l preparations (No.l).

The delta lysin, however, does not appear to be present in

crude or partially-purified 252F beta lysin.

Unfortunately, IV leucocidin (No.3) showed too many

lines (at least four) for a valid comparison with R-l or

252F preparations to be made.

In summary, partially-purified preparations of strain

R-l and 252F show a reduction of about four or five anti¬

gens when compared to crude material. The delta lysin

appears to be present in partially-purified preparations

of R-l beta lysin, but according to results obtained else¬

where in this investigation, must be present in relatively

small amounts,

II. PROPERTIES OP PARTIALLY-PURIFIED STAPHYLOCOCCAL
BETA LYSIN

Effect of Divalent Metallic Cations upon Haemolysis

Spectrum of metal ions afi'ectin,, haemolysis. Prelim¬

inary experiments with chelating agents shewed that the

haemolytic activity of the beta lysin could be inhibited.

In view of this, the effect of divalent manganese,
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FIGURE 7

IMMUNODIFFUSION STUDIES
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magnesium, cobalt, nickel, calcium and zinc ions upon

haemolysis of rabbit, human arid sheep erythrocytes in the

presence of partially-purified beta lysin from strains R-l,

252F and crude lysin from strain G-143 was investigated.

All metallic ions were employed as the chloride at a con¬

centration of 10*"3 m» in Tris-saline buffer, in order to

avoid the formation of insoluble phosphates in phosphate-

saline buffer.

Results are shown in Table 9. Beta lysin titres of

strains R-l and 252F were greatly enhanced in tire presence

of magnesium, cobalt and manganese ions, but not with

nickel and calcium. There was no haemolytic activity in

the presence of zinc ions, which is probably due to com-

plexing of beta lysin by this metal.

Strain G-143 presented a contrast to the other two

strains. It produces no detectable beta lysin, but does

appear to produce alpha and delta lysine according to the

antitoxin diffusion method of Elek and Levy (1950 bj as

described. It is evident from the Table that rabbit,

human and sheep erythrocyte titres of this strain were un¬

affected in the presence of any of the ions.

As it was intended to use phosphate rather than Tris

buffer routinely, if possible, phosphite-saline buffer

containing magnesium ions was tested to see if the same

enhancement of titres would be observed as with Tris buffer.

Reference to the bottom line of Table 9 indicates that the

magnesium ion is fully as active in phosphate, and that the

phosphate salts themselves exert no detectable effect on



TABLE9

EFFECTOFMETALLICCATIONSONRABBIT,HJMANANDSHEEPERYTHROCYTETITHES WITHHaEMOLYSlNSOFSTRAINSR-l,252PANDG-143 ErythrocyteTitreswithHaemolysins(Units/ml.)
10~5M. Cation

StrainR-l

Strain252F

StrainG-143

Rabbit

Human

Sheep

Rabbit

Human

Sheep

Rabbit

Human

Sheep

Kg

20

160

20,480

<20

<20(40)*

160

1,280

20

40

Co

20

160

20,480

<20

<20(80)

160

640

20

40

13a

20

160

10,240

<20

<.20(40)

320

1,280

40

40

Hi

<20

40

640

<20

<20(40)

40

640

20

40

Ca

<20

40

320

<20

<20

40

1,280

40

40

Zn

<20

<20

<20

<20

<20

<20

<20

<20

<20

NoAdditions

<20

40

640

<20

<20(TR.)

20

1,280

20

40

KgPhosphate

40

160

20,480

«»

-

-

2,560

20

40

*PartialHaemolysisattheDilutioninBrackets,butlessthan30percent.
TR=TraceofHaemolysis(lessthan10percent).
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haemolysin titres.

Optimal concentration of magnesium and cobalt ions in

enhancement of haemolytio activity of beta lysin. Con¬

centrations of magnesium and cobalt ions ranging from

0-10"^ M, were tested for their effect upon the beta lysin

of strains R-l and 232F. Table 10 shows that the greatest

enhancement of sheep erythrocyte titres with these strains

occurs at a concentration of 10""^ and 10"^ M. magnesium and

cobalt.

Action of Che latin,-, Agents upon the llaemolytic Activity of

Beta Lysin

The effect of disodium ethylenediaminetetra-acetate

(EDTA) and citric acid in concentrations ranging from 0 -

10 M. in Tris buffer upon the haeraolytio activity of beta

lysin derived from strains R-l and 252F was investigated

after initial experiments showed inhibition.

In Table 11, complete inhibition of beta lysin activ¬

ity of both strains in the absence of magnesium ions is

observed at 10*"2 concentrations of EDTA* Inhibition

tends to decrease at 10"""3 and 1Q~^+ M« and disappears al¬

together at 10~5 M. levels of the chelating agent* In the
■ ■

presence of magnesium ions, inhibition completely disappears

at a higher concentration of SDTA (10~^ M.), which suggests

that magnesium ions are required for full expression of the

beta lysin haemolytic activity. Results obtained with

citric acid are similar to those obtained with EDTA.

In contrast to these data, it was found that 10""2-1Q"*5
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TABLE 10

EFFECT OF CONCENTRATION OF MAGNESIUM AND COBALT CATIONS

ON SHEEP ERYTHROCYTE TITRES OF STRAINS R-l AND 252F

BETA LYSINS

Cation

Molarity

Sheep Haeraolysin Titres (Unit^/ml.)

Magnesium Cobalt I

R-l 252F R-l 252F

0 40 20 40 20

10"1 40 20 320 80

10~2 2,560 160 1,280 160

i—■ o
t Vx 2,560 160 1,280 160

10"^ 320 80 640 80

io~5 80 40 160 40

lo~6 40 20 160 40



TABLE11

EFFECTCFDISQDIITMETHYL2KEDIAMINETETRA-ACBTATE(EDTA)AIT)CITRICACID OWSHEEPERYTHROCYTETITERSOFPARTIALLY-PURIFIEDBETALYSIN OFSTRAINSR-lAIT)252F
Molarity

SheepTitres(Units/ml.) with10-3M.Magnesium

SheepTitres(Units/ml.) without10"*3M»Magnesium

of Chelating Agent

StrainR-l

Strain252F

StrainR-l

Strain252F

EDTA

CitricAcid
EDTA

CitricAcid

EDTA

CitricAcid
EDTA

CitricAcid

10~2

<20

JS

<20

SB»

<20

-

<20

-

10-3

80

160

20

40

20

40

<20

<20

lo-^

10,240

2,560

160

320

80

320

20

20

10-3

10,240

10,240

320

320

640

1,280

40

40

h-»

o

1

CT\

10*240

20,480

320

320

1,280

1,280

40

40

0

10,240

320

1,280

40

kHaemolysisatthisconcentrationinthecontrols
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M, EDTA did not alter rabbit, human or sheep erythrocyte

titres of strain G-143 crude lysin when compared to the

control. It thus appears that of the three staphylococcal

lysins, only the beta lysin is affected by the chelating

agents tested.

In view of the evidence obtained v/ith strain G-143,

and according to Jackson and Little (1958 a) and Jackson

(1963b), chelating agents do not inhibit the haemolytic

activity of alpha or delta lysins. The haemolytic activity

of partially-purified beta lysin of strain R-l was tested on

rabbit, human and sheep erythrocytes in the presence of

10~2 yr. EDTA, Control titres with rabbit, human and sheep

erythrocytes were 160, 640 and 2560 haemolytic units, where¬

as titres in the presence of EDTA were 40, 20 and less than

20 respectively. This might indicate that small amounts of

alpha and delta lysins are present pn the partially-

purified preparations of beta lysin derived from this strain.

Since Robinson et al (I960 a) have reported that EDTA stim¬

ulates the haemolytic activity of alpha lysin, the amount of

alpha lysin present in R-l beta lysin preparations may in¬

deed be negligible.

Influence of 10~3 M, Magnesium Ions upon some Crude and

Partially-Purified Lysins from Various Strains

Partially-purified beta lysin preparations derived from

strains F»92, G-128, R-l, 252F and crude lysins from R-l and

252P were titrated against rabbit, human and sheep erythro¬

cytes in the presence and absence of 10"*^ M, magnesium ions.

The effect of magnesium ions on red cell titres of the
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preparations is illustrated in Table 12, In all cases

there is considerable enhancement of rabbit, human and

sheep erythrocyte titres in the presence of magnesium ions.

The degree of enhancement is not the same in all titrations*

however, the net increase with the three red cell species

being neatest in the presence of R-l, intermediate with

P-92 and G-128, and least with 252F preparations. It

should also be pointed out that in the case of some prep¬

arations (partially-purified P-92, G-128 and 252F beta

lysins), there is little or no haemolytic activity against

rabbit or human red cells. The addition of 10~3 M, mag¬

nesium does, however, dramatically alter the sensitivity of

these erythrocytes to beta Ivsin. With respect to crude

and partially-purified preparations of strain R-l, no

enhancement of rabbit cell titres occurs with the former,

while the latter shows an eight-fold increase in the

presence of magnesium ions.

At any rate, rabbit, human and sheep erythrocyte

titres in the presence of 10"3 M, magnesium ions will be

the result of beta lysin activity in the preparations in¬

vestigated, as the results obtained with strain G—143

suggest that the haemolytic activity of alpha and delta

lysins is unaffected by magnesium ions.

Sensitivity of Various Species cf Srvthrocytes to Beta

Lysin

There is some agreement that staphylococcal beta

lysin lyses the erythrocytes of ox, sheep and goat, while

those of rabbits, ferrets, guinea-pigs, monkeys, horses,
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TABLE 12

INFLUENCE OP MAGNESIUM IONS UPON TITHES WITH

RABBIT, HUMAN AND SHEEP ERYTHROCYTES

IN PRESENCE OP HASMOLYSJNS FRO!'. VARIOUS STRAINS

Strain Nature of 10~3 m.
Erythrocyte Titres (Units/ml.)

Haeraolysins Magnesium Rabbit Huraan Sheep

P-92 Partially-
Purified
Beta

- < 20 < 20 20

H VI
+ 20 160 1,280

G-128 n < 20 <20 (TR.) 80

1 w it + 40 640 2,560

R-l it
• 20 40 160

rt it + 16o 320 10,240
M Crude - 2,560 320 1,280

H ft + 2,560 5,120 81,920

252P H - 20 40 160

« ft + 16o 640 2,560
f? Partially-

Purified
Beta

* < 20 20 40

\ n ft
+ 20 80 320
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rats and mice are not susceptible (Elek, 1959)• Reports

of the sensitivity of the erythrocytes of man are variable.

Virtually all of the investigations, however, were carried

out in ignorance of the effect of certain metal ions upon

haemolysis of red cells in the presence of beta lysin.

In the present work,- the erythrocytes of 13 animal

species were tested in the presence of beta lysin from

strains R-l and 252F, Phcsphate-saline buffer containing

magnesium ions was employed as the suspending fluid for

erythrocytes.

Results are presented in Table 13» It is observed

that horse, guinea-pig and dog erythrocytes were not lysed

in the presence of beta lysin of either strain* The high¬

est titres occurred with sheep, ox and human erythrocytes

in descending order, while the red cells of the cat, rabbit

and pig occupied an intermediate position with respect to

lysis.

Of particular interest is the absence of haemolysis

with horse and guinea-pig red cells at a dilution of

According to Williams and Harper (1947) the delta lysin

lyses the erythrocytes of these species.

Action of rild Reducing Agents upon Haemolysis

The effect of tnild reducing agents upon haemolysis of

erythrocytes in the presence of beta lysin was investigated.

Ascorbic acid was dissolved in phosphate-buffered saline in

concentrations ranging from 10""^-I0"^f M,, L-cysteine hydro¬

chloride at concentrations of 10~2-10~4 M. and the pH
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TABLE 13

SPECTRUM OB1 ERYTHROCYTE SENSITIVITY TO BETA LYSIK

OF STRAINS R-l, 252P

Erythrocyte
Species

Erythrocyte Titres (Units/ml.)

R-l 232F

Hcrse < 4 < 4

Guinea-pig < 4 < 4

Dog < 4 (TR.) < 4

Frog < 4 (TR.4) < 4 (TR.4)

Mouse < 4 (TR.8) < 4 (TR.8)

Rat < 4 (TR.32) < 4 (TR.32)

Fowl < 4 (TR.64) < 4 (TR.64)

Pig 32 32

Rabbit 64 32

Gat 64 64

Man 256 128

Ox 512 512

Sheep 2,048 512

(TR.4) = Trace of Haemolysis at that Dilution.
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adjusted to 7.C.

Equal volumes of partially-purified beta lysin from

strains R-l and 2p2F were added to 2 x lCf^-2 x 10""^ M.

ascorbic acid and to 2 x l0*"^-2 x lcH»- M. cysteine respect¬

ively, and incubated at 4° C. for about lb hr. Haemolysin

titrations in the presence of sheep erythrocytes were then

made with this material. Sheep erythrocytes which had

been incubated for 1 hr. at 37° C. in the presence of

5 x 10-3 j,j# ascorbic acid or 5 x icH* M. cysteine and then

washed three times in buffered saline, were used as con¬

trols in a titration designed to determine the effect of

these reducing substances on the red cells themselves.

Beta lysin titres in the presence of ascorbic acid and

cysteine-treated sheep red cells were Identical with titres

obtained with red cells not receiving this treatment.

Results presented in Table 14 indicate that for both

strains R-l and 252F, inactivation of beta lysin by ascor¬

bic acid is proportional to the concentration of the

reducing agent, with virtually complete inactivation occurr¬

ing at 10~^ M. concentrations.

In the presence of cysteine, the beta lysin of the
.

R-l strain is markedly inactivated at a concentration of
,

10~2 With strain 252F, the action of cysteine is less

apparent; the difference observed between control and

test titres being within the range of experimental error.

In an attempt to reverse the inactivation of beta lysin

by ascorbic acid, 5 ml. mixtures of the lysin and reducing
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TABUS 14

EFFECT OF ASCORBIC ACID AID CYSTEINE OK HAEMOLYSIS

CF SHEEP ERYTHROCYTES BY BETA LYSIN OF STRAINS

R-l ."CD 252F

«,

Sheep Erythrocyte Titres (Units/ml.)

Ascorbic Acid Cysteine

K-l 252F R-l 252F

lo"1 20 <20 «•»

lo"2 1,280 20 2,560 320

10-3 2,560 160 5,120 320

10"^ 5,120 l6o 5,120 320

0 20,480 640 20,480 640
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agent were dialysed for 24 hr. against a 3 1. volume of

phosphate-buffered saline, at 4° C. If the inactivation

were reversible, an increase in haemolytic titre could be

expected. Results indicated that the action of ascorbic

acid upon the beta lysin of these strains could not be

reversed by dialysis of the ascorbic aeid-lysin mixture

against isotonic buffer for 24 hr.

Effect of Proteins Upon Haemolysis by Beta Lysin

Partially-purified beta lysin from strains R-l and

252F was titrated in the presence of concentrationsof

albumin, fibrinogen and rabbit serum varying from 0.005 -

2 per cent in phosphate-saline buffer. The pH of the

dissolved proteins was re-adjusted to neutrality if necess¬

ary.

Reference to Table 15 shows that there was slight

enhancement of haemolytic activity of partially'-purified

beta lysin from strains R-l and 252F at intermediate con¬

centrations of rabbit serum. No inhibition was evident.

Albumin enhanced the haemolytic activity of both prepara¬

tions almost to the same extent. In contrast to these

data, however, fibrinogen at high concentrations (0.5 - 2

per cent) strongly inhibited the beta lysin activity of the

two preparations. At lower concentrations, however,

inhibition disappeared. Fibrinogen did not enhance the

haemolytic activity at any of the concentrations tested.

The Effect of Glucose on the Haeraolytio Activity of Beta

hlS.in

It baa been known for some time that sugars may affect



113*

TABLE 15

EFFECT OF PROTEINS UPON HAEMOLYSIS CF SHEEP ERYTHROCYTES

BY BETA LYSIN OF STRAINS' R-l, 252F

Concen¬
tration

%

Sheep Erythrocyte litres (Unita/ml.)

Rabbit Serum Albumin Fibrinogen

R-l 252F R-l 252F R-l 252F

2 320 640 H* H 20 20

1 320 1,280 H 11 40 80

0.5 640 2,560 11 H 80 160

0.1 640 2,560 2,560 2,560 2,560 1,280

0,05 640 640 2,560 1,280 2,560 2,560

0.01 320 640 640 640 2,360 2,560

0,005 320 640 320 640 2,550 2,560

0 320 640 320 640 2,560 2,560

ss Haemolysis in the controls.
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the action of some bacterial haemolysins. (Bernheimer,

1947;• More recently, Jackson and Little (1957a) found

that glucose inhibited the activity of alpha lysin.

Jackson and Maymari (195B) claimed that glucose exerted a

slight inhibitory effect on the haemolytic activity of

crude beta lysin pre iterations.

In the present study, 0,1-2 per cent concentrations of

glucose were tested for their effect on partially-purified

preparations of beta lysin derived from strains li-1 and

252F, Results obtained suggested that glucose at the con¬

centrations employed did not alter the haemolytic activity

of beta lysin in the presence of sheep erythrocytes.

The Effect of Cholesterol upon Haemolysis

Cholesterol is able to inhibit the activity of some

bacterial and non-bacterial haemolysins (Van Heyningen,

1950). Of the bacterial haemolysins, cholesterol inactiv¬

ates those which are oxygen-labile, e.g. streptolysin 0,

pneunolysin, tetanolysin and others. In general, the

oxygen-stable bacterial haemolysins amongst which are

classified streptolysin 3, welchii alpha toxin and staphyl¬

ococcal haemolysins, are not affected by cholesterol.

However, Gladstone and Van Beyningen (1957) found tliat the

leucccidal activity of staphylococcal delta lysin was

inhibited by cholesterol.

It seemed important, therefore, to test beta lysin

preparations derived from strains R-l, and. 252F for inactiv-

ation by cholesterol. In this experiment, 1.0 ml.

quantities of beta lysin were added to 0.1 , 0.5 and 1.0 g.
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amounts of crystalline cholesterol, incubated for 1 hr, at

4° G. and centrifuged at 1QCG G-, for 15 rain. The super¬

natant was then tested for haemolytic activity with sheep

erythrocytes.

Data obtained from two experiments are presented in

Table 16. In the case of strain H-l, there appears to be

some inactivation in the presence of 1.0 g. amounts of

cholesterol, in both experiments. With strain 252F, the

results are not so clear. In the second experiment, the

cholesterol seems to have some effect, but in the first,

titres are within the ran^e of experimental error. How¬

ever, it would appear that enormous quantities of cholest¬

erol in relation to the amount of lysin present are

required to exert an effect.

Heat stability of the Beta Lysin

The sensitivity of staphylococcal haemolysins to heat

has been widely studied. In the case of the alpha lysin,

numerous investigators have agreed that it is more sens¬

itive at 60° C. than at 80° - 100° C. There is less

certainty in relation to the beta and delta lysins. The

latter appears to be heat stable; there bein^ no change in

titre after heating at 65° C. or 100° C. for 2 hr. (Marks

and Vau^han, 1950), although Jackson and Little (1958 b)

claimed that the delta lysin consisted of thermostable and

thermolabile components. Reports concerning, the heat

sensitivity of the beta lysin are conflicting. Several

investigators (Dolman and Kitching, 1935; and others) ob¬

served that it was resistant to prolonged temperatures of
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TABLE 16

EFFECT OF CHOLESTEROL UPON HAEMOLYSIS OF SHEEP ERYTHROCYTES

BY BETA LYSIN OF STRAINS R-l, 252?

Cholesterol

S*

Haemolysin Titres with Sheep Cells

First Experiment Second Experiment

R-l 252F R-l 252F

1.0 80 1,280 <20 160

0.5 1,280 1,280 20 80

0.1 640 1,280 40 160

0 2,560 2,560 520 640
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100° C., autoclaving being necessary for its destruction.

Others (Smith and Price, 193^ b) found a 40 per cent loss

of activity after 1 hr, at 55° 0., arid 100 per cent destruc¬

tion after boiling. Still others (Kodaraa and Kojima, 1939)

claim that beta lysin may be more or less completely in¬

activated at 100° 0. for 30 min.

In the present investigation, studies were carried out

on the heat sensitivity at 60° and 100° C. of partially-

purified beta lysin from strains K-l and 252P. Beta lysin

from each strain in 1.2 ml. quantities was added to 16

McCartney bottles, eight of which were placed in a water

bath at 60° C. Seven were placed in water in a metal

trough, and the water heated to 100° C. Samples were

removed at the time intervals indicated in Table 17. The

phosphate-saline buffer in which the partially-purified

preparations were dissolved was at pH 7«0» and its ionic

strength was 0.21.

Results (Table 17) indicate that for strain R-l, heat-

inactivation proceeded slowly until about 3 per cent of its

haemolytie activity remained after heatin^ for 2 hr. at

60° C. At 100° C., inactivation with this preparation was

more rapid, and no activity remained after 1 hr.

With respect to strain 252F, relatively little inactiv¬

ation occurred over a 2 hr. period of heating at 60° C.

However, heating for 1 hr. at 100° C. completely destroyed

all haemolytic activity.

Since Slek (1959) has stated that the beta lysin may
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TABLE 17

HEAT SENSITIVITY OP PARTIALLY-PURIFIED BETA LYSIN

C!F STRAINS R-l AND 252F

Haemolysin Titrea with Sheep Cells
Units/ml.

Time
Uins. R.-1 252F

60° C. 100° c. 60° C. 100° C*

0 2,048 2,048 512 512

3 2,048 512 512 512

6 1,024 256 512 512

9 1,024 128 512 512

12 1,024 128 512 512

15 1,024 128 512 256

30 256 16 512 32

6o 128 < 4 256 <4

120 64 256 -
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be subject to the same anomalous behaviour towards heat as

the alpha lysin, an experiment designed to investigate

this possibility was carried out. Four samples of beta

lysin from strain R-l were employed in this experiment.

The first (Table 18) was heated at 60° C. for 2 hr. and

then at 100° C. for 3 mih« The second was heated for

6 rnin, at 100° C,, while the third and fourth samples were

controls. It appears that in the case of R-l beta lysin,

denaturation resulting from prolonged heating at 60° C, for

2 hr. cannot be reversed by heating at higher temperatures

(100° C.) up to 6 min,

Effect of Trypsin upon Kaemolytic Activity of i cta L.vsin

It is generally assumed that staphylococcal haemolysins

are proteins. Lominski and Arbuthnott (1962) have reported

that the alpha lysin is sensitive to the action of trypsin,

Yoshida (1963) found that the haemolytic activity of pur¬

ified delta lysin was destroyed by trypsin. Heydrick and

Chesbro (1962), however, claimed that their partially-

purified beta lysin was trypsin-resistant.

In view of the latter observation, the sensitivity of

partially-purified beta lysin from strains R-l and 252F was

investigated. Equal volumes of beta lysin at pH 8.0 were

added to 0,01 M. borate buffer, pH 8,0, containing 0.5 mg./

ml. crystalline trypsin, and incubated in a water bath at

37° C* for the periods indicated in Table 18, Lysin con¬

trols were incubated at pH 8.0 for 6 hr, with no loss of

activity.

Results in Table 19 indicate that the beta lysin of
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TABLE 18

BETA LIS III TITLES OF STRAIN R~1 WITH SHEEP ERYTHROCYTES

AFTER HEATING AT 60° C. FOLLOWED

BY A PERIOD AT 100° C.

Time at 60° C,
Mills.

Time at 100° C#
Mins.

Sheep Cell Titres
(Unit^/ial,)

(1) 120 3 32

(2) 120 6 32

(3) 120 0 64

(4) 0 0 1,024
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TABLE 19

EFFECT OP CRYSTALLINE TRYPSIN CK BETA LISIN

OF STRAINS R-l AND 252F

Time in
Hours

Sheep Cell Titres (Units/ml.)

R-l 252F

0 1,024 1,024

2 32 128

4 16 32

6 8 4
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strains R-l and 252F is trypsin-sensitive, only 0.4 - 0.8

per cent haemolytic activity remaining after incubation for

6 hr.

Stability of the Beta Lysin at Acid and Alkaline pH

The stability of partially-purified beta lysin from

strains R-l and 252F was investigated over a pH range of

3,0 - 10,3. Two ml. amounts of the lysin were dialyzed

against 200 ml, volumes of the 0.1 M« buffers indicated in

Table 20 for 24 hr. at 4° C. Baemolysin titrations of the

dialyzed samples were, however, carried out at pH 7»0.

Reference to Table 20 shows that in the case of strain

R-l, lysin titres exhibit a broad maximum between pH 6.0 -

9.0. Results obtained with strain 252F indicate, however,

that this strain is stable over a wider pil range (4,0 -

8,0) which is not identical with that for R-l beta lysin.

Kinetic Studies of Haemolysis of Sheep Erythrocytes in

Presence of Beta T.ysin

Kinetics of haemolysis of various bacterial and non¬

bacterial lytic agents have been intensively studied by

Berheimer (1947)» "who found that for many haemolysins of

bacterial origin e.g. pneumolysin, streptolysin S, the rate

of haemolysis was directly proportional to concentration of

the lysin. In contrast, the rate of haemolysis (per cent

per unit time) for non-bacterial lysins such as saponin and

sodium taurocholate appeared to be an exponential function

of concentration.

With regard to staphylococcal haeraolysins, Jackson and
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TABLE 20

EFFECT OF PH QR PARTIALLY-PURIFIED BETA LYSIN

OF STRAINS R-l AND 252F

—

Sheep Cell litres
(Units/ml.)

0.1 M, Buffer ptl

R-l 252F

phthalate-HCl 3.0 80 80

| ft 3.5 80 160

acetate 4.0 160 1,280
ft 4.5 320 1,280
t* 5.0 640 1,280

i h 5.5 640 1,280

phosphate 6.0 1,280 1,280
ft 6.5 1,280 1,280
tt 7.0 1,280 1,280
ft 7.5 1,280 1,280

borate 8.0 1,280 1,280
ft 8.5 1,280 640

ft 9.0 1,280 640

carbonate 9.5 640 640

ft 10.0 640 640

ft 10.5 640 640
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Little (1957a) found that curves obtained v/ith alpha lysin

were similar to those obtained by Burrows (1951) for

welchli alpha toxin. Robinson jet al (1958) studied a

staphylococcal lysin affecting sheep erythrocytes, the

haemolytic activity of which was enhanced by certain

metallic cations, finding that the rate of haemolysis was

linear at low but not at high concentrations of lysin. In

a study of delta lysin, Jackson and Little (1958 &) showed

that the time-haemolysis curve was one in which an initial

rapid rate of haemolysis was followed by an abrupt change

to a slower rate, similar to the curve which Bernheimer

obtained with tyrocxdin.

In the present study, the inter-relationships of time,

extent of haemolysis and haemolysin concentration were

studied with partially-purified beta lysin of strains R-l

and 252F. In the experiment on the relationship of time

to extent of haemolysis, accurately measured quantities of

lysin ranging from 0,005 - 0,100 or 0.005 - 0.50 ml. were

added to a spectrophotometer cuvette. Phosphate-saline

buffer was added to a volume of 3»0& ml., and the reagents

were warned to 37° C. in a water bath* One ml. 4 per cent

suspension of sheep erythrocytes also at 37° C. was added

to the lysin in the cuvette, mixed thoroughly, and incubated

for 5 min. at this temperature. At the end of this time,

the cuvette was rapidly transferred in a beaker of water at

37° C. to the spectrophotometer, which was equipped with a

water jacket maintained at 25° C., and the optical density

at 650 mu read at "zero" time. Comparison with a normal

red cell control indicated that haemolysis did not occur at
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37° C. in the presence of beta lysin of either strain

during the transfer of the cuvette from the water bath to

spectrophotometer. Commencing at "zero" time, optical

density readings ware taken at 1 rain, intervals, using a

stop-watch, until 13 such readings had been taken.

The graph shown in Figure 8 indicates that for strain

R-l, the plot of time versus extent of haemolysis over lysin

concentrations ranging from 0.005 - 0.100 ml. is a sigmoid

curve. A common curve was obtained with 0,0- O.lOC ml.

amounts of lysin, and also for 0.020 and 0.030 ml. quan¬

tities, although the latter is no doubt the result of

experimental error. A decrease in lysin concentration

tended to decrease the slope of the linear portion of the

curve, and at very low lysin concentrations (0,005 ml,;,

the slope approaches zero. Reference to Figure 9 shows

that the curve obtained when rate of haemolysis is plotted

against lysin concentration, is linear at low concentrations

(0 - 0.030 ml.). At higher concentrations (0,040 - 0.100

ml.), the reaction velocity is constant. The rate of

haemolysis was determined by takin0 the reciprocal of the

slope of the mid-portion of the linear section of the sig¬

moid curves of the time-haemolysis plot.

Results obtained with beta lysin from strain 252F are

shown in Figures 10 and 11. In general, plots of time

versus extent of haemolysis and rate of haemolysis versus

lysin concentration are similar to those of R-l beta lysin.

"Split" Titrations with Beta Lysin, Saponin and Sodium

Lauryl Sulphate
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RELATIONSHIP BETWEEN TIME AND HAEMOLYSIS AT
DIFFERENT CONCENTRATIONS OF PARTIALLY
PURIFIED R-I BETA LYSIN

TIME IN MINUTES

FIGURE 8

RELATIONSHIP BETWEEN RATE OF

HAEMOLYSIS AND LYSIN CONCENTRATION(R-I )

LYSIN CONCENTRATION(m0

FIGURE 9



127.

RELATIONSHIP BETWEEN TIME AND HAEMOLYSIS

AT DIFFERENT CONCENTRATIONS OF PARTIALLY-

PURIFIED 252 F BETA LYSIN
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Lominski and Arbuthnott (1962), using a partially-

purified alpha lysin preparation, attempted to prove that

the reaction between the lysin and its substrate in rabbit

erythrocytes was catalytic and therefore presumably enzymic.

They titrated the lysin content of their preparation, and

after the lysin had reacted with the erythrocytes, selected

an intermediate dilution between the first tube and the

end-point, for re-titration, This procedure was repeated

six times, an intermediate dilution being taken each time.

They claimed that the absolute titre of the alpha lysin

remained constant during the six titrations, and that this

was consistent with the view of the alpha lysin acting as

a catalyst in the hemolytic process. In contrast, they

found that the titres of saponin and sodxum lauryl sulphate

with rabbit red cells dropped 4-3-fold after four retitra-

tions.

This experiment was performed using partially-purified

beta lysin derived from strain R-l in the present work.

Serial two-fold dilutions of lysin commencing at 3 were made

in buffer, and the titration with sheep erythrocytes was

carried out in the usual manner. After the titration had

been removed from the water bath, a serial two-fold dil¬

ution of the contents of the first tube, commencing at

was carried out and again titrated. This procedure was

repeated five times. Titres were read after standing for

16 hr. at 4° C. All titrations were carried out in

duplicate.

Table 21 shows that in the case of the non-bacterial
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table 21

"split" titrations with saponin, sodium lauryl sulphate AND

r-l beta lysin

Titration
No.

Nature of
Titration

Dilution of
Original
Preparation
in First Tube

Absolute Titre with Sheep Cells
(Units/ml.)

Saponin
Sodium

Lauryl
Sulphate

Beta Lysin

1 Primary Titration 1:4 16,384 8,192 8,192

2 Retitration of No.l 1:16 8,192 8,192 2,048

3 Retitration of No,2 1:64 8,192 4,096 1,024

4 Retitration of No.3 1:256 8,192 2,048 1,024

5 Retitration of No,4 1:1,024 8,192 2,048 1,024
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haemolysins, saponin and sodium lauryl sulphate, titres

with the former fell two-foldj and the latter, four-fold,

Titres with beta lysin fell eight-fold. In general, all

three lytic agents behaved in a similar manner.
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PART C

IN VIVO ACTIVITY OP BETA LYSIN

Various investigators have reported that erythema with-*-

out necrosis results from the intradermal injection of beta

lysin into rabbits and guinea-pigs, and that it is lethal

upon intravenous inoculation of rabbits but not mice.

Mere recently, Heydrick and Chesbro (1962) claimed that

when activated with magnesium ions, their beta lysin prep¬

aration was lethal for guinea-pigs when injected intraperi-

toneally.

In the present study, an investigation of the in vivo

activity of partially-purifled and crude beta lysins de¬

rived from strains R-l and 2$2P was carried out in mice arid

rabbits.

Effect of Beta Lysin on Mice

Samples of beta lysin from the two strains were

separately injected into mice either by the intravenous or

intraperitoneal route. The haemolytic titres of the

preparations with rabbit, human and sheep erythrocytes were

determined. The partially-purified materials contained

relatively little activity against mouse red cells (Table

13).

It is evident from Table 22 that the intravenous or

intraperitoneal injection of partially-purified beta lysin

from either strain is not lethal to mice at the dosages

employed. It is worthwhile noting, however, that in the
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TABLE 22

INOCULATION OP MICE WITH BETA LYSIN

Route Strain
Nature
of

Erythrocyte Titre
(Units/Ml.) Dose

Ml,
Deaths Sur¬

vivals
Lysin Rabbit Human Sheep

Intra¬
venous

R-l Partially-
purified

2,560 40,960 2.6xl06 0.10 0 5

tl II Crude 2,560 5,120 81,920 1.10 3 2

If 252F Partially-
purified

40 160 1,260 0.10 0 5

tf ff Crude 160 640 2,560 0.10 0 5

ft Control - <20 <20 <20 0.10 0 5

Intra¬
peritoneal

R-l Partially-
purified 80 320 2,560 0.50 0 5

If ff Crude 2,560 5,120 81,920 0.50 5 0

ff 252P Partially-
purified

20 80 320 0.50 0 5

ft If Crude 160 640 2,560 0.50 0 5

f» Control - <20 <20 <20 0.50 0 5
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case of intravenous injection, deaths in mice receiving

crude lysins of R-l are in all probability not due to the

content of beta lysin, as the sheep and human erythrocyte

titres are only a fraction of these of the partially-

purified material, although titres with rabbit erythrocytes

are identical.

With intraperitoneal injection, the results are

similar; a lethal effect being obtained with crude but not

partially-purified R-l beta lysin, although the haemolytic

titres in this case are not comparable.

Effect of Beta Lysin on Rabbits

Intravenous inoculation. Partially-purified and

crude lysins from the two strains were injected into rab¬

bits, Results outlined in Table 23 suggest that jm*tially-

purified strain R-l and 252F beta lysins are not lethal for

rabbits at the doses employed. In contrast, the rabbit

receiving the crude lysins died within 12 hr. As in the

case of intravenous mouse inoculation, human and sheep

erythrocyte titres of the crude material were considerably

less than those of the partially-purified preparation,

although the titres with rabbit red cells were nearly

identical.

Intradermal inoculation. Results obtained in the

intradermal inoculation of two rabbits with crude and part¬

ially-purified preparations are presented in Table 24.

Partially-purified beta lysin from either strain elicited

erythema with slight swelling at the sight of injection.

These reactions did not appear to be severe. Injection
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TABLE 23

INTRAVENOUS INOCULATION OF RABBITS WITH BETA LYSIN

Strain
Nature
of

Erythrocyte Titre
(Units/Ml.) Dose

Ml,
Deaths Sur¬

vivalsLysin Rabbit Human Sheep

R-l Partially-
purified

20 40 1,280 2.0 0 1

2,560 40,960 2.6xl06 0.5 0 1

W Crude 1,280 5,120 81,920 0.5 1 0

252F Partially-
purified

80 320 1,280 2.0 0 1

W Crude 160 640 1,280 2.0 0 1

Control - <20 <20 <20 2.0 0 1
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TABLE 24

INTRADERMAL INOCULATION OP RABBITS WITH BETA LYSIN

Strain
Nature
of

Erythrocyte Titre
(UnitVMl.) Dose Nature of

Lysin Rabbit Human Sheep
Ml, Reaction

R-l Partially-
purified

160 320 10,240 0.05 E *

Crude 1,280 2,560 40,960 0.05 D **

252P Partially-
purified

40 l6o 1,280 0.05 E

Crude 80 320 1,280 0.05 E

Control * <20 <20 <20 0.05 None

h E ss Erythema with slight swelling at site of injection.

«s D = Severe necrosis at site of injection.
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of crude R-l lysins produced very severe necrosis.

Antigenicity of Beta Lysin in Rabbits

According to Glenny and Stevens (1935) and others,beta

lysin is antigenic. In the present work, this has been

confirmed, and in particular, an investigation has been

made of the relationship between beta lysins derived from

strains R-l and 252? from a serological point of view.

Crude lysins of strain R-l were titrated against an

antiserum prepared against partially-purified beta lysin

derived from this strain, and also against antiserum to

partially-purified 252F beta lysin.

The results obtained (Table 25) with the cross-

titration of crude R-l lysins with 252? anti-beta lysin

suggest that the 252? strain, in agreement with observations

with the Slek and Levy (1950 b) method, does not produce

alpha ly3in, or that traces of alpha lysin are removed dur¬

ing the purification process. The former conclusion in

the case of strain 252? would appear to be valid, since the

alpha lysin (rabbit red cell) titre of crude R-l material is

reduced 32-fold in the presence of a 1/lQ dilution of anti¬

serum to partially-purified R-l beta lysin.

The position of delta lysin in this analysis is

obscure.
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TABLE 25

TITRATIONS OP CRUDE R-l BETA LYSIN WITH HOMOLOGOUS ANTIBODY

AND ANTIBODY TO PARTIALLY-PUR IF ISD 252P BETA LYSIN

Antiserum
Dilution Nature of Titration

Erythrocyte Titres
(Units/Pil.)

Rabbit Human Sheep

1:5 Crude R-l lysins plus
antibody to partially-purified
252F lysin

1,280 < 20 80

1:10 ft 1,280 20 80

1:20 It 1,280 80 160

1:40 ft 1,280 160 520

Crude R-l lysin control 1,280 10,240 40,960

1:10 Crude R-l lysins plus
antibody to partially-purified
R-l lysin

40 < 20 < 20

1:20 II 80 <20(TR.) < 20

1:40 If 160 20 < 20

1:60 If 520 40 20

TR. = Trace of haemolysis.
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DISCUSSION

In the pest, many investigators have employed mixtures

of carbon dioxide and oxygen in the production of increased

yields of staphylococcal haemolysins. In the case of beta

lysin, Jackson and Mayman (1958) and Jackson (1963b) have

used carbon dioxide and oxygen mixtures. Data obtained in

the present study indicate that, insofar as the production

of beta lysin upon solid media is concerned, a mixture of

carbon dioxide and air allows better yields than carbon

dioxide and oxygen. That this may be related to the effect

of oxygen upon growth is suggested by decreased growth in

the presence of mixtures of carbon dioxide and oxygen com¬

pared to carbon dioxide and air. VKith regard to the

ability of carbon dioxide to enhance beta lysin production,

Bigger (1935)» using a well-buffered medium containing

glycerol, was able to dispense with the carbon dioxide

requirement, and claimed that its influence was due entirely

to its effect on the pK of the medium. If this were true,

it would be expected that slightly acid pH values would

favour increased beta lysin production. The author his

found in the present work that growth and haemolysin pro¬

duction of strain R-l at pH 6.0 are slightly less than at

pH 7.0. It thus appears that some other explanation of

the effect of carbon dioxide on lysin is required.

Experimenta on the raie of haemolysin formation in
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strains R-l and 252F show that lysin release is greatest

when the cells are in the lag or early logarithmic phase

of growth. Rogers (1954) has found that hyaluronidase in

staphylococci is formed mainly during the late logarithmic

growth phase. Bungay (1961) obtained similar evidence

for staphylokinase production. Data such as these intim¬

ate that ataphylokinase and hyaluronidase are exoenzymes.

The fact that haeraolysin production in strains R-l and

25ZF' is greatest at the commencement of growth when cell

autolysis is not important may be taken as evidence that

the alpha and beta lysins of S, aureus are exocellular

products.

Gladstone (1938), in his study of the amino acid

requirements for growth and alpha lysin production, found

that arginine, glycine, and to a lesser extent proline

were particularly required for formation of the haemolysin

and that tlie explanation for this did not lie in their

effect upon growth. Tyrosine, glutamic and aspartic

acids, histidine, lysine and hydroxyproline could be

deleted from the medium without alteration of growth and

lysin production. In the present investigation, it was

found that valine, arginine, glycine and proline were

required for growth and beta lysin production in strain R-l.

Cystine, while its omission caused a considerable reduction

in growth and lysin formation, apparently could partly be

replaced by methionine. Glutamic acid, however, appeared

to be required for full haemolysin production (in relation

to the complete synthetic medium) but not for growth. In

addition, other amino acids reported by Gladstone not to be
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required by his strain for growth and alpha lysin produc¬

tion, were also not necessary for t>rowth and formation of

beta lysin in strain R-l. Although comparison is diffi¬

cult, these results obtained for growth and beta lysin

production are not radically different from those of

Gladstone for alpha lysin formation. Indeed, the same

amino acids may be required for the formation of alpha,

beta and delta lysins, but the sequence and number of amino

acids in the protein molecule will be different for each

haemolysin. In general, growth and beta lysin formation

were found to depend upon the same amino acids. It should

be emphasised, nevertheless, that these data were obtained

from the study of one strain, and there is no valid reason

for assuming that they would apply to beta lysin-producing

strains of S. aureus as a whole, particularly in view of

Gladstone's finding that strains of staphylococci may vary

in their amino acid requirements for growth.

Several investigators have employed calcium phosphates

in the purification of individual staphylococcal haemo-

lysins, but none has paid detailed attention to their

relative behaviour in the presence of these adsorbents.

Also, the application of calcium phosphate gels to this

problem by different workers has resulted in considerable

variations of technique. Robinson et al (1958) employed

calcium phosphate gel prepared by the method of Keilin and

Hartree (1951) at pfl 7.5 in the presence of 0.1 M. phos¬

phate buffer in the purification of two unidentified

staphylococcal lysins which possessed some characteristics

similar to these of the beta lysin. Jackson (1963a),
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using columns of hydroxylapatite (Tiselius et al, 1956),

found that alpha lysin was retained by the adsorbent at

0.025 M. phosphate buffer, pH 6.8, and eluted at 0.075 M.

concentrations, while in a separate paper he found that

0.3'M, buffer was required for the elution of the beta

lysin (1963b). In the present study, it is difficult to

relate the data obtained to those of these workers, but it

appears that in the case of partial purification of beta

lysin by the addition of hydroxylapatite to the crude

mixture, the use of 0.1 K. phosphate buffer at pH 7.0

prevents the adsorption of alpha lysin, but allows adsorp¬

tion of the beta lysin. This selective adsorption is not

observed at 0.01 M. levels of buffer. Regarding the

influence of pH on adsorption of haemolysins, it seems

remarkable that little or no alpha lysin is adsorbed at pii

7.0, whereas at pH 6.0 or 8.0, this observation no longer

holds. It is evident, then, that pH and ionic strength

are exceedingly important in the isolation of beta lysin

from crude sources in which appreciable amounts of alpha

lysin are also present.

With respect to the purity of the beta lysin prepara¬

tions in relation to alpha and delta lysins, a consideration

of the results obtained with both strains suggests that the

alpha and delta lysin content is negligible. In view of

the fact that Jackson and Little (l95Ba), Robinson et al

(1960a) and the present writer, using strain G—143, have

found that chelating agents do net inhibit the haetnolytic

activity of the alpha and delta lysins, titrations of

partially-purified preparations of the R-l beta lysin
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against rabbit, human and sheep erythrocytes in the

presence of lCT^ M» concentrations of EDTA indicated that

only very small amounts of alpha and delta lysins may be

present. This must be so, even though the latter ®s

observed in the comparison of crude and partially-purified

preparations with purified delta lysin in immunodiffusion

studies. In the case of 252F preparations, no precipita¬

tion line wis identified with that for the delta lysin.

Furthermore, the fact that rabbits and mice survived

injection (without visible illness) of partially-purified

E-l and 252F beta lysins indicates that the alpha lysin

content is negligible. Confirmation of the efficiency of

the purification procedure in exclusion of the delta lysin

is obtained from a consideration of the red cell spectrum

of the two preparations, neither of which lyses guinea-pig

or horse erythrocytes, which are both sensitive to delta

lysin.

As both EDTA and citric acid inhibited the haemolytic

activity of partially-purified R-l and 252F beta lysins,

but not preparations of G-143, it was to be expected that

metallic cations might play some role in haemolysis. The

haemolytic activity of the two beta lysins was considerably

intensified in the presence of magnesium, cobalt and manga¬

nese ions, but not with nickel, calcium or sine ions. The

effect of these ions cannot be explained by the position of

the elements in the periodic table. It was surprising

that nickel ions did not enhance the haemolytic activity of

the beta lysin as would be expected from the relationship

of nickel to cobalt. The data acquired concerning the
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effect of chelating agents and these ions suggest that the

"hot-cold" haemolysin affecting sheep cells isolated by

Robinson et al (1958) was almost certainly the beta lysin,

although the haemolytic activity of their preparation was

enhanced by nickel ions. Dialysis of preparations of beta

lysin for 24 hr. against running water did not result in

the same loss of activity reported by Jackson and Mayman

(1958), but as they did not record the length of time for

which their material was dialyz;ed, the discrepancy may

merely be due to differences in time. The degree of hard¬

ness of the water might also have been important.

The present work has shown that the red cell spectrum

of the beta lysin must be re-interpreted in the light of

its sensitivity to metal ions. As a result, earlier

reports on the beta lysin erythrocyte spectrum should be

reviewed. As this investigation has shown with respect

to partially-purified R-l and 252F beta lysins, the

presence of 10~3 M« magnesium ions dramatically alters

the sensitivity of rabbit, human and sheep erythrocytes

to the lysin to such a degree that beta lysin preparations

which do not lyse rabbit and human erythrocytes in the

absence of magnesium ions may do so if these ions are

added. However, beta lysin activity with rabbit red

cells is low in comparison to that with sheep cells,

Elek (1959) has stated that reports of the sensitivity of

human erythrocytes to beta lysin are variable. It has been

found that both R-l and 232F beta lysins lyse human eryth¬

rocytes, particularly in the presence of magnesium ions.

Finally, regarding the "hot-cold" haemolytic effect, it
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should be added that these two preparations do not lyse

human or rabbit erythrocytes at 37° C., as with sheep cells,

but haemolysis becomes evident after a period at 4° C.,
which provides support for the observations of Roy (1937)

and Ko&ama and Kojima (1939)> that beta lysin causes "hot-

cold" haemolysis of human red cells. While in the present

study no experiments on the causes of "hot-cold" haemolysis

were carried out, it seems plausible that the reaction of

beta lysin with its substrate in the red cell at 37° C.

renders the stroma osmotically fragile so that it is not

able to withstand a cold-shock without lysis. Some sup¬

port for this view comes from Puisford (1954) who found

that beta lysin-sensitised sheep erythrocytes would lyse

rapidly at 37° C. if subjected to slightly i^potonic saline,

or slight changes in pli.

Certain other properties of the beta lysin have been

found in the present investigation to conflict with earlier

work. Kodama and Kojiraa (1939) found that their beta

lysin preparations were not inactivated by ascorbic acid,

but this -writer is unable to agree on the basis of results

obtained with R-l and 252P strains. Jackson and Mayman

(1958) found that glucose exerted a slight inhibitory

effect upon haemolysis, and that rabbit serum enhanced at

high but inhibited at low concentrations. Results of the

present study, however, indicate no inhibition of R-l and

252F preparations of beta lysin by glucose, and enhance¬

ment but no inhibition of lytic activity in the presence

of rabbit serum at the concentrations employed. Also, in

contrast with the report of trypsin-resistant beta lysin by
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Heydrick and Chesbro (1962), both R-l and 2525' lysins were

sensitive to this enzyme.

Regarding the action of cholesterol upon R-l and 252P

beta iysin, there clearly appears to be some degree of

inhibition, particularly with 1,0 g. quantities in the

presence of R-l lysin. However, in relation to the amount

of beta lysin added, the quantity of cholesterol required

to achieve an effect seems enormous, especially if adsorp¬

tion is the mechanism involved.

Conflicting reports concerning the thermostability of

the beta lysin may be due to (1) variations in the pK and

ionic strength at which the test was conducted, (2) the use

of preparations of differing degrees of purity and (3) the

existence of more than one beta lysin. Data acquired in

a study of the sensitivity of R-l preparations to heat

indicate that, under the conditions specified, heat in-

activation slowly progresses to almost complete destruction

of lytic activity after 2 hr. at 60° C., although 252P

preparations did not behave in the same manner. The

activity of both 1-1 and 252F preparations, however, did

not withstand heating at 100° C. for 1 hr. Contrary to

statements by Blek (1959), there is no reason to believe

that the beta lysin is subject to the same paradoxical

behaviour to heat which characterises the alpha lysin, on

the basis of results obtained in this study.

Kinetic studies on sheep erythrocytes at 25° C, with

partially-purified R-l and 252F beta lysins indicated that

the nature of the time-haemolysis curves obtained is
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similar to those of most other lytic agents of bacterial

origin which have been investigated. As Van Heyningen

suggested, the sigmoid shapes of these curves may be due to

the differences in sensitivity of individual members of the

erythrocyte population to lysis. When rate of haemolysis

is plotted against lysin concentration, the reaction

velocity obtained with both preparations is linear at low

but levels out at higher concentrations of lysin. These

observations are similar to those of Robinson et al (1958)

on their unidentified metal ion-dependent sheep lysin, and

to those of Lominaki and Arbuthnott (1962) on alpha lysin.

The latter authors, who did not state at what temperatures

the experiment was carried out, have interpreted this curve

as indicative of an ensymic relationship between substrate

in the red cell and the haemolysin. This may be true, but

such plateaus could be the result of experimental error in

measuring reaction velocities greater than a certain figure

and will depend upon the sensitivity of the method used to

obtain the curves. The difficulty of such studies with

the beta lysin is further complicated by the possibility

that the curves obtained might not reflect the actual re¬

action between beta lysin and the red cell substrate which

must surely take place at 57° C, without lysis, but may

merely reflect the kinetics of the cold-shock at 25° C.,

in this case, when lysis occurs. Even haemolysis in the

presence of alpha or other lysins will be the direct result

of a reaction between the lysin and its substrate, and a

kinetic study of haemolysis might not relate to actual

union of lysin and substrate. Bernheimer (1947) found

that the relationship between lysin concentration and rate
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of haemolysis for non-bacterial lysins was exponential

and that the curve for bacterial haemolysins was directly

proportional. He also stated that since all the bact¬

erial hemolysins showing this latter relationship are

proteins, they are therefore probably ensymes, How, if

haemolysis as an indicator truly mirrors the reaction

between the lysin and its red cell substrate, then kinetic

studies with partially-purified beta lysins derived from

strains R-l and 252F indicate that they may be classified

with these hemolysins.

In the light of "split" titrations performed by

Lominski and Arbuthnott (1962) with alpha lysin, results

obtained with the R-l beta lysin in the present work

suggest initially that the reaction between the beta lysin

and its substrate is stoichiometric. However, it is

possible that reductions in titre observed with the R-l

lysin are due to the accumulation of inhibitory products

of haemolysis as shown by the recent work of Jackson and

Mayman (1958)* in which beta lysin activity was dependent

upon the erythrocyte concentration. The experiment of

Lominski and Arbuthnott cannot be criticised from this

direction in view of the fact that an earlier paper by

Jackscn and Little (1957a) showed that erythrocyte con¬

centration is independent of haemolysis in the presence of

alpha lysin.

In an investigation of the effect of beta lysin on a

small number of rabbits and mice, it was found that

partia1ly-purified preparations of R-l and 252F had no
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lethal effect upon either species at the dosage employed.

With respect to lack of toxicity in rabbits, these findings

are at variance with the observations of a number of

investigators (Bryce and Rountree, 1936} and others).

Reasons for this might be: (1) variations in the sensitiv¬

ity of the animals, (2) incomplete removal of the alpha

lysin in their preparations, (3) the existence of toxic

factors other than haemolysins in some strains, (4) dosage

and (5) the existence of more than one beta lysin. In the

present investigation erythema with slight swelling was,

however, observed in rabbits which tod been injected intra-

dermally with partially-purified R-l and 252F preparations.

In the case of strain R-l, it could be argued that small

amounts of alpha or delta lysin were responsible for the

tissue reaction, but 252F preparations, which appear to be

free of alpha and delta lysins by virtue of the analysis

technique of Elek and Levy (1950b), cross-titrations with

crude R-l lysins and on the basis of immunodiffusion

studies, stow the same type of tissue reaction.

In connection with the report of Heydrick and Chesbro

(1962), which claims tiiat beta lysin when magnesium-

activated is lethal to guinea-pigs upon intraperitoneal

injection, no reference was made to the in vivo level of

magnesium ions. On the basis of whole plasma, the magnes¬

ium level in mice and rabbits averages 10*"* M, and 1,3 x

10*"3 m, respectively (Eveleth, 1937) • It will be remem¬

bered that, in the present investigation, beta lysin

preparations were dissolved in buffer containing 10*"3 pg

magnesium ions before injection. It would appear,
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therefore, that in vivo conditions in rabbits and mice are

optima! for the enhancement or activation of haemolytie

activity but, as stated, no such activity would be observed

at 37° C. The implication is that toxicity of beta lyain,

if it exists, is not related to haemolytic activity, and

must require some ether factor tiian magnesium ions for its

activation.

In conclusion, a wide variety of properties of two

partially-purified beta lysins has been studied. In most

cases, the R-l and 252F lysins behaved similarly, but some

disagreement was noted. These differences and similar¬

ities are listed as follows:

Similarities

(1) Rate of ly sin production,

(2) Behaviour in presence of hydroxy lapatite.

(3) Baemolytie activity in presence of divalent metallic

cations.

(4) Action of chelating agents.

(5) Erythrocyte spectrum,

(6) Inactivation in presence of ascorbic acid,

(7) Effect of proteins, glucose and trypsin,

(8) Kinetics of haemolysis,

(9) In vivo activity in mice and rabbits,

(10) Neutralisation by antiserum in cross-titrations.

Differences

(1) Degree of enhancement of haemolytic activity in

presence of metallic ions,

(2) Inactivation with cysteine.
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(3) Effect of cholesterol,

(4) Thermostability at 60° C,

(5) Stability under acid conditions.

The cause of these discrepancies may lie in two directions;

experimental error, and the existence of more than one beta

lysin. Because of the often lar&e differences in behav¬

iour noted, the first possibility is perhaps not the most

important. In view of the work of Thaysen (1948),

Robinson et al (1958), Heydrick and Chesbro (1962) and

Riaz-ul Ilaque and Baldwin (1963), the existence of a second

beta lysin cannot be excluded.
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SUM'AHY

Ail investigation of beta lysin production in several

strains of S. aureus on five varieties of solid media was

carried out employing the cellophane-overlay technique.

The ability of these media to support good growth and beta

lysin production varied considerably, but in general beta

lysin formation was related to growth.

Incubation of plates in mixtures of 25 per cent carbon

dioxide in air was superior to mixtures of carbon dioxide in

oxygen with respect to the production of beta lysin. Evi¬

dence is presented which relates the effect of carbon

dioxide in air or oxygen mixtures on lysin production to

their influence on growth.

Experiments on the rate of haeraolysin formation showed

that release of alpha and beta lysins was greatest when

the cells were in the lag or early logarithmic phase of

growth, when cell autolysis is not important. These data

indicate that the two ha©nolysins are probably exocellular

products.

Of the 16 amino acids examined, glycine, arginine and

proline were required for growth and beta lysin production

in one of the strains employed in this study. In addition,

glutamic acid appeared to be required for lysin production

but not for growth. Omission of valine and cystine caused

a marked reduction in growth and lysin titres. These find-
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ings have been compared to those of Gladstone (1958) for

growth and alpha lysin formation in a different strain of

Staphylococcus.

Beta lysin derived from several strains was purified

about 55-fold on hydroxylapatite under controlled condit¬

ions of pH and ionic strength. The beta lysin was

selectively adsorbed at pH 7.0 from culture supematants

containing alpha and delta lysins equilibrated against

0,1 M. buffer. Variations in pH, ionic strength and

method of preparation of the adsorbent as an explanation of

differences in results obtained by a number of workers have

been emphasized.

Beta lysin preparations partially-purified by adsorp¬

tion onto hydroxylapatite and dialysis appeared to be

relatively free of alpha and delta lysins on the basis of

one or another of the following: (1) immunodiffusion

studies, (2) neutralization by antiserum in cross-titra-

tions, (5) red cell spectra, (4) behaviour in the presence

of chelating agents and metallic ions and (5) in vivo

effects in rabbitsand mice.

Citric acid and EDTA inhibited the haemolytic activity

of partially-purified beta lysin preparations to a greater

extent in the absence than in the presence of divalent

metallic cations. i\laBnesium, cobalt arid manganese but not

nickel, calcium or zinc ions stimulated the haemolytic

activity of the beta lysin when x^resent at optimal lCf^ M,

concentrations.
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The effect of partially-purified beta lysin upon

erythrocytes from 13 ani.al species was investigated, and

a re-interpretation of earlier red cell spectra in the

light of the influence of metallic ions upon haemolysis is

called for. In the presence of magnesium ions, sheep, ox

and human erythrocytes were most sensitive to beta lysin,

while the red cells of the guinea-pig, horse and dog were

resistant. The red cells of other species occupied an

intermediate position.

The haemolytie activity of the beta lysin preparations

studied was irreversibly inhibited by the mild reducing

agents ascorbic acid and cysteine, although with the latter,

differences between preparations were observed. Haemo¬

lysis was also affected by normal rabbit serum, fibrin¬

ogen and bovine albumin. In the case of rabbit serum and

bovine albumin, enhancement of haemolytic activity was

observed, while fibrinogen inhibited at high but not at low

concentrations.

Inhibition of the beta lysins by cholesterol was

noted, but enormous quantities were required to achieve an

effect in relation to. the amount of lysin added.

With regard to thermostability, the haemolytic act¬

ivity of one preparation but not the other was almost com¬

pletely destroyed after 2 hr. at 60° C., but in both cases

ws inactivated after heating at 100° C. for I hr.

A kinetic study of the haemolysis of sheep erythro¬

cytes in the presence of beta lysin derived from two strains
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was carried out at 25° C. using a spectrophotometer, Time-

haemolysis curves were sigmoid in shape , and when rate of

haemolysis was plotted against lysin concentration, the

curve obtained was linear at low but levelled out at higher

concentrations of lysin. This observation, coupled with

the finding that the lysin is trypsin-sensitive and prob¬

ably a protein, suggests that it may be an enzyme. It is

also pointed out that "split" titrations involving beta

lysin are of limited value in determining whether or not

the reaction between haemolysin and substrate is catalytic

or stoichiometric.

It -was found that intravenous injection of partially-

purified beta lvsins had no lethal effect upon either rabbits

or mice at the dosage employed. Erythema with slight

swelling was, however, observed in rabbits receiving intra¬

dermal injections. On the basis of in vivo levels of

magnesium in both rabbits and mice, it is suggested that

its effect upon haemolysis in vitro is not paralleled with

respect to toxicity in vivo.

Observed differences in properties of the beta lysin

preparations regarding degree of enhancement of haemolysis

in the presence of metallic ions, inactivation with cyst¬

eine and cholesterol and sensitivity to heat and acid

conditions may indicate the existence of a second beta

lysin.
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