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little 1s known about their syntbesis. The best known extracellular

‘celiular protein, Some proteins appear to be cell-associated and one

OBJECT OF THE RESEARCH

Staphylococcus aureus produces at least thirty-one different proteins

which can be detected extracellularly, and many of these are invelved,

either directly or indirectly in its pathogenicity. Most research into thesg;

proteins has been concerned with thelr nature and node of action and

protein is the albha-haemolysin which appears to be a truly extra-

of these may be the acid phosphafase. The use of phosphatases by the
cell is a metabolic function rather than a pathogenic omne, so a comparison
of the production of the alpha-haemolysin and the acid phosphatase under
normal or inhibited conditions was instituted. There were two major
objectives :

1) To throw some light on the conditions rcquired for synthesis of
these proteins

{(2) To study the effect of phenethyl alcohol to help elucidate iis
mode of action.

To assist in the work, two minor objectives were to determine something
of the nature and location of the phosphatase activity and to produce

and compare extracellular proteln mutants,
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ABBREVIATIONS
BS Bernheimer-Schwar tz Medium
c.¥.u, colény forming unit
H,U. Haemolytic Unit
I.E.F. I Iso-electric Focussing
MNNG NuMethy1~N'Nitro~N~Nitroso Guanidine
PBS Phosphate Buffered Saline
PBSA PBS + 0.1% Bovine Serum Albumin
p.f.u. plaque forming unit
Kd Kilo daltons

) SYMBOLS

G Diffusion rate
i . Inhipitor concentration
Ki Inhibitor constant
KS Substrate constant
u Specific growfh rate = ";l; . %:-
um Maximum specific growth rate
P Product concentration
qp Metabolic quotient for product formation = %’. g%
S substrate concentration
x Biomass concentration
Y Growth yield
¥ Product yield

/%
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SUMMARY

Staphvylococous aureus can excrete at least 31 different proteins

which are eifher wholly extracellular or cell-associated to some degree.
Conditions required for production of the two classes are likely to

be different since the former are produced late in the growth cycle
whereas the latter are probably constitutive. Two proteins were chosen
to represent each class and the effect of various antimetabolites on
their production was investigated. Particular attention was paid to
the effect of phenethyl alcchol since it was hoped to clarify its mode

of action.

Acid phosphatase was chosen as the.example'of a cell-associated
protein. Since its degree of association was uncertain this was
investigated in two ways, A culture which had been grown overnight
was separgted by centrifugation and the phosphatase activity in the
supernatant and in the cells was determined. Activity assoclated with
the cells was fractionated by washing to remove loosely bound enzyme,
protoplasting to determine activity in the wall snd periplasm, and
lysis to determine activity in the membranes and c¢ytoplasm, It was
found that 40% of the total activity was extracellular, 35% was
associated with the outer layers of the cell and the remainder was
in the protoplast. Flectron microscopy revealed considerable activity
in the cytoplasm, membranes and walls much of which coﬁld be easily
washed out.. The phosphatase activity appeared to have three pH optima
at 6.1, 6.8 and 7.8. These results confirmed that the acid phosphatase

was largely cell-associated,

Alpha-haemolysin was the other protein chosen, since it was

© widely accepted to be a wholly extracellular enzyme., This was confirmed.
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Production of the twp proteins under different conditions was assessed.
In rich media, such as the glucose-casanine acids-yeast extract
diffusate medium most commonly used in these experiments, alpha-
haemolysin activity was first detected at a population density of

0.68% 0.11 measured by extinction at B There was no evidence

&00nm”
of growth linking; indeed production of the haemolysin increased

nost markedly wﬁile the culture was slowing down at the end of log
phase, In poorer media with lower nitrogen content or with alternative
carbon sources production of alpha~haemolysin bagan much later and
yield was greatly reduced. Some other extracellular proteins were'
assessed in a few experiments and seemed to parallel the appearance

of the alpha~haemolysine. Acid phosphatase activity was always detected

* and its productian appeared to be proportional to the population

density, although it was not directly growth-linked.

The effect of phenethyl alcohol on growth and extracellular
protein production was examined by varying concentration of :inhiditor
and by varying either the time of addition or the cell number.
Concentrations of phenethyl alcohol above about 25mé were totally
inhibitory to growth due to damage to menbrane, Analysis of the
results indicatedvthat the e{fect on growth was competitive up to
25mM and non-competitive above this concentration. Production of

alpha-haemolysin was delayed until an E of 1.25 % 0.2 and the

600nm
yield was reduced by 80, when treted with phenethyl alcchol at 15mM.
Above this concentration it was not detected, Acid phosphatase
production was inhibited in line with growth inhibition., Inhibition
of both growth and extracellular protein production was independant
of growth rate and population density, although if inhibitor was

added when the culture was nearing stationary phase and maximum protein

level this was not always easy to detect.
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Certain amino acids had heaen suggested to be involved in alpha-
haemolysin production., Phenethyl alcchol did not directly amimic
the effect of phenylalanine analogues but addition of excess histidins
to complex media did partially reverse the inhibition of &lpha-
haemolysin production. A comparison of the effect of phenethyl alechel
analogues indicated that the inhibitory effects increased.with decreased
polarity of the §ide chain, suggesting that mewbrane penetration might

be involved.

A number of structurally unrelated inhibitors were also tested.
Mitomycin C caused lysis which released axcess acid phosphatase from
the cells, but alpha-haemolysin was not produced, Comparison of
cultures treated with either chloramphenicol or actinomycin D
indicated that ;lpha—haemolysin was produced by a more durable form
of mRNA than those for growth related proteins, Since membrane or
membrane associated funcltions seemed to be involved in alpha-haemolysin
production the effect of inhibitors which affectead membranes was
iovestigated. The effect of sodium nitrite was similar to that of
phenethyl aleohol, although the mechanism was probably different.
Potassium ferric¢yanide, sodium azide, potassium cyanide and 2,4 dinitro-
phenol were different in their action. In particular KCN at lmM
appeared to inhibit growth but had less effect on alpha~haemolysin
synthesis which suggested that a reduction in respiration rate was
not significant. Dinitrophenol was inhibitory in a non-competitive
fashion and this appeared to be similar to but not identical to the

effect of phenethyl alcoholy the effect of 1lmM dinitrophenocl being

apparsntly identical to that of 15mM phenethyl alcohol.

Since there appearsd fo be evidence that phenethyl alcohol
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was interfering with the uptake of amine acids its effect on the
uptake of fadio-labelled amino acids was investigated, and compared
with that produced by dinitrophenocl, The resulis indicated that 1mM
dinitrophenol reduced the uptake of the amino acids whereas 15mM

phenethyl alcchol caused efflux of label from the cell.

Some aspects of the genetics of extracellular protein production
were also investigated. The alpha—haemqusin activity could not be
permanently eliminated by treatments intended to eliminate plasmida.
About 77% of mutations produced by various treatments were pleiotropic,
On the basis of the pattern of mutation five groups were suggested,
possibly related to five genes 6r gene groups. These were the
structural gene for the alpha-haemolysinj;some part of the excretion
mechanism; some aspect of tranacriptional control; an alpha-haemolysin

activator; and the genes invelved in 'dwarfing’.

The general conclusion was that alpha~haemolysin and acid
phosphatase were produced by different types of genetic organisation
and that production of the former wés probably controlled by
available intermediates, particularly amino acids. The latter was
probably constitutive and due to at least three enzymes which were
distributed uniformly throughout the cell. FPhenethyl alcohol produced

its inhibitory effects by interfering with membrane transport,

particularly of aminoacids.
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A. Staphylococcus aurcus ROSENBACH

Staphylococcus aureus is a successful and versatile pafhogen whose
pathogenicity has generally been accepted as being due, directly or
indirectly, to its production of extracellular proteins (Elek, 1959; Blair,
1562), The production of these proteins, and the mechanisms which
control fheir synthésis andlexcretion, are not well understood so this
investigation was undertaken in an attempt to discover some of the factors
involved, The presence of these proteins, particularly haemolysin,
coagulage, nuclcase and phosphatase is often used as a clagsification
character, However, since part of the work reported here involved the
isolatior of mutants lacking extracellular proteins it was useful to
define the species in standard terms. Except as otherwise stated, the
description given here was adapited from Baird Parker (1974),

Staphylococei are non-motile, gram-positive cocei (0.7 ~ 1.0 pm in
diameter) occurring in pairs or clusters. They can be distinguished
from members of the genus Micrococcus by %their possession of a fermenta-
tive metabolism. At a more fundamental level, staphylococci have a DRA
base ratio of 30-39% G+C compared to 63~73% for micrococci.  Staph,
aureusg is a catalase-positive, facultative anazerobe; mesophilic (with
a growth optimum between 35—400C) and halotolcrant (up to 15% w/v of
sodiur chloride). Acid is produced anaerobically from glucose and
mannitol and frequently from lactose, maltose, sucrcse and trehalose.
Colonies are usually smooth, low-convex, glistening, butyrous, entire,
Pigmentation ranges from white to golden orange and it may vary with the
growth medium (Q'Commor, Willig and Smith, 19G6), or be dependent on the
presence of a plasmid-like éntity (Grinstead and Lacey, 1973), Anti-

biotic resistant strains are frequently yellow (Willis, Jacobs and Goodburn




1964) ., Extracellular slime layers (Yoshida and Ekstedt, 1968) or
distinet capsules (Scott, 1969) are produced by some strains.

The problem of speciation in the genus Staphylococcus has

attracted much attention with some workers, notably Kloos (1980) identify~

ing as many as twenty different species in -addition to Staph. aureus

However, only Staph. epidermidis and Staph, saprophyticus are likely to
be encountered as eontaminants which might be confused with mutant
igolates, Using the criteria proposed by the ICSB Subcommittee on the
Taxonomy of Staphylococci and Micrococci (Baird-Parker et al., 1976),

the ability to ferment mannitol and sensitivity to Novobioc¢in could be

used as confirmatory tests for Staph. aureus.

B.  EXIRA<CELLLAR PROTFINS PRODUCED BY_Staph. aurous

As stated above, the production of extracellular proteins by Staph.
aureus is an important feature of the genus and was considered to be the
principal reason for its pathogenicity. In most instances the term
Yextracellular" means that the activity of the protein can be detected

by zonegs of reaction around colories of Staph., aureus growing on suitable

solid media. However, as pointed out by Pollock (1862), the presence
of such a zone is not, in itself, sufficient grounds for considering
that a truly extracellular product is causing the reaction. The
detéction of protein in the culture medium is not sufficient grounds
either since the protein may get there by leakage from a periplasmic or
cell wall locus, or as a result of autolysis, For a protein to be
regarded as truly extracellular, therefore, it should be demonstrated
that the majority of the activity is detectable in the culture medium

preferably during log phase and that there is little or no evidence of
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autolysis. Raynaud and Alouf (1970) echoed this view in their discussion
of‘the extracellular nature of bhacterial toxins. A low cystine content
has often been accepted as a feature of extracellular proteins (Glenn,
1976), an idea first proposed by Pollock and Richmond (1962) who suggested
that a lack of di-~suliphide bridges might facilitate transmembrane passage.
This section.describes the variety of extracellular proteins which'

have been detected in Staph. aureus culture filtrates and then briefly

congiders the evidence that these proteins are truly extracellular.

B.1. The Variety of Extracellular Proteins Produced by Staph, aureus

Several workers have examined filtrates from broth cultures of

Staph, aureus in an attenpt to relate the total number of extracellular

proteins to the degree of pathogenicity. In these studies, potentially
pathogenic sirains (normally strainsg isolated from cases of infection),
were compared with prohab;e non-pathogens (strains not shuwn‘to héve beex
involved in infections), |
Bernheimer and Schwartz {(1961) (using analytical starch gel electro-
phoresis) detectod between twe}ve and fourteen different protein bands
in filtrates of potentially pathogenic strains, compared to less than
half this number from probahly non—pathbgens, an& Wadatrdm (19732) ((using
Isoelectric Focusing (I.E.F.) in gels)) detected 25-~30 differemnt bands in
potential pathogens compared with 4-10 in probably non-pathogens. The
same author, and co-workers (WadstrSm, Thelestam and MS1lby, 1974),
demonstrated 18-20 different immunoprecipitates uéing ¢ross—immuno-
electrophoresis against commercial antiserum. The identity of each of
the bands was not determined. VYariation in the number of proteins found
was probably due to differences both in technique and in the selection of

producing strains.
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At least thirty-one extracellular proteins have been demonstrated

in culture filtrates of Staph. aureus isolated from clinical materials

whereas presumable non-pathogens usually produced only a few conventional
enzymes (proteases, lipases, etc,). (Todd 1968; Jeljaszewlcz, 1972).
Many workers have attempted to relate pathogenicity to the production of
one or more of these proteins but, with the exception of the enterotoxins
and exfoliative toxins, which cause highly specific pathogenic conditions,
these stﬁdies have ﬁot been'very conclusive,

The naturc and mode of action of most of these proteins have
been extensively studied over the last twenty~five years. However, the
development of new or improved analytical technigues has led to the view
that many reports were based on studies using incompletely purified
materials. Many.early conclusions should therefore be reassessed, A
particular problem has been variation in molecular weight and charge
properties which has been attributed to microheteragenicity caused by

deamidation, protcolysis or charge alteration of ligands (Wadstrdm, 1878).

B.2. Membrane-~-Damaging Toxins

McCartney & Arbuthnott (1978) have propeosed that "membrane-damaging"
is more appropriate thawv "cytolytic" as a general designation for those
toxic proteins which exert their primary effect through an intcraction
with the cytoplasmic membrane of susceptible celils.

B.2.). llaemolysins

Staph. aureus can produce four distinct, haemolytic proieins,

deéignated Alpha, Beta, Gamma and Delta, which may be distinguished on a
number of grounds, the simplest being their haemolytic spectrum. Table 1
ig a composite table showing the haemolytic spcctrum of purified samples
of eaclh haemolysin against ;abbit, sheep, horse and human erythrocytes

and although the assay systems used were not identical, the pattern shown




by each haemolysin can be used taxonomically since similar patterns have
been obtained by other workers. Only one reference has been used in
each cage since the intention is to show the haemolytic spectrum of the
four products rather than to make a definitive statement about degrees

of activity.

B.2.1.a. Alpha-haemolysin
The alpha-haemolysin is the classical haemolytic toxin produced by

S8taph. aureus and has been extensively studied by many workerd. It was

early recognised as being haemolytic, dermonecrotic and lethal (Burnet,
1929) and these three functions are still generally considered to be

manifestations of alpha-haemolysin (Arbuthnott, 1870; Jeljaszewicz, 1872).

Molecular Nature -

Alpha~haemolysin was extensively purified by many workers in the
early and mid 1860's (e.g. Bernheimer §& Schwartz, 1963; Lominski,
) Arbuthnott & Spence, 1963; Coulter, 1966) and it was generally considered
to be a single protein although Bernheimer (1968) suggested that multiple
forms of alpha-haemclysin might exist, with molecular weights ranging

from 21 to 530 kilo-daltons {(Kd).

Two major sedimentation species were found by Bernheimer and
Schwart? (1963), an active 38 form and an inactive 128 form. The lattex
was thought to be due to polymerisation of the former (Bernheimer, 1965)
and Arbuthnott, ¥Frecr and Bernheimer (1967) found that thé 128 could he
dissociated by 8M Urea with the recovery of active 385, Electron
microscopy revealed that the 128 material was in rings 10mnm in diameter
composed of 2-2.5 nm subunits and this ring formation remained after disc~
gel electrophoresis (Freer and Arbuthnott, 1972), Bernheiner gt al.

(1968) have suggested that the polymerisation reaction took place through




TABLE 1"

tTRelative Sénsitivity of Erythrocytes from Rabbit, Sheep,

Horse and Man to Individual Staph, aureus laemolysins

Haenolysin
Ergzgzzzzte Alpha(l) 'Beta(z) Gamma(a) Delta(4)
Rabbit 250 . 16 512 1.0
Sheep 10 526 128 ’ 0.2
Horse 1 1 | 1 1.0
Human 2 - 66 8 | 0.5

References : (1) Bernheimer (19685)
{2) Wiseman (1965a)
(3) MOLlby and Wadstrdm (1871)

(4 Kreger ¢t al. (1971}

1 Calculated by taking lysis of horse erythrocytes as
egqual to one Sensitivity Unit for the haemolysin'

concerned.




sites on the molecule which were also responsible for the toxic activity
since toxolding with formaldehyde removed the capacity for polymerigation
as well as the toxicity. However, toxoiding might alter many parts of
the molecule, so this would not be the only possibility. Wads trom
(1968), using I.E.F,., isolated four components in purified preparations.
of alphawhaemolysin and sim;lar results were obtained by McNiven, Owen
and Arbuthnott (19%2) and by Dalen (1975). The major component was

at & pI of about 8.6 and this was the only conponent present in 6M Urea
(Soderholm, Alleston and Wadstrom, 1972; MeNiven et al., 1972).

Six and Harshman (1973a,b) reported the isolation of two stable
proteinssA and Bywhich both appeared to bhe alpha-haemolysin. The two
proteins had a sedimentation coefficient of about 35 with identical
specificities and specific activities in haemolytic assays and were
immuncchemically identical. Thej considered the two forms to be.
"charge isomers'. Molecular weight estimations were of the order of
34 Kd based on amino acid analyses (Watanabé and Kateo, 1974) and this
agreed with other estimations, eg.‘Bernheimer (1870) (33 F4d), and McNiven
et al., (1972) and Watanabe and Xato (1974) (36 Kd), although Dalen (1975)
reported a value of 39 Kd. The sources of variability in pI and
molecular weight determinations have heen reviewed by Dalen (1976).

Most of these detailed studies employed the Wood 46 strain (NCTC
7121) (Burnet 1829), which has a tendency to lose its haeﬁolytic ability.
Kjens (1963) isolated two different strains from NCTC 7121 subcultures,

a coagulase positive strain yielding large quantities of alpha-haemoclysin
and a coapulase negative strain which produced low levels of alpha-
haemolysin and deposited these with the NCTC (NCTC 10344 and NCTC 10345

respectively). Goode and Baldwin (1974) found that alpha~haemolysin
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was identical whon produced by different strains and therefore results
of studies employing only one 8train might be validly Applied to other
strains.

Cytolytic Activity ; ¥reer, Arbuthnott and Bernheimer (1968) demonstrated

ring~like structures on the outer lamellae of artificial liposomes whose
integrity had been disturbed by treatment ;ith 38 alpha-hasemolysin,
This suggested that the membrane damaging effect might involve a hydro-
phobic interaétion followed by a change in membrane orientation which
activated enzymic capability. This primary enzymic evént could cause
membrane damage leading to lysis as suggested by Cooper and co-workers
(Cooper, Madoff and Weinstein, leaia,b; Madoff, Cooper and Weinstein,
1964). A similar reaction sequence was noted by Lominski and Arbuthnott
(1962), Marucci (1963a,b) and Robson-Wright (1869).

The 1nitial hydrophobic interaction could involve the production
of the 125 form from the 38 monomer since Arbuthnott et al. (1967) have
shown that cell membranes and phospholipilds facilitated such polymer-
isation and Arbuthnott, Freer and Billeliffe (1973) found that the
ability to induce polymerisation varied between different lipids. Hydro-
phobic interactions were also noted by Buckelew and Colacicco (1871) and
hy.Freer, Arbuthnott and Billcliffe (1973). Evidence for an enzymic
step came from the observation by Robson~Wright, Arbuthnott and Lominski
(1968) that the alpha-haemolysin activity was inhibited by suramin, a

known inhibitor of enzymic activity.

In contrast to the resulis quoted above, which involved membrane
lipid in the haemolytic activity, Wiseman and Caird (1970, 1972) postulated
membrane proteins as the active agents involved. They related the
level of natural protease in the erythrocyte membrane of different species
to their susceptibility to alpha-haemolysin and concluded that a direct

relationship existed 1n which a-haemolysin was secreted as an inactive
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protease which was activated by erythrocyte membrane protease. dMore
reéently, Wiseman, Caird and Fackrell (1973) demonstrated that this
activation could be achieved by pretreatment of the alpha-haemolysin
with trypsin. In these experiments, the alpha-hasmolysin was assayed
as a protease, which must introduce some doubt inito the interpretation
of the results,

Freer et al. (1973) found no alteration in membrane polypeptides or
in sedimentable protein following alpha-haemolysin treatment and £frecrmc-
fractured ghosts did not show changes which could be attributed to
protease action. They therefore concluded that alpha-haemolysin did net
behave as a protease, a conclusion which was also reached by Watanabe and
Kato (1974). The brief, but extr;mely detailed, review of this topic
by Freer and Arbuthnott (1976) also concluded that membrane lipiﬁs were
more likely to be substrates than membrane proteins, However, the
studiocs of Cagsidy and Harshman (1976) on the binding of the haemblysin
to rabbit R.3.C.'s indicated that membrane proteins might be involved.

. 125 3
Using I labelled haemolysin, they detected ahout 5.10 binding sites

2
on the membrane surface spaced about one per 30 um and ghowed that

iritial incubation with low concentrations of haemelysin would prevent
subsequent binding of excess. Production of 123 rings required about
10? molecules of haemolysin per cell which is 103 - 104 times the number
of binding sites, suégesting that ring formation might be non~specific.
Binding could be reduced by pre~treatment of the R.B.C.'s with pronase
or trypsin, which implicated membrane proteins.

A model which reconciles all of these observations is difficult to
concelive, However, the evidence suggests that the initial event may
involve binding to specifically orientated 1lipids with proteins serving

to maintain the orientation.
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Other Activities Activities othexr than haemolysig have often been

reported and these are briefly reviewed here. Toxic effects involving
cytopathic chanées or cytolysis have heen observed on a variety of other

cell types (Thal and Enger, 1961; Paradisi and D'Aniello, 1969;

Bernheimer and Schwartz, 1965a,b) although Thelestam, Mollby and Wadstrdm
(1973) suggested that much of this activity.might be due to contaninating
delta~haemolysin. - Toxic changes have been observed on leucocytes
{Gladstone, 1988) and mast cells (Kwarekl et al, 1968) and cytopathic
effects have been observed on both smooth (Thal and Engexr, 19561) and
skeletal musele (Lominski et al, 1962). Protease digestion has been
shown to produce fragments oé the alpha-~-haemolysin in which different

parts show cytolytic, dermonccrotic or toxic effects (Watanmabe and Kato,

1976).
Lethality for small wmammals was an accepted manifestation of alpha~
haemolysin (Elek, 1959; Gladston, 1@66) and it was also found te be

lethal for a variety of cold-blooded animals (Lominski, Arbuthnoti and

Gemmell, 19835), An action on the thalamus in rabbits, leading to abnormml~’
EEG patterns has been suggested to be the main cause of death (Edelwenjn
et al., 1968; Edelwenjn, Jeljaszewlcz and Zak, 1€70). Serotonin and
histamine are released, probably from mast cells, in rabbits challenged
i,v. but this may not be related to the lethal effects (Jeljaszewicz
Szmigielski and Hryriewicws, 1978} since treatment with antihistamines

and antiserotonrins did not prevent death,

Kapral, Keogh and Taubler (1965) found that praoduction of alpha-
haemolysinn occurred durinrg in vivo growth. Raﬁal, Mactahon and
Weinstein (1968) have suggested that alpha-haemolysin may cause extensive
tissue damage in terminal septicaenia inihan,and Plant (19068) has

detected activity-resembling that of alpha-haenolysin in serum of a




paticnt suffering from staphylococcal septicaenia, Antibkody to alpha-
haemolysin was found in both healthy and infected humans (Johnson and
Svantesson, 19753) which implied that alpha~haemolysin was produced

during infection,

B.2.1.b. Beta«haemolysin Glehny and Stevens (1835) detected a new

haemolysin in culture filtrates: of Staph. aureus and reported it to be

a hot—~cold lysin because of the enhanced haemolysis which was observed
when treated erythrocytes were transferred fron 3700 to a lower
temperature. Low and Freer (1976), using highly purifiecd material
reported a sedimentation coefficient (SZOQ) of 3,1, a pI of 9.3 and a
molecular welght of 32.5 Kd.

As shown in Tahle one, sheep erythrocytes were the most semsitive
and this activily was greatly enhanced by divalent cations (Wiseman,
1865a,b), Magnusson, Doery and Gulasekharen (1972) and Doery et al,
{19G63) noted phospholipase activity in beta-haemolysin preparatlons
and Wiseman and Caird (1967) showed that the haemolysin hydrolysed

sphingomyelin to phosphorylcholine and N-acylsphingosine. It therefore

geemed likely that beta~haemolysin was a sphingomyelinase C and this
has been confirmed by subsequent studies (eg. WadstrSm and MSllby, 197%a,b;
Low and Freer, 197G). The stability of a membrane is dependent on its
ability to retain its integrity while being subjected to changes in
fluidity, Temperature shifts ;ause alterations in fluidity but
untreated sheep erythrocytes are stable during changes from 3700 to 1000.
Membranes in which sphingomyelin has been hydrolized to phosphoryl
choline and N-acyl sphingosine have altered ratios of hydrophilic to

lipophilic components and this results in a change in membrane fluidity.




~q2-

When the temperature is lowercd, the altered membrane loses its
integrity and the cell lyses, A similar effect can be induced by
adding chelating agents rather than lowefing the temperature (Smyth,
M61llby and Wadstrom, 1975), which suggests that divalent cations might
be involved in stahilising the damaged membrane,

Several workers have reported cytotoxic effects of heta~toxin
{Wiseman, 1968; Wa@strﬁm and MS1lby, 1971b) but Wadstrdm et al. (1074)
and Thelestam et al. (1973) later reported that beta-haemolysin was not
cytotoxic, Enlargement of cells in tissue culture, with release of
lysosomal markers and alteration of organelle structure has been noted
(JellfBzevicz et al. 1978). Wadstrtdm et al. (1974) reported lethality

for rabbits, mice, guinea-pigs and chick embryos but low and Freer (1976}

found thelr purified enzyme to be non-toxic in doses up fto 7.5 mg/kg.

B.2.1.¢ Gamma-haemolysin, Smith and Price (1938) were the first to

report a third haemolysin in culture filtrates of Staph, aurous, distingu-

ished by its haemolytic activity on rabbit, human and sheep erythrocytes. .
Marks (1951) confirmed this difference and Smith (1956) isolated =a
rough strain, designated 5R, which produced gamma-haemolysin almost

. exclusively, Guyvonnet and Plommet (L970) isclated two components which
acted synergistically from the Smith 4R strain. M51lby and Wadstrom
(1971) (using 1.E.F.) also identified two haemolytic components in
culture filtrates of strain BR, but c¢onsidered one of the two components
to be alpha~haemolysin, The other component, with a pl of 9.5 they
considered to be gamma-haemolysin, It is possible that there are two
‘components which cannot be separated by IEF (pl 9.8 - 9.9) and with

molecular weights of 26 - 29 Kd, as summarised by McCartney and Arbuthnott

{1978) and Wadstrdm (1978). The toxin was thermolabile {one component

more than the other, ( Guyonnet and Plommet, 1970)) and its activity was
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inhibited hy.agar. It was antigenically distinct and active on rabbilt,
human and sheep erythrocytes. ¥511by and Wadstrtmn (1971) detected
haemolysis of horse erythrocytes at about 0.2% of the activity on rabbit
erythrocytes.1£ %8 toxic for cells in tissue culture (Szmigielski .et al.
1976).

Fackrell and Wiseman (1976a) have recently produced a highly
purified toxin whiéh they have found to be a single protein with a pl
of 6,0 (Fackrell and Wiseman, 1976h), Since this pl does not agree
with that detected by any other workers it is difficult to believe
that they were studying game¥d-haemolysin. However, the only possible
candidates (Wadstrdm, 1978) for a pl of 6,0 are coagulase or lymphocyte
mitogen which are not known fto have any haémolytic capability. It seens
likely that Fackrell and Wiseman (1876a,b) were either dealing with a

new haenclysin or with some form of charge isomerisation.

B.2.1.d, Delta-haemolysin Delta~haemolysin was first identified as

a separate haenclysin b& Williams and ﬁarper (1947) and extensively
studied by Marks and Vaught (1950), who reported its distinction from

the others on the basis of its ability to lyse horse and human erythrﬁm
cytes, They also noted that its activity was inhibited by normal

serum and this inhibitory effect was found to reside in the phospholipid
portion of Bfiiﬂoprotcin (Whitelaw and Birkbeck, 197G).

According to Kreger et al. (1971) delta~haemolysin contains a high
percentage of hydrophobic amino acids which might account for its
solubility in some organic liquids, These authors found two components
by I.E.¥., both of which behaved like delta-haemolysin, One was a
basic protein (pI 9,5) and %he‘other.was an acidiC protein (pI 5.0),

but these differences in pl might be due to "charge masking" (Bernheimer
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and Fishman, 1974), Controversy exists over the molecular weight of
th;s compound which has bheen variously estimated between 5 and 100 Xd.
The smaellest estimate may be that of a monomer (Wadstrom, 1978;
McCartney and Arbuthnott, 1978),

Heatley (1971) reported only 250~300 HU/mg of protein on human
erythrocytes, but specific activity was found to be higher if erythrocy%es
from marine fish, especially cod, were used {(Birkbeck, Chao and
Arbuthnott, 1974). Wiseman and Caird (1968) reported phospholipase
activiiy, but this was not confirmed by other workers (Ereger et al.
1971; Rahal, 1872). It has been suggested that the delta-haemolysin
might be acting in a non~enzymic manner, perhaps as a surface active
polypeptide (Bernheimer, 1970; Kréger et al, 1971; Bernheimer, 1974)

like the strongly surface active protein melittin. This view was

supported by Rahal (1972) who ;report;aai-mt:‘tha 4 lytic activity
rogembled that of Triton X-100 or deoxycholate. Protoplasfs and
spheroplasts were lysed by purified delta~haemolysin (Kreger et al.
1971; Kreger and Bernheimer, 1971) and cytotoxic_effects on o variety >
of cell types, due to surface gctivity, were noled by Thelestaw et al.

(1873). Antigenicity was reported by Elek (1959) and confirmed by

Kayser and Raynaud (1965) and Wiseman and Caird (1968), Other workers

(Bernheimer, 1970; Kreger et al, 1971) considered it likely that serum
inhibition and preciﬁitin lines in gels were a ncn-specific reaction
between the delta-haemolysin and serum phospholipids, but Birkbeck and
Whitelaw (1976) have raised highly specific antiserum in rabbits by

subcutaneous injection pf delta-haemolysin with Freunds Complete Adjuvant,
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B.2,1.e. Other Haemolysins An epsilon-haemolysin praduced by

coagulase negative strains has. beendescribed (Elek and Levy, 1950;

McLeod, 1963). - Ali and Haque (1974) reported seven different haenolysins
-.- - ~ s s 3

o, ul, ﬁa"dnduﬁ L. €, 6 and 6l'hut their relationship to the classical

&, B, v and § was not clear,

B.2.2. Leucocidin Panton and Valentine (1932) distinguished between
the leucocidic and haemolytic activity. Leucccidin consisted of two
proteins which could be separated by their speed of elution from CM-
cellulose columns and were designated F (fast) and S (slow) on this
basis (Woodin, 1959, 1960).. The two components acted synergistically
(Woodin, 1961) and it was suggested that a hydrophiiic reaction, due to
the S component, and a hydrophobic reaction, due tc the F component,
resulted in changes in membrane parmeability. Thié reaction required
triphosphotidyl inositol (Woodin and Wienke, 1964, 1967), A novel
leucocidin isolated from bovine strains has been studied by Blobel,
Schaeg and Haache (1978) who reported a similar pattern of T and S
components functioning synergistically. Activity was mainly oma granulo-
cytes of bovine origin in contrast to the ftraditicmnal leucocidin which
is most active on huwman cells. Heterologous leucocidins produced by
mixing the F component of one variety with S componernt of the other
displayed no synergism,

McKay and Arbuthnott (1974) cobserved that a non-toxinogenic, non-
proteolytic, leucocidin-producing strain was as virulent as a toxino-
genic straip, in the neo-natal mouse model which they had developed
and a similar observation was made hy Van der Vijver, Van Es-Doon and
Michel (1975h), Jeljaszewicz et al. (1978) reported thét purified

leucocidin was not lethal for whole animals although granulocytes were
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destroyed and promyelacytes and myelocyies were apparcntly stinulated

to increased proliferation,

B.Z.3. Fnidermolytic Toxin (Bxfoliatin) Toxic Epidermal Necrolysis

(the scalded skin syndrome) was shown to be caused by phage group IX
staphylococei (Melish and Glasgoﬁ, 1970; Arbuthnoit et al., 1971,
Kapral and Miller, 1971). .The agent responsible for this ecffect was
produced extracellularly and was named exfoliatin by Kapral and Miller
(1971). Estimations of moleculér weight range from 24-33 Kd and of

pI range fwom 6.5-7.3 (Melish et al, 1976). Arbuthnott, Noble and
Billcliffe (1874) found two main components by I1.E.¥. and reported

that purified exfoliatin produced blistering in human volunteers. The

toxin induces a split at the stratum granulosum by altering cell adhesion

without affecting viability. The mechanism is uncertain. There may
he a direct action, perhaps altering the membrane of the keratinocytes -
or hydreolysing the intracellular material, or the action may be indirect,
stimulating a natural enzyme which performs such functions (McCartney

and Arbuthnott, 1978).

B.2.4, Succinic Oxidase Factor Loninski et al., (1964) noted that

. culture filtrates from Staph. aureus could impair the succinic-oxidase

activity of mitochondrial suspensions and called the entity preoducing
this effect, succinic oxidase factor. Later work (Lomimski, Gemmell
and Arbuthnott, 1968) revealed two activities, a more heat resistant
protein which impaired electron transfer in the succinate-cytochrome C
reductase region and a more heat sensitive protein which impaired

electron transfer in the cytochrome € oxidase region. Addition of
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coenzyme § and cytochrome C restored function. The twa components-had
pl's of 3.4 and 4.5 respectively (Gemmell, 1978),. The vrgan from

which the mitochondria were isolated affécted the degree of activity,
those from liver and kidney being most affected, those from muscle

and brain less so and those from heart unaffected, Mitochondrial

damage appeared to be due to changes produced in the organelle membranes

which disrupted the sequential process of oxidative phogphorylation.

B.2,6, Lymphocyte MNitogen, Using I,E.F., Kreger, Cuppari and Tarantsa

(1972) isolated two extracellular proteins which were capable of
"transforming" lymphocytes, in vitro, into large, blast-like cells
capable of mitosis. One component had a pI of 8.6-9.0 and a molecular
weight of 21 Xd and the other had a pI of 5.5-7.0 and a molecular weight
of 14 Kd. The mode of action of these components is unknown, but
MeCartney and Arbuthnott (1978) suggested that the effeect might be
exertéd at the membrane. Mitogenic activity has also been detected

in enterotoxin and protein A preparations and it is possible that these
materials might be the lymphocyte mitogens although the molecular weightg.

do not agree,

B.2.6. Enterotoxins. Certain strains of Staph. aureus produce a

relatively mild form of food poisoning lasting a few hours to a day at
most (Bergdoll, 1972) although the proportion of such strains was in
doubt, since Casman et al. (1967) reported an average of 33% enterotoxin

producers amongst Staph. aureus strains isolated from various sources

whereas Bergdoll (1972) suggested that the frequency was at least 50%
and probably movre, Victor et al. (1969) reported a relationship between

enterotoxin producticn and the presence of coagulabB& and DNase, Six

serologically distinet toxic proteins were identified and designated
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A, B, C Dy E with molecular weights of 26~30 Kd (Taylor, 1976)

1! 02’

and a seventh gpecleg, type F has been studied (Holbrook and Baird-

Parker, 197G). ' The precige mode of action has not been elucidated,

but vomiting appears to be a direct response to inilamm#tion of the
abdominal viscera whereas tﬁe diarrheagenic mechanism may involve cyclic
AMP which is known to be involved in the eﬁterotoxicity of Vibrio

c¢holerae and Escherichia coli (Taylor, 1976). It secns prohable that-

these effects are mediated through the membrane of the affected ¢ells

23 has been shown for the cholera toxing (Taylor, 1976).

Comparison of tho amino acid sequences of A, B, and to a lesser extent,

C, indicated regicns of common structure which might be implicated in

the activity of these proteins (Bergdoll, 197G).

B.3. Coagulase and Staphylokinase

The two enzymes in this section arc linked here because they both
work by by ~passing normal physiological processes,
B,.3.1, Coagulase. Clotting of plasma in the presence of anti-

coagulant is used as a diagnostic test-for Staph. aureus and Duthie

(1954a,b) distinguished two reactions, "free'" coagulase causing clotting
and "bound" coagulase causing cells to be clumped by plasma.
Free coagulase, an enzyme detectable in the culture filtrate of

most sirains of Staph. aureus, was found to be a single protein (Zolli

and San Clemente, 1963). It has a molecular weight of 18 Kd and a pIl

of 5.8-6,1 (Wadstrdm, 1978)., It was found to activate prothrombin to a

"pseudothrombin', sometimes called staphylothrombin, of molecular welght
89 Kd conpared to 68 Xd for natural thrombin, Clot assaciated serum

factors Vv, VIII and XIII are not activated so that the cleot remains

uncross-linked (Zajdel et al.(1976).
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Bound coagulase was antigenically similar in serologically diverse
strains and was not related to free coagulase (Rother and Kelly, 1968).
It was not detected in L-forms (Ellkins, Hyde and Kelly, 1970), could be
removed by trypsinization (Duthie, 1954a,b) or sonication, (Gorrill,
Klyhn and McNeil}, 1966) and might therefore be a cell wall component,
apparently, a basic protein (Bruckler, Schaeg and Blobel, 1974).
Clumping involves precipitation of fibrin monomers onto the "clumping
factor" which is preferentially located on old wall material, rathexr

than on newly synthesised walls (Umeda,bikebuchi and Amako, 1980).

B.3.2, Staphylokinase. ' Gerheim (1948) and Lack (1948) dcmonstrated

thet Staph. surcus produced an enzyme which converted the serum protein
plasminogen into the proteolytic enzyme plasmin but did not hydrolyse
other protein substrates (Hutchinson, 1962). Vesterberg and Vesterberg
(1972) using I.E.F,, found purified staphylokinase to be a mixture of
three protecins, but Fujimura, Makino and Hayashi . (1974) found that the
enzync was produced as a monomer of 15 Kd early in the growth cycle,
Later a complex of molecular woight 320 Kd was found, which appeared to
arise spontaneously and was through to contain a high-meolecular weight
substance whose nature could not be determined. The pl of the 15 Kd
molecule was reported to vary from 5.3-6.7 (Wadstrodm, 1978). The mode
~of action is still uncertain, but evidence suggested (Eriksson, 1976)
that it was not enzymic, Instead, a novel process was proposed in
which one molecule of staphylokinase bound to one _molecule of plasminogen
to produce a dimer and this dimerisation led to the unmasking of the
plasnin active site. Although thils is unproven, the experiments of

Jeffries and Buckley (1980) lend some support to this. These authors

tested seven strains of Staph. aureus which were fibrinolytic and

found that no direct proteclysis took place, but plasminogen was activated
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in all cases.

B.4, Conventional Enzymes

llydrolysis of many substrates is a feature of Staph. aureug and

these reactions involve extracellular enzymes.

B.4.1. ‘Proleages. Hydrolysis of casein is a common feature of

Staph., aureus isolates and three different proteases with this activity

have been isolated (Arvidson, Holme and Wadstrdm, 1971; Arvidson, Holme
and Lindholm, 1972; Arvidson, 1973a,b,c). IProtease I, which was

studied in nore detail by Houmard and Drapeau (1972) and Ryden, Ryden

and Philipson (1974), hydrolysed only glutamoyl-peptide bonds but
proteases II and fII had wider substrate specificities (Arvidson, 1972a,b)
and the latter required Ca++ jong for stability (Arvidson, 1973c¢). Their
moleqular weights were recorded as 21 Kd, 12.5 Kd and 28 Kd and their
pl's as 4.0, 9.4 and 5,0 respectively (Wadstrom, 1978). Hydrolysis of

e

gelatin might be due to a distinct protease since caseinase and gelatinase

activities were not always shown by the same strain. Todd {1963} for

exanplc, found 48% of Staph. asureus isolates possessed caseinase activity

while 81% possessed gelatinasze activity and Ali and Iagque (1974)
produced similar results showing 46% and 100% respectively, Tirunarayanan

and Lunblad (1966) purified two proteases from Staph. aureus strain

Walker; & caseinase with a pH optimum at 9.5 and a gelatinase with an

optimum of pH 8.5.

B.4.2, Urease. This enzyme hydrolyses urea to ammonia and carbon

dioxide. Although it has been used as a classification character

(eg. Shaw, Stitt and Cowan, 1951; Mossel, 1962) the enzyme does not




3 -

appear to have been characterised.

B.4.3. Hyaluronate Lyase. Duran-Reynals (1933) demonstrated the presence

of a "spreading factar" which was found (Meyer and Chaffee, 1840) to
hydreolyse hyaluronic acid, Reports from various workers indicated that
the enzymic activity was due to a mixture Af different enzymes, although
the exact number was disputed (Vesterberg et al., 1967; Abramson, 1868).
A pl of 7.9 and a molecular weight of 82 Kd has been noted by Wadstrém:

(1978).

B.4.4. Phosphatases, FElek (1952) considered that Siaph. aureus did
not produce an extracellular phosphatase. - Pan and Blumenthal (1961)
on the other hand concluded that the acid phosphatase, which they

detected in coagulase positive isolates of Staph. aureus, was an extra-

cellular enzyme, Malv;ﬁx and San Clemente (1969a,b) carried out a
detailed study on a loosely hound acid phesphatase. The enzyme had a
pH optimum at 5.2 te 5.3 and a molecular weight of 58 Kd. Activity was
inhibited by Xodoacetate and EDTA and stimulated. by Cu(ll) ions, Free
phosphatase would appear to be the same enzyme (Arvidson, 31976). Shah
and Blobel (1967) reported an alkaline phosphatase which was repressed
by free phosphate and consequently was not detectable in normal growth
media, In view of the variety of phosphatase enzymes produced by other

species, e.g. three types in Salmonella typhimurium (Kier, Weppelman

and Ames, 1977), five types in Bacillus subtilis (¥Yamane and Muro, 1973b)

and three types in Escherichia cali (Brockman and Heppel, 1968) it seens

strange that Staph. aureus should only produce one in normal growth nedia,

Bowever, Wheller and White (1979) have reported the possibility of three,
threa
on the basis of at leastLﬁpH optima at 6.1, 6.8 and 7.8 which they

detected in the culture supernates of NCTC 10344,
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B.4.5. Nuclease. A thermostable Ca & activated DNase, which differed
from similar enzymes from other sources (eg. pancreas, snake venom) in
being a 5'~phosphodiesterase rather than a 3'-phosphodiesterase, was
demonstrated by Cunningham, Catlin and Privat-De Garille (195G) in

culture filtrates from Staph. aureus. Cunninghan (1859) showed DNase

and RNase activities had similar pH optima, thermostabilities, divalent
cation requirement and 5'-ph05phodiesterase activity and suggested that
the two activities were due to the same enzyme, a view which was
supported by other workers (eg . Cuatrecasgs, Fuchs and Anfinsen, 1967).
Taniuchi, Anfinsen and Sodja (1967) showed it to be a single polypeptide
of 149 amino acids, with a molecular weight of 16,807 daltons. The

pH optimum was about 10,

B.4.6. Bacteriolytic Enzymes, The existence of bacteriolytic cnzymes

in Staph. aurcus culture filtrates was first noted by Richmond (1959)

and Kashiba et al. (1958), and assumed to be due to a lysozyme, ie. an
endo-f-N-accetylmuraninidase until Tipper (19268) produced evidence for
two different enzymes, neither of which was a lysozyme. Wadstrdém and
Hisatsune (1970a,b) partially purified this "lysozyme' and found it to
be an endo-~f-N-acetyl-glucosaminidase contaminateg with other bacterio-
lytic enzymes which Wadstrdm (1970) found to be an N-accetylmuramyl-L-
alaninecaminidase and a staphylolytic peptidase, probably a glycyl-
glycyl endopeptidase, The same three activities make up "lysostaphin”

the commercial staphylolytic enzyme preparation.

B.4.7. Lipolytic Enzymes, Several different enzymic activities have

been reported for lipid subgtirates, but little work has been done on

thelr characterization, Hydrolysis of triglycerides, with a preference

for oleic linkages, has been reported to be due to a specific lipase
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(Alford, Pierce and Suggs, 1864). Stewart (1965) demonstrated that the
hydrolysis occurred at the agqueous interface and Mates (1973) found that
the enzyme was only synthesised late in the growth cycle. There was,
however, no clear evidence that these workers were dealing with the sanme
anyme.. Stewart (1965) also observed esterase activity on wate?—
soluble qromatic esters whigh appearéd to differ from the lipase. In
addition to betaﬂh#emolysin (p.1#) other phospholipasc activities have
been detected, Magnusson et al. (1962) reporied a phospholipase A
hydrolysing phosphatidyl choline and Doery et al. (1963) found another
phospholipase which hydrolysed phosphatidyl inositol. The latter seems
to be a phosphollpase C with molecular weight between 20 and 33 Kd. ;ts
activiiy was inhibited by divalent cations and by isomolar NaCl or KCl
and it has been reported to cause release of membrane bound enzymes from
mammalian cells (MS1lby, 1978)e

Gillegpie and Alder (1952) reported opacification of egg yolk agar

by Staph., aureus which was found to be caused by free fatty acids

enzymically released from lipoprotein (0'Leary and Weld, 1864).
Tirunaraysnan and Lundbeck (1967, 1868a2,b) described a reaction sequcnce
in whieh initially lipoprotein lipase releésed free fatty acids which
precipitated as the calecium or magnesium salts giving opacification of
the medium, Solubilisation of‘lipoproteiu giving a clecar zone near

the colony then occurred.

B.§, Protein A. Protein A was shown to he a constituent of the cell
wall of pathogenic staphylococci (Yoshida, Mudd and Lenhart, 1863), which
might play a part in pathogenicity by making the cells more resistant

to phagoeytosis (Dosset et al., 1969), Although 90% of protein A was

bound to the cell wall, the remaining 10% could be detected extra-
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cellularly (Fofsgren, 1969), § study by Movitz (1974) indicated that
Protein A was excreted within one minute of being synthesised and was
immediately linked toc the peptidoglycan of the cell wall, so extra-
cellular protein A might be due to the production of excess protein
which c¢anhot be incorporated, This rapid incorporation after synthesis
probably explains why Umeda 23_553(1930) found protein A distributed

uniformly across old and new cell wall areas,

B.6. Evidence for Extracellularity. Paradoxically, proving that a

protein is truly extracellular is more difficult than proving it is not.
If the majority of a protein can be shown to be cell-associated then
elearly it is not an extracellular protein, but the converse is not
necessarily trus, since absence of cell-associated activily may reflect
only a failure to detect it, Subject to this condition, the following .

results may be considered.

B.6:.1. Alpha~-haemolysin. Raynaud et al. (1855) using a variety of

techniques, failed to demonstrate cell~assocliated alpha-haemoiysin, but
Hendricks and Altenbern (1968) did detect low levels of alpha-haemolysin
in lysostaphin lysates, They reported that haemolysin was synthesised
continuously throughout the loparithmic phase and immediately excreted,
reaching a maximum at mid-logphase. McNiven and Arbuthnott, (l972) also
demoﬁstrated a cell-asasciated haemolysin which appearcd to be identical
with alpha~haemolysin., They found about 1% of total activity to be
cell-associated, but unlike Hendricks and Altenbern (1968) found the

peak extracellular concentration at the onset of stationary phase. It

seems likely that this 1s a true extracellular protein.
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B.6,2, Acid Phosphatase, Sawashige (1967) demonstrated that acid

phosphatase activity was located on, or near, the membrane of the cell,
but did not determine how much of the total activity was in this form,.
Nugent et al. (1974) and Okabayashi and Mizumo (1974) looked at enzyme
levels in cell fpactions and concluded that phosphatase activity was
mainly located in the cytoplasm or the membrane, Wheller and White (1975)
have reported that about 60% of total acid phosphatadge is cell associated.
One of the functions, perhaps the main function of the enzyme, would be
to dephosphorylate substrates prior to transport (Aryidson, 1976) and d
location on the outer surface of the cell would therefore be appropriate.
Phosphatases have been located at the cell surface in & variety of other

bacteria including firam-negatives such as Escherichia coli (eg. Chang

et al. (1980} and Pgeudomonag aeruginosa (eg. Chang, Ingram and Costerion,

19870) and Gram-positives such as Bacillus subtilis (eg, Yamane and

1876). A similar situation exists in Saccharomyces cerevisiae (Limmemans,

Boer and Elbers, 1977). It seems likely that this is a cell associated

enzyme,

B.6.3, Nuclease, Conflicting results have heen reported for this

enzyme since Nugent et al. (1974) stated that omly 0.3% of activity was

cell associated whemeas Okabayashi and Migumo (1974) considered it to

be a periplasmic enzyne, The position is therefore in doubt.

B.6.4, Bound Coagulase and Protein A. As reported above (p.18 and

P.22) these two proteins are located on the surtace of the Staph., aureus

cell wall. They would appcar to be wall components and their presence

in the growth medium would he the resulit of overproduction or nog-specific

R
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detachment, This 1s more likely to happenr with protein A which is

rapidly and continuously synthesised rather than with bound coagulase

(Umeda et al. 1980).

B.6.5. - Qther Proteins. Detailed studies on the location of the

other proteins do not appear to have been c¢arried out although half-

cystines appear to be preseht as one or less in those nolecules which

have heen examined.

Srwmrt B L el e Sy

There seems little doubt that the enterotoxins and exfoliative
toxins are truly extracellular, sinc€ihey cause their pathogenic effect
at a distance from the producing cell, It is also likely that the
majority, perhaps all, of the degradative cnzymes are extracellular
because their purp;se is to scolubilise and degrade potential substrate
molecules, Similar arguments apply to freen coagulase, staphylokinase
and the remaining eytotoxins,

Therefore, only acid phosphatase, bound coagulase and protein A

are known to be cell associated. In view of the facility with which

the former can be detected, it would be the best choice for comparative

studies between cell-assoclated and cell-free activities.

C. ROLES OFfF MEMBRANES IN EXTRACELLULAR PROTEIN PRGDUCTION

The cytoplasmic membrane, or plasmalemna, provides a selective
barrier between the cytoplasm and the external environment. The
structure is believed to conform to the fluid-mosaic model of Singer and
Nicholson (1972) in which proteins, beoth structural and functional, float
in or traverse a hydrophobie phospholipid bilayer. This structure will

be involved, intimately, with ithe excretion of the extracellular proteins

but might also be involved in a more general way through its central




Yo

role in ATP synthesis and the concommitant control of the uptake of

substrates.

C.1, = Ixport of Proteins. Prior to 1570, the problem of how proteins

were exported through membranes had received little attention, due largely
to a lack of knowledge of membrane structure. At that time Sargent and
Lampen (1970) prOpqsed a mechanism based on studies on penicillinase
release in which the molecule would assume a hydrophobic configuration

t¢ enable it to cross the cytoplasmic membranc at special sites. Once
out of the cell it would assume a hydrophilic configuration.

However, evidence was béginning to accumulate for a different
mechanism, hased on a "translation extrusion systeﬁ, ie. the polypeptide
as it was synthesised would be extruded through the membrane, assuming
its active configuration outside the membrane,.

Much of this work was carried out by Palade and co~workers and has
been sunmarised in his.Nubel Prize acceptance lecture (Palade, 1975),
The observations were made in mammalian systems, notably the pancreatic
exccrine cell, and indicated that proteins designed for export were
synthesised by ribosomes (actually polysomes) attached to membrane.
Evidence suggested thal membranes of this type were permeable to
molecules of 1 nm diameter which would permit unfolded polypeptides to
pass through but would block the return of folded, ie. tertiary, poly~
peptides (diameter > 2 nm), The nascent polypeptide wouid thus assume
its active configuration after secretion into the cisternal space of
the endoplasmic reticulum. Other findings suppérted this view since
structural modifications, such as the formation of disulphide bridges,
occurred aftexr excretion. _Two subclasses of attached polysomes

appeared to exist; one which synthesised proteins for export and the

other which synthesised membrane proteins and inserted them into the
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nembrane.
Studies in bacterial systems presented essentlally the same model,
May and Elliot (1972) who studied protease production in Bacillus

subtilis favoured the view that the proteas¢ was being excreted as it

was synthesised and extended this obscrvation to B. amyloliquefsaciens
{Banders and May, 1975). Similar conclusions were drawn by Cancedda
and Schlesinger (1974) in their study of alkaline phosphatase synthesis

by Escherichia celi, and by Boethling (1975) in his study of protease

secretion by Pseudomonas maltophilia,

A primary requirement of any "tranglation-extrusion'" model would
be a special selection system to allow extracellular proteins to be
synthesised on membrane bouund riboéomea, while preventing cytoplasmic
pfoteins from heing similarly produced. Such a mechanism is provided
by the signal-sequence hypothesis, which was developed for mammalian
systems but is belleved to be applicable also to bacteria (Blbbel-and
Dohberstein, 1975; Olsen and Schwartz, 1978). In this model, the
Sg;ectivity is impused by the initial 5' seguence of codons - called
the signal codons -~ oR the messenger RNA (Figure One (a)). The signal
codons arc translated to providé the initial aminoacyl residuces of the
grdwing polypcptide chain, this sequence being knbwn as the signal

peptide. Signal peptides which have had their primary structure

sequence in the middle (Blobel-and Lingappa, 1978). This sequence
attaches to the cytoplasmic membrane, possibly at 4 specific ribhosome
receptor protein, although since the leader seguence is composed of bhasic

amino acids, the attachment might be promoted by binding of this portion

to the acidic phospholipid surface. (Wikner, 1579). As translation

continues, the remainder of the polypepiide is passed through the
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Figure 1{a). Export of Polypeptides by a Translation-Extrusion

System Involvine a Signal Sequence.

Modified from Ramaley (1979)

| F
§ mmnnna 3 Messenger RNA
®o0.0, Signal Codons
AANANA Signal peptide
, Ribosome Receptor FProtein
3 Signal Peptidase

Recognition of the signal codons by the ribosome, or synthesis of
the signal peptide, causes the rinhosome to attach to a specific
site on the membrane. After synthesis the exported protein is

cleaved from the attachment site by a specific peptidase.

Figure 1{(b). Proposed General Structure for Exported Proteins,

Modified from Ramaley(1979)

Areas not drawn to scale.
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membrane and becomes externally located, The signal sequence is

finally cleaved from the remainder of the polypeptide by a membrane
associated protease and the extracellular protein becomes free on the
outside of the membrane.

Proteins which are located within, or on the surface of, the membrane
might be exported by the same mechanism with the exception of the final
cleavage, Bowever, Wikner'(1979) has supggested that since water
insolubility is the main feature of membrane proteins, the passage through
the membrane might trigger the folding of the polypeptide into a hydro-
phobic configuration which would remain membrane bound. |

Having become external to the‘plasmalemma, the protein must then
pass through the wall into the external medium, although some proteins
might remain in the space between the membrane and the wall. This space
is usually known 2s the periplasm, a term originally introduced to
describe ithe area between the inner and outer membranes of the gram-
negative cell but extended to cover the equivalent area in gram-positive
cells (Ramal€y, 1979). This might involve either an active or a passive
transport Systeﬁ in the wall, but this is unclear.

Fvidence for this signal hypothesis is extensive although other

mechanisms are not excluded. With regard to the sgpecial wmRNA,

Boethling (1975) noted that synthesis of the Ps. maltophila protease

continued for 30 minutes after production of messenger was inhibited,
indicating that the preformed messenger was of a more durable form than
normal nessengers for cytoplasmic proteins. Similar ohservations in

Staph. aureus were made by Xatsuno and Kondo (1973 ) (p .43 and in

B. amyloliquefaciens by Gould, May and Elliott (1973),. The latter

workers concluded that durability wasdue to a large messenger RNA pool

for extracellular proteins (Both et al. 1973). which could persist for
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up to 60 minutes in the presence oif transcription inhibitors (0'Connor,
Eliiett and May, 1978).
Cleavage of the signal sequence is exemplified by work on the

penicillinases of B. licheniformis 749/C and 6346/C, by Lampen and co-

workers., Early reports that a membrane bound 33 Kd protein was
specifiéally converted to a free 29.5 Kd exoenznyme have proved to he
Impossible to reproduce, but some form of processing docs tako place,
since an early to-ﬁid~log phase protein of 30.5 ¥d has been shown to be
converted to a 29.5 Kd protein by removal of 8:amino acids from the N-
terminus.

Evidence for the signal segquence on the mRNA is most elegantly
demonstrated by experiments in which the E, coli f-galactosidase Z gene
was fused to the signal seguence of the outer membrane iamB gene. From
this hybrid gene, a hybrid messenger was transcribed which was then
translated intc a hybrid protein, with B-galactosidase function and

located in the outer membrane (Beckwith et al. 1978). Ramaley (1979}

has proposed a general . structure for exported proteins (Figure One b).

If such a generalisation is va}id, it makes it likely that the difference
between an extracellular protein, such as a-haemolysin and a cell-
associated protein, such as acid phosphatase, resides entirely in the
"location area'" which probably contains the cleavage site also.

flowever, other differences based on control of synthesis are also

probablg®.

C.2. The Chemiosmotic Hypothesis, '
The chemiosmotic hypothesis (Mitchell, 1956, 1970) proposed that
during oxidative phosphorylation, the respiratory chain acts as an

electrogenic proton pump which translocates protons across the plasmalemma
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to gencrate an electrochemical potential. This potential, which is
known as the protommotive force q>p),subsequcnt1y drives a number of
encrgy-dependent membrane I#ictions including ATP synthesis and substrate
transport.

In bacteria the respiratory chalng are organised into 2-4 sections
which move protons out of the cell, each section transporting approxim-
ately 2 protons per electron pair transferred {(Jones, 1979), The
proton notive force generated, expressed in millivolta {mV) can be
calculated from the equation : ;}p- = p.;,- -~ ﬁp'lpii wlere [}:.‘ufl;is
the membrane potential (inside negative) and @ is a constant which
converts the pH gradient‘(bpﬂ) into mV (it equals 59 at 2500).

Calculated values for ﬂm in Stapl, avreus at different pl's were reported

to be 211lmV at pH 6.5 (Colling and Hamilton, 1976), 250-270mV at pH 6.0
and 155-205mV at pH 7.0 (Kashket, 1981). These values arc for aerobic
respiration: anacrobic respiration was reported to yield 140-150mV
{Kashket, 1881). Similaxr, though slightly higher values, were reported
for E. c¢oli (Jones, 1979). ATP is synthesiséd by a membrane-—-bound ATP
synthetase complex composed of about seven different proteins, two of
which comprise the membrane attachment site (BFyp) and the remainder form
the proton transleocating ATP synthetase itself {BFI). The latter, when
detached from the membrane, functions as an ATPase and it is this reverse

action which is usually assayed {(Jones, 1979),

c.2.1. ATP Yield and Growth Rate, Studies relating ATP production

and growth rate are hampered by difficulties in dctermining yield co~
efficient for ATP](IATP). One method which may be used is to determine

oxygen consumption and use this 1o calculate Y {(gram bacteria produced

D-

. per gram.&le® of oxygen consumed) .
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Y = P/0. ¥

Q ATP

where P/0 is the number of moles ADP phosphorylated to ATP during

transport of one electron pair. Since P/0 and Y cannot be determined

ATP

independently, Yb or %02 (gram bacteria produced per mole oxygen
consumed) may be'used directly as a proportional representation of ATP
production. A a1l in %& can therefore be due either to a drop in
phosphorylation efficiency or to a drop in the efficiency with which

ATP is used to promote growth. The latter may reflect an increased
maintenance energy requirement, the most likely cause of such an increase
being turnover of cell material, which is commonly seen where uncoupled

growth has been produced. Stouthamer (1979} discussed five growth

conditions in which uncoupling could be observed, at least in E. cali.

C.2.1.a. Excess Energy Source. Experiments on growih in media where
the energy source is in excess cannot be adequately performed-in ﬁatch
culture because the energy source mulecule,-frequently glucose, usually
becomes the growth limiting factor, Continuous culture is more satisfac-
tory. Under these conditions the cell will often employ excess ATP

to accumulate storage compounds, This type of uncoupled growth would

not result in an irretrievable loss of the energy potential, since 1f

energy supply becRme: restricted later the cell could utilise the store

and therefore recover the energy.

Cc.2.1.b. Unfavourable temperatures, Although Stouwthamer (1979) uses

the term "unfavourable", uncoupling appears to be a result oniy of
growth at elevated temperatures, The maintenance coefficient appears
to be increased, but this cannot be the ounly reason for the decreased

growth yield. One possibility which might be important is an increasc
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in membrane fluidity due to the higher tfemperature, since this could
easily lead to a lack of co~ordination between the components of the

membrane respiratory system,

C.B.l.cf Minimal Media. Holar growth yields are highest in complex

media and very high ATP yields are obtained. In minimal media growth
yields would be expected to-be less, due to shortage of precursors, but
Stouthamer suggesﬁed that the limited capacity for assimilation in
minimal medium might also be important, permitting relatively more ATP

synthesis than cell growth.

c.2.1.d. Transient Periods During transition from one growth

condition to another, eg. from anaerobic to aerobic, a transient drop

in prowth yield may be noted. Most experiments in thislarea have to

be done in continuous culture since they involve short pulses of changed
- conditionapassing through a steady-state, Pulsing gluqose~1imited

A. aerogenes with glucose or succinate, stimulated the reSpiration rate

and succinate also stimulated the rate of ATP synthesis. When the
succinate pulse was exhausted the ATP syntheslis rate fell sharply and
thén returned to normal, suggesting that the cells possessed a rapid,
fine control, of ATP levels. $wifch1ng from kigh aeration to low
aeration increased the respiratory rate but ATP levgls remalned normal
and growth yield fell, which prrobably meant that ATP turnover increased,
This aspect has been reviewed by Harrison {(1878).

c.2.1l.,e, Growth Knhibiting Compounds. A large number of compounds

are directly inhibitory to growth, including amtibiotics which interfere
with protein or nucleic acid synthesis in addition to those antimetabolites

which interfere with membrane dependent energetic processes, The former




-35-

will be considered later (Section D), the latter &are discussed here,
Stouthamer (1079) listed a number of compounds which had been shown Lo
reduce YATP including Nitrite, Ferricyanide, Thiosulphate, Pentachloro-
phencl, 2,4 Dinitrophenol anid Carbonyl-gyanide-m-chlorophenylhydrazone.
The last two are known to dissipate the membrane proton gradient but
the mode of action of the others is uncertain. "In B. subtilis,
disruption of protop translocation by thege compounds has been proposed
to invelve a specific interaction of the uncoupler with the transport
system. Interaction would take place within the membrane and be a
function of the anionic form_of the inhibitor (Brummett and Ordal, 1977;
Nicholaz and Ordal, 1978). ‘The protein-ligand complex might be
stabilised in a non-productive conformation in.whicﬁ short circuited
protons become unavailabhle for the generation of proton-motive force
{Konings, 1977; Jones, 1979). Maintenance respiration in dinitrophenol
treated cultures appeared to increase, possibly to compensate for the
loss of ATP synthesis via khe membrane (Stouthamer, 1979).

Inhibition of growth of E. coli due to dissipation of the pH
gradient has been shown for tributyltin chloride (Singh and Bragg, 1979)

and for benzoate; sorbate and propilonate (Eklund, 1980). The latter

algo affected B, subtilis and Ps. aeruginosa. Aliphatic diols and

their esters (Akedo, Sinsky and Gomer, 1877) and alkyl esters of p-
hydroxy benwsic : acids (Eklund, 1980) inhibited growth of B. subtilis_

and the latter alsc inhibited E. coli and Ps, aeruginosa. Interference

with transport mechanisms might be the cause in these cases and this is
considered in section C.2.3. below.

As discussed by Stouthamer (1979) there is a discrepancy between
. ATP production and ATP utilisation in uncoupled cells and so some form

of energy spilling mechanism must be employed. This riight take the form
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of a modification to the energy yielding process itzelf, for exanple,

deietion of oxidative phosph®rylation sites or branchirg of the
respiratory chain. Alternatively, there may be tlhe establishment of
futile ¢ycles in which an essentially non-productive reaction is cmployed,
for example, a fgtile ion cycle in which NHS + H' inside the membrane

- _‘.
are co-transported and released on the outside as NH4 . This proton

translocation 1s balanced by the inward movement of NH4+ which is sub~

sequently split to NHS and H+ s0 that a cycle becomes established

+ P + Yoo . '
NH4 T““’NH3 + H . ATPase activity, due te reversal of the.BFl ATP

synthetase might also be important in some organisms, particulariy

facultative anawrobes.

Anothexr possibility involves the diversion of ATP energy intc the

production of Guanosine 3'5' Bisdiphosphate and Guanosine 3' dipbosphate,

P

5' triphosphate, the so-called magic spolt (S} compounds. Control of
RNA synthesis is central to the regulation of growth and woul& bé
perticulariy important when amino acids were umavailable. In "stringenf"
cells of E. coll , the onset of amino acid starvation led to an

izmediate 5-20 fold increase inlthe M8 compounds (Cashel, 1275;

Mieriich, 1978). The compounds were synthesiced on the ribosomes and
might be control siganals acting to reduce anabaliﬁ processes since their

appearance was accompanied by a 10~20 fold drop in all forms of RNA

synthesis (Gallant, 1972).

c.,2,2. Uptake of Substrates, Active transport of molccular species

from the medium into the cell is an energy dependent pheromenon; the
amount of energy involved depending, to a large exteant, on the nature
of the transport molecule. - Three systems have been proposed: Neutral

supstrates are transported by a specific carrier which is termed a
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symport because the substrate molecule is iransleocated in tandem with
& proton. This transport is powered by the full proton-motive force.
Anions are transported by the pH gradiené alone whereas cations are
transported by the membrane potential alone, this being designated as
a unipor£ (Konings, 1977).

A somewhat dlfferent gystem has been suggested by Kabach (1974).
In this mnmodel, an oxidised transport protein with a high affinity for

substrate, is reduccd~by an electron donor and undergoes a conformational

change which causes it to move across the membrane and release its bound
substrate molecule into the cytoplasm,  The transport protein is then
reoxidised and reverts to its original conrformation on the outside of
the mombrane. Such a process would require that the transport

mechanism be directly coupled to its own respiratory chain.

In Staph. aureus, group trenslocation of sugars appeared to be

powered by substrate phosphorylation using phosphoenolpyruvate phos-

photfﬁnsferasa whereas active f{ransport of amino acids mainly used L-2-
glycerophosphate as donor (XKaback, 1874), Although en;ymic mechanisms o
(permeases) are widely aceepted, Christensen (1979) has pointed out that
non~enzyuic transport is compatible with the availaple informetion,
since the unoﬁergised system appeared to operate asg a facilitated
diffusion. He has also propos?d that uptake of a new amino acid might
be balanced by counter-itransport of a different one from the intra-

cellular pool.

The transport process 1s usually highly specific, with a different
uptake system being employed for each substrate, or for each group of
closely related substrates, although the exact number of systems may

vary between different organisns, S8taph. aureus, for example, has

been found to have twelve different transport systems for amino acids

whereas E. coli and B. subtilis only have nine (Konings, 1977). The
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majority of detailed studies have been carried out in E, coli and, in

most cases, at least two transport systems for each amino acid have been

found; one with high affinity and one with low affinity eg. Anderson

and Oxender, 1978),. However, only one Michaelis constant for transport

s Tl

appeafs tao have heen published for each amino acid in Staph. aureus

(Konings, 1977) andsWith the exception of éroline, they were all larger
than 10 uM which suggests that the affinities were fairly low. This is
counsistent with the E.coli observations since the high;affinity processes Z
were binding protein~mediated and gram positive organisms did not appear
to possess such systems (Konings, 1977). Mutanis of L. coli which
lacked both uptake sysiens fﬁr branched chain amino acids were found to
be incapable of retaining leucine (Anderson and Oxender, 1978) and
similar resulls have been obtained for aromatic amine acids (Whipp, 1977,
quoted by Anderson and Oxender, 1978), histidine (Shifrin, Ames and Ames,
1966) and arginince (Hosen, 1473), These observétions suggested that

specific transport systems were necessary to maintain the intracellular e

prools of amino acids, although the:precise mechanism by which this could b
be controlled is doubiful, It is possible that lecakage is a process

which functions continuously, but which is usually masked by the transport

process. This might be related to the excretory process discussed by R

N

“Christensen (1979) (p.3¥ ).

c.2.3. Membrane Dirccted Inhibition of Uptake. As discussed above,

uncoupling agents reduced or eliminated the protonmotive force and this
would be expected to inhibit the rate of transpo?t in a non-competitive
mannexr. However, experiments by Brummett and Ordal (1977) and Nicholas
and Ordal (1978) suggested that iphibition of amino acid transport in

B. subtilis, by several chemically dissimilar compounds, could be
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cxplained by a mechanism olher than the unccoupling of oxidative phos-
phorylation, They loocked at transport of glycine or proline in the
presence of 3,3'4!'5 - tetrachlorosalicylanilide (TCSA), trifluoro-
mnethoxyearbonyleyanide~phenylhydr-azone (FCCP) or pentachloroﬁhenol
(PCP) and its analogues, FCCP competitively inhibited proline transport
but inhibited glycine t;ansport in an uncompetitive manner; TCSA also
prbked to be =z coﬁpetitive inhibitor for proline transport while being
non-competitive fof glycine transgport; PCP was like TCSA in being non-
competitive for glycine transport, but was, in contrast, uncompetitive
with respect to proline transport. These conflipting results were
explained by assuming that‘a specific protein-ligand interaction was
taking place, which depended on the anionic form of the inhibitor.
Studies with PCP and its analogues showed that the degree of inhibition
depended on the degree oflacidity of the anhlogue. It was concluded
that the free energy of interaction which produced the protein-ligand
complex resulted in the stabilisation of unproductive comformations of
the specific Aemhrane protein.

A similar explanation could be applied to the effect of N-ethylmale-
imide on amino acid transport in E. coli (Janick, Grunwald and Wood,
1977), although in this case the binding reaction was known to be a
covalent and non-specific lipkage to accessible sulphydryl = residues,

- Aliphatie diols produced a similar type of growth inhibition in

B. subtilis which has been ascribed to a reduction in uptake of amino
acids (Akedo et al. 1977). Inhibition decreased with increasing chain
lengh and 1,2 diols were found to be more effective than 1,3 diols.
Egsterification of one alcohol grouping enhanced activity, whereas
esterification of hoth caused a slight decrease. These resulis are

congistent with a model in which the inhibiter is an amphipathic
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molecule which becomes partitioned into the plasmalemma and cauges
disruption of the normal gtructure, since such disorganisation could
lead to dissipation of the membrane pretemigradient or to comnfigurational
changes in transport proteins.

Alkyl esters of p-hydroxybenZoic acid also appeared to be growth

inhibitory for B. subtilig, E, coli and Pg. aerugonisa due to an

inhibition of uptake, which was suggested (Eklund, 1980) to be due to
an inercecase in membrane permeability. NADH-oxidation and 02 cangumption
were algo inhibited. Weak aclds such as bhenzoate, sorbate and
propionate seemed to inhibit purely by disrupting the pH gradient (DpH)
which produces part of the protonmotive force, Dissipation of the
membrane proton gradient by tributyltin chloride was detected by Singh
and Bragg ¢1979) who also noted leakage of amino ;cid $¥rom the intra-
cellular pools. They concluded that the creation of a Lransmembrane
OH -~anion exchange was responsible.

from the diverse reports it is possible to condlude that mewbrane
mediated inhibition of amino acid trapsport may be due to either dis-
ruption of the proten gradient'or to changes in the configuration of
the transport proteins, However, the observation that tributyltin
chloride caused leakage (Singh and Bragg, 1979) suggests that there may
be & further possibility, espcc?ally if this observaticn is related to
the leakage observed in transport deficient mutants (Anderscon and
Oxender, 1975) and the excretory process discussed by Christensen (1979).

Some of the reported effects of phenethylalcohol can be explained
by assuming a membrane directed effect, but other effects have been
described which might require a different mode of action, Since the
funetion of this compound is therefore uncertain, and since it plays

an important part in this thesis, it will be considerecd scparately below
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(p.5§) after a brief review of other relevant antimetabolites.

. RELEVANT STUDIES ON OTHER ANTIMETABOLITES

A number of workers have looked at non-membranc directed inhibition

of Staph, aureus and these studies can be divided into two groups -~

those in which the overall effect, at least on growth yield, was
determined at a fixed time, and those in which inhibition, at least of

growth rate, was followed over a period of time.

2.1, Fixed Time Studies.

D.1.1. Amino Aeid Analogues, Amino acid analogues are generally

considered to be inhibitory because they are incorporated into proteins
in place of the natural analogue, resulting in the production of inactive
materials. Leboeuf-Trudeau gt al, (1969) showed that certain tryptophan
analogues depressed growth, DNA synthesls and alpha-haemolysin synthesis

in Staph. aureusg, although the total protein content was not affected.

All of the effects could be reversed by L—tryptophan or by precursors
such as indole or anthranilic acid. Mathieu, De Repentingy and Trudeau
(1870) found that analogues of tyrosine, methiomnine, cysteine and
leucine were apparently withoul effect, but that metaflé%ophenylalanine
inhibited growth and alpha-haemolysin production, although ortho- and
paraflurophenylalanine only affected growth. These effects were reversed
by IL~phenylalanine or phenylpyruvic acid.

The reason for these observations in unclear, since ﬁlthough the
possibility that the analogues were incorporated.iu place of the correc£
amino-acid was not ruled out, the absence of cross-reacting material
argued against this. It is possible that the aromatic amino acids were

undexr feed-back control mechani sms operating at the level of prephenate

bk S -
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or anthranilate, since controls of this type are known to exisk in
other bacterial species, (for a review of this topic, see Gibson and
Pittard, 1968).

Sharma and Haque (1873) studied the effect of tryptophan amalogues
on beta-haemolysin production and ebtailned results similar to those of
Leboeuf-Trudeau EE.EL- (1969) for the alpha~haemolysin. They suggested
that tryptophan 1i@itation might preferentially repress haemolysin
synthesis because haemolysin molecules had a higher content of tryptophan
' than other cellular proteins but, without knowing the tryptophan content
of a number of different staphylococcal proteins, it is difficult to

see how this conclusion could be sustained.

D.1.2. "Thymineless Death', When a thymine requiring mutant of E.coli

is deprived of thymine, DNA synthesis ceases immediately, but RNA and
protein synthesis continue for about 30 min, at which time the viable
count decreases rapidiy (Cohen and Barner, 1954). Attempted DNA
synthesis in the absence of thymine was reported to be the caugse of
death (Maalge and Henawalt, 1961; Hanawalt et al., 1961).. . Thymineless

death was shown {0 occur in Staph, aureug (Mathieu et al. 1868) and

alpha-haenolysin was not produced during the period of deprivation which
suggested that alpha-haemolysin synthesis might be more sensitive to

' this treatment than other more central synthesis,

D.1,8. Chloramphenicol and Actinomycin D, Both these antibiotics

inhibit protein synthesis, chioramphenicol by preventing translation and

actinomyecin I} by preventing transcription (Franklin and Snow, 1975; p.l1l286

and p. 20, Actiromycin D. also inhibits DNA replication al higher

concentrations (Muller and Crothers, 1968),. The use of complementary
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cultures treated with chloramphenicol or actinomycin D thus permits
the possibility of determining the life of an mENA molecule for a
specific protein and EKatsuno and Kondo (1973) examined the synthesis
of enterotoxin B in this way. They found that production of extra—

cellular proteins ceased immediztely after the addition of chloramphenicol,

while addition of actinomycin D did not stop production until about
30 minutes had elapsed. Enterotoxin B production paralleled that of

total extracellulér proteins but intracellular protein synthesis was

halted immediately by treatment with either of the antibiotics. These
results indicated that there wasg little or no intracellular accumulation
of extracellular proteins as a whole, and enterotoxin B in particuylar,
while the mBNA molecules which gpecified these proteins appeared to be
relatively long lived comparéd to those responsible for the synthesis of

intracellular proteins.

b.1.4. Mitomyecin C., This antibiotic was demonsirated to bo rapidly

lethal to bacterial cells (Iyer and Szybalski, 1663), causing an el

immediate inhibition of DNA synthesis. In Staph. aureus it has been

uged to study lysogeny (eg. Hendriecks and Altenbern, 1968; Geriman,
. Panouse-Perrin and Ardouin, 1971} and the latter considered that the
induction of lysogenic phage was due to inhibition of the production

of repressor by mitomycin C, Current theory, however, has implicated

the SDS~error prone repair system in phage induction in E. coli (Radman,
1975; Witkin, 1976). According to this hypothesis DNA damage leads

to induction of the Rec A protein (protein X) which destroys or

inactivates the phage repressor leading to the onset of the lytic cycle.

bt
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D.2. Periodic Monitoring Studies. To aid in the interpretation of
these studies, a hrief review ¢f growth and extracellular protein

production in the absence of antimetabolites will be presented.

p.2.1, Uninhibited Conditions.

D,2.1.a, Growth. Most experiments have employed a casamino acid

based medium, although proprietory media, notably Lab Lemco, Nutrient

broth, Trypticase= Soya broth, have been employed on many occasions,

To ensure that extracellular proteins were dectected rapidly, most studies
have employed large inocula of betﬁeen 1% and 20% of stationary values.
Although itis.usually impossible to bo certain, these inocula contained

between 107 and 109 colony forming units (c.f,u.) per cma. The presence

of a lag phase lasting 30-90 mins was common although the resultis

presented by McNiven and Arbuthnott (1972) do not show such a feature,
Exponential phase +then ensued, its length depending on the concentration

of inoculum, with most studies showing a generation time of about 60 nins,
although the conditions employed by Gemmell and Shibl (1976) showed a a

generation time of about 3 hours, However, the precise conditions of

this experiment were not given and the growth rate in any case declined

after one generation, to about 6 hours. Over the next 12 hours, the {j

culture entered into stationary phase without apparently completing a 'ﬁ
further doubling of population. £
In most other studies, growth rate remained exponential for three

to four generations and then began to decline so that growth becanme

non-egxponential, althaugh the population continued to increase until f;
9 11 -3 . e
it reached a stationary level of about 10 ~10 c.f.u, em , the final M

density being dependent on the nature of the growth medium, Holme and

Arvidson (1978) noted that growth rate was not affected by switching
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from glucose to glycerol as the energy source (both apparently at 15g.

dm“s), but the growth rﬁte was slightly reduced by switching from 40g, EE
dm—a casein hydrolysate to 20g.dm_3. Growth rate fell further when
casein levels were reduced to 10g.dm~3 {Bjorklind and Arvidson, 1876).

The latter workers also looked at cultures in 20g.dm-3 casein supplemented
with tryptic or ﬁrotease I digests of casein, Although these experi-
ments were not precisely detailed iﬁ the report, it appears that both
supplements were inhibitery rather than stimulatory, Dissolved oxygen
tension was shown to have an important effect on growth rate (Holme and
Arvidson, 1876) with generation times being doubled by lowering the
dissolved oxygen below about 40%, However, the slowing down of the
culture during the transition peribd between exponential and statiomary
phases Qas ascribed by these authors to exhaustion of media components,
since they found that addition of glycine, sexrine and threonine at this 'f

stage prolonged the exponential phase.

D.2.1.b. Extracellular Brotein Production. - '

Alpha- hsemolysin : CRassically an atmosphere enriched with COz was
considered essential for optimai ylelds of alpha-haemolysin (Burnet, 1829)
and it has been suggested By Hendricks and Altenbern (1968) that the 002
may have been acting as a buffering apgent, preventing an elevation of pH
'which they denonstrated would inhibit the production of alpha-haenolysin.

Ihis was not confirmed by McNiven and Arbuthnott (1L972). Kapral (in ;%

discussion to. Gladstone, 1966) commented that alpha-haemolysin

synthesis in Staph. aureus had an absolute requirement for COZ: in

continuous culture conditions no alpha-haemolysin was produced unless

CO2 was introduced and the prompt response to CO, addition suggested

2

that it acted as an inducer of the alpha-haemolysin structural gene.
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When the organism was grown in batch culture it seemed to produce enough
002, as a hy-product of metabolism, to off-set this requirement for an

exogenous source. This requirement for CO, in continucus culture might

2
be related to Coulter's ohservation (Coulter, 1966} that the capacity to
produce.alpha-hacmolysin was apparently lost during continuous culture.
As pointed out by Arbuthnott (1970) growth is not always accompanied by
production of alpha~haemolysin and this suggested that some specific
growth factor was necesgsary for its biosynthesis, Braman and Norlin
.(1951) had found that yeast gxtract contained such a stimulatory factor,
although they could not identify it and Bernheimer and Schwartz (1983)
described a semli-synthetic medium containing yeast extract dialysate
and ca;ﬁmino acids which gave optimal yields of alpha;haemolysin.under
normal aerobic conditions. Thi.s nedium, sometimes slightly medified,
has been used in many studies (eg. "Six and Barshfumr 1673a,b; Parédisi
and D'Aniello, 1869; licNiven et al., 1972). Balen (1973a,b) concludéd
that fhe stimulatory component of yeast extract was histidine, élthough
higtidine dipeptides were more potent, apparently because they were
taken up more rapidly (Dalen, 1973¢),. He suggested that serine,

glycine and CO, exerted a stinulatory effect due to their rele as

2
precursors in purine blosynthesis, since histidine could be derived
from ATP; and the presence of a pistidase active above pH 8.0 was the
reason for the depression of alpha-haemolysin synthgsis above that

pll noted by Hendricks and Altenbern (1968), In the completely
synthetic medium which Dalen employed, growth and haemolysin synthesis
proceeded at relatively low rates and he therefore described the effect

of histidine as non-gratuitcus, since growth was also stimulated.

Keller, Bansan and Bergdoll .{(1978) have shown that several amino acids,

including 2 mi histidine, can function as energy sources for Staph. aureus,
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The rate of synthesis of alpha-haemolysin and other extra-
cellular proteins remained exponential after growth rate began to decline
{MeNiven, 1972) and this behaviour is in accord with the model proposed
by Coleman, Brown and Stormonth (1975) as noted by Abbas-Ali and Coleman
1977). These workers considered that thig differential behaviour was
due to competition for transériptional precursors and relalted the intra-
cellular concentration of nucleotides to the production rate. These
observations make it clear that‘alphauhaemolysin vas lpreduced: at maximum
rate when the culture wasg slowing down. However, this leads Fo a
certain degree of contradicéion since this was the time at which glycine
and serine became cxhausted (Holme and Arvidson, 1978) and yet Dalen
(1973c¢) claimed that these two amino acldg were stimulatory to alpha-
haemolysinlsynthesis.

Lipolytic enzymes As pointed out in section B.4.7. there appears to

be no clear differentiation of the lipolytic enzymes but at least two
enzymes, a lipase and an esterase, have been distinguilshed. Gemmell b
and Shibl (1976) using '"suitable culture media and incubation conditions"
found that lipase was produced exponentially from =zero time and reached
a maximum level before the culture'entered stationary phase. Esterase,
on the other hand, appeared a little later while the culture was in log
phase and continued to increase as thé culture gradually slowed down.
However, as discussed above (p.44 )y the growth rate of this culture
appeared abnormal, so it might be premature to draw any general
conclusions f;om these observations. Mates (1954a) noted that lipase
production was inhibited by free aliphatic acids,.which is consistent
with the view that specific .degradative cnzyme production would be

inhibited by a specific reaction product.
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Phosphatases. Arvidson (19876) and llelme and Arvidson (1976) have
reéorted on the production of acid phosphatase. Axyvidson (1976)
reported that only loosely bound phogphatase was produced during log
phase ;nd that free phosphatase was first detected when the culture
began to slow down {(4h in the casein hydrolysate-glycerol medium used).
At the same time, bound phosphatase ceased increasing, which was interpréted
as indicating that a number of phosphatase attachment sites {(possibly
teichoic acid) were synthesised during log phase, but that their
formation ceased at the transition point. Phosphatase, synthesised
continuously, would occupy the athachment sites (by electrostatic
attraction) during log phase and thereafter de novo enzyme would be
released direetly into the mediun. However, there appears to he no
evidence that free phosphatase is exclusively compesed of de novo
molecules, Release of free phosphatase was found to be stimulated by
reduced oxygen tension and Holme and Arvidson (1976) noted th;t, énce
stimulated, restoration of high oxygen levels did not rgduce the rate,
even 'though growth rate was stimulated, Since de was noticeably
lower in glycerol medium compared to glucosge mediunm, Holme and Arvidson
(1976) supgested that pﬁosphatase production might be stimulated by the
hiéher turnover rate, -

Little work h®8 been done on the alkaline phosphatase, but Shah
and Blohel (1967) reported that free inorganic phogsphate caused
repression of production of this enzyme, a further exaunple of product
feed-back inhibition,.

Proteagse I Holme and Arvidson (19?6) alsé looked at the production
of Proteasc I (Serinoprotease) and further observations were made by

Bjorklind and Arvidson (1978), The enzyme (in Casein Hydrolysate

medium with glucose or glycercl as carbon source) was firat detected
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during log phase and production was reduced, or delayed, by low oxygen
tension, Supplementing the culture with lactalbumin hydrolysates
indicated that protease I hydrolysate wa;s atimulatory to pfotease I
synthesis although no reason was deduced. This observation is in
contrasj to the product feed-back inhilbition which has pbeen considered
ahove. However, it is worth moting that the original growth medium
also contained a protein hydrolysate and that the controlling factor

for protease production might well be the intracellular amino acid or
total nitrogen level rather than random.peptides.

Staphylokinase, Makino, Fujumura and Hagashi {1976} found no relation-
ship between aeration and staphylokinase yield but they did note that
the nature of the carbon and energy source was important with glycolytic
intermediates beilg stimulatory, whereas acetate and-citric acid ecycle
intermediates were either non~stimulatory or slightly inhibitory. This
suggests that fermentive metabolism might be more favourable than
oxidﬁtive.

Protein A. Studies by Movitz (1876) indicated that protein A resembled
acid phosphatase in being preferentially attached to a cell wall
component, in this case peptidoglycan, with excess being released lnto
the medium. Synthesis of protein A was exponential untll just after
growth enterecd the transition ppriod. Cell bound protein A production
then slowed down in parallel with growth. finally cgasing when the
culture entered stationary phase. Cell-free protein A continued to
increase over a period of about 36 hours, apparently due to autclytic
release from the cell wall,

Enterotoxin B. Morse, Mah and Dobrogosz (1269) and Marse and Baldwin

(1971, 19873) noted repression of enterotoxin B synthesis during growth

in the presence of glucose or pyruvate, but were unable to decide if

a0
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they were observing catabolite recpression. Keller et al. (1978)

found several amino acids, including histidine, increased the yield of

enterotoxin B, although concentrations in excess of 10 mM seemed to be

inhibitory. Yo clear reascon for this observation was deaduced.

Delta-haemolysin. Production of delta-haemolysin has been shown
(Turner, 1978) to require adequate aeration and a.high concentration of
yeast extract diffusate, although the precise levels appeared to be

strain variable,

D.2.2. Effect of Antibiotics on Growth and Extracellular

Protein Production.

A number of workers have looked at the effect of low levels of

antibiotic on the production of extracellular proteins, In these

experiments growth rate was usually inhibited by about 20% and attention
has been centred on the degree te which the production of specific extra-

cellular proteins was reduced.

In one of the earliest studies of this kind, Hinton and Orr (196Q) w
found that protein synthesis inhibitors of different kinds {chloramphenicol, {

tetracycline and oleandomycin) inhibited growth and alpha~haemolysin

production to the same extent. Mates (1974b) found that tetracyclines

at concentrations which did not affect growth, could nevertheless

inhibit production of lipase. Later he reported that lincomycin

exerted a similar effect (Mates, 1975). Gemmell and Shibl (1976) also
found that both lipase and esterase were totally inhibited by lincomycin
at concentrations which only reduced growth by about 20%, They reported

similar resulis for alpha-haemolysin and coagulase, Sub-inhibitory

concentrations of chloramphenicol apparently suppressed production of

these four extracellular proteins to a lesser extent with coagulase,
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lipase and esterase, eventually attaining the same levels as untreated
control and alpha-haemolysin reaching 50%. The results suggest a delay
in initial expression since the rate of production appeared to be the
same in controls and treated cultures once the production was under way,
Unfortunately the growth rate was not reported for these cultures,
although an overall reduction of not more than 20% is 1ﬁplied, but 1t
seems possible thét the delay in production was a consequence of the cells
diverting limited resources away from non-essential synthesis, Sone
0of the results presented in this paper appear contradictory but the
effect of lincomycin arnd polymyxin in tandem was clear cuti. Under
these conditiong, release of esterase and lipase was detected and the
authors suggested that this was due to increased membrane permeability
caused by the polymixin allowing release of intracellular pools of enzynme,
although release was delayed for about 6 hours (prokably about 2 generations
but growth rates not given). Polymﬂxin alone caused apparcnt spontaneous
release of alpha~ and delia-— haemolysin, BDNase, lipase, gsterase and
Sucecinic Cxidase Factor from non~growing cells, Neither the exact
amount of material released nor the time required for this releasze were
given however and therefore the possibility exists that the effect of

the two antibiotics might be the reverse of that proposed above, that is

that lincomycin might be retarding the spontaneous release induced by

. polymixin.

E. PHENETHYL ALCCHOL

E.1. Bacteriostatic Bifect, The bacteriostatic effect of phenethyl

alcohol, first described by Lilley and Brewer (1953) was suggested by
Berrah and Konetzka (1962) to be due to the reversible inhibition of

" DNA synthesis. These authors found that protein and RNA synthesis were
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inhibited to a lesser extent, which could be partially recversed by an
unidentified component of yeast extract.  Later work confirmed these
inhibitory effecls (Rosenkrantz, Carr and Rose, 1964, 1965; Prevoét and
Maoses, 1866), Studies on E, coli by Lark and Lark (196G) indicated that
the effect on DNA synthesis was due to a specific inhibition of the
initiation of new replication forks, without stopping previously
initiated replication cycleé. Further work (Lark and Renger, 1969)
indicated that thé initiation of DNA replication involved three distinct
steps. The first two steps appeared to involve the synthesis of
proteins since they were inhibited by amino acid starvation and by
chloramphenicol treatment whereas the third step did not require amino
acids. Only the first step was inhibited by phenethyl alcohol, which
suggested that phénethyl alcohol interfered selectively with protein
synthesis., Kaneko, Eodama and Nagata (1977) noted that phenelhyl
alcohol substantially reduced the E, coli inner membrane content of a
DNA binding protein and Craine and Rupert (1978) found that a similar
protein formed part of a membrane-DNA complex at the origin of .Xidplication
which might explain the specific effect on injtiation but also implicates
membrane as the site of action, This is considered further in the,

next section.

E.2, Membrane Effects. Silver and Wendt (1967) noticed an increased

permeability in E. coli treated with phenethyl alcohol and King (1974)

noted a similar effect in Streptococcus faecalis, In contrast, Urban

and Wyss (1969) found that phenethyl alcohol treatment of Bacillus
subtilis decrcased the abllity of this organism to take up transforming
DNA. These observations indicated that phenethyl alcohol caused

permeability changes, probably by acting on the cytoplasmic membrane.

i
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Several other observations alsoc implicated the cytoplasmic membrane
as the site of phenethyl alcohol activity; for example, Nair, Pradhan:
‘and Sreenivasan (1975) suggested that changes in membrane structure were
regponsible for phenéthyl alcohol inhibition of E. coli's ability to
repair radiation induced single-strand breoks in DRA and Yura and Wada
(1968) and Wada and Yura (1571, 1974) founé that resistance to phenethyl
aleohol involved specific changes at a membrane-bound locus. This
might reflect a change in the susceptibiliiy of the membrane protein
referred to above (p.ﬁn ). However, membrane phospholipids have been
implicated by Nunn (1973) who noted that synthesis of phospholipids in
FE. coli was inhibited by phénethyl alcohol, phosphatidyl ethanolamine
synthesis being most sensitive followed by phosphatidyl glycerol. He
proposed that unbalanced growth was due to this inhibition, but failed to
reverse the effect by supplying preifiormed phospholipids. It seems
probable therefare that inhibition of phospholipid synthesis was a

congequence of unbalanced growth rather than the cause. Inhibition of

uptake of amino acids in Neurospora crassa was reported by Lester (19GB5)s *

and Jonecs (1979) noted a similar cffect in Myxococcus xanthus. The

latter reported a rapid drop in the intracellular methionine pool
_imﬁediately after addition of phenethyl aleohol, but the reason for this
observation is uncertain since further experiments did not indicate:

any general. increase in membranc permeability due to phenethyl alcohol
at the concentration used (17mM), although 8Bm!! phenethyl alcohol did
severely affect membrane integrity. An increase in membrane fluidity,
as demonstrated 5y HalegoMa and Inouye (1979), might be responsible

(Jores, personal comm.). Halegola and Inou¥e (1979) used phenethyl

alcohol to study the process of translocation and assembly of oufer
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membrane proteins in E, coll and noted a diffcrential effect. Processing
an& assembly of matrix protein was inhibited by 22.5mlf or mbre, whereas
protol G was similarly inhibited at 30mM or above. Promatrix protein

was accumulated, probably in the periplasmiec space, At lower concen-
trations tol G and lipoprotein alsco accumulated in the periplasmic

space and were iﬁserted into the outer membrane after phenethyl alcohol‘
was rcemoved. During active growth, 22.5mM phenethyl aléohol appeared to
completely block promatrix protein production. They found that phenethyl
alcohol drastically increased membrane fluidity and suggested that this

might be involved in the inhibitory process.

E.3. Effects on Staph. aureus. De Repentigny et al.(1968) and

¥

dadieux, CHté and Mathieu (1970) found that addition of 5 mg,cm—‘3
(47.5 mM) of phenethyl alcohol to six strains of Staph, aureus resultéd
in unbalanced g;owth and that the effects were gréatest for tﬁe féstest
growing strain and least for the slowest. The presence of a capsule
did not affeét the inhibitory action. Electron microscopy studies
{(Cadieux et al., 1970) revealed that phenethyl alcohol disturbed the
formation of septa, and studies of the uptake of acridine orange, using
fluorescence microscopy, indicated that the treateﬁ cells had become more

permeable to the dye. Both these observations might be different

'manifestations of the samne membrane directed effect,

De Repentigny et al. (1968) also examined the effect of phenethyl
alcoﬁol on the production of extracellular proteinS. Gel diffusion of
untreated culture filtrates againsta “commereial antitoxin" revealed
six precipitin linés, whereas filtrates from phenethyl alcohol treated
cultures revealed only one precipitin line.  The precise nrature of the

material producing these lines was not determimed, but gel diffusion
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against purified anti-alpha-haemolysin or in rabhit blood agar, as well
as mouse lethality tests, indicated that alpha~haemolysin was not
produced by itreated cultures (De Repentigny et al., 1968), These
results are interesting but limited since the study was confined to
one congentration of phenethyl alcohol (47.5 mi) added -at one time
{(the start of logz phase).

Alténbern (1966, 1968,‘1969, 18712,b) utilised the ability -of
phenethyl alcohol to prevent initiation of DNA replication, to obtain

synchronously growlng populations of Staph. aureus, and suggested that

phenethyl alecohol treatment of Staph. aurcus inhibited an amino acid-

requiring step in the initiation of DNA synthesis, similar to that which

was inhibited in E. coli (Lark and Renger, 1969).°

F, GENETICAL STUDIES

Genetical studies in Staph. aureus are not as well advanced as

in the more classical organisms such as E. coli or B, subtilis. In

this section some investigations which have relevance to this theslils

will be deseribed.

F.1, Mutational Classes

F.1.1. Dwarf Colony Mutants. These were first described by

Hoffgtadt and Youmans (1832). ‘Browning and Adamson (1950) and Wise
{1956) both isolated dwarf (G wvariant) colonies in £he présence of
streptomycin and noted that alpha-haemolysin was not produced by these
mutants, although they obtained conflicting results on the production
of coagulase. The dwarf mutants appeared to be deficient in some
aspect of vitamin metabolism; Haem (Yegian, Gallo and Toll, 1958;

-

Tien and White, 1968), Pantothenate (Sompolinsky, Gluskin and Ziv,

i .':"'.t" &
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1969), Vitamin XK (Sasarman et al., 1971).

F. 1,2, Mutations in Genes Involved with Extracellular Protein
Producticn, A number of workers have examined sirains of Staph. aureus
which are mutant for particular extracellular products. In every case

isolates lackinpg one character only were sélected (Table 2), but in

each a number of pleiotropic mutants were isolated, Pleiotropic

mutants are thosc in which an apparently single mutation results in the
loss of more than one character, These observations are summarised in
Tabie 3. Since primary isolations were made on a variety of media, and
nutagenic treatments varied.(even where the same mutagen was used, the
conditions employed were different), it seemed unlikely that the production
of pleiotropic mutants was the result of a freak production of multiple
single mutations.

As shown in Table 3, twenty-one pleiotropic mutants were found in
eight independent studies. It is difficult to draw any firm conclusioﬁs
from this data at this stage and this matter will be reconsidered later
(p. 186 J); but two points may be made now. Fourteen of the mutants
were defective in alpha-haemolysin production. All but four of these
(65, 8b, 8f, 8g) were also defective in staphylokinase productiomn. of
the ten which were defeciive in staphylokinase production, only one (6d)
wazs not defective in alpha-haemolysin production. This may indicate a
close relationship between these two products similar to that suggested
by McClatchy and Rosenblun (1966a,b) (p.63 ).

Two studies (4 and 5) were concerned with increased production and
the results indicated that all extracellular proteins tested were found
in increased amounts in these mutantg, possibly due to an improved

ability to export the products through the membrane. Altenbern {1975a,b)
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isolated mutants, thought to be defective in membrane function following

MNNG treatment,-and found that somec possessed enhanced ability to produce
enterotoxin B or alpha-haemolysin, Of twelve isolates examined, two
showed an increase in alpha-haemolysin produciion but showed wild type
levels of enterotoﬁin 2 and three showed increased levels of emterotoxin
B but showed wild type or decreased levels-of alpha-haemolysin, which

indicated that more than one gene was involved,

F.2, Involvement of Plasmids in Extracellular Protein Production

Plasmids are extrachromosomal elements of genetie material which
can replicate autonomously in the bacterial cytoplasm (Lederberg, 19532},

and current theory uses the term to encompass all entities which can

fulfil this definition, including lysogenic hacteriophage (lMeynell, %

Meynell and Datta, 1968), However, for convenience, lysogenic bacterio- &

phage will be considered separately here,

F. 2.1, Extracellular Proteins Assaciated with Plasmids

Plasmids in Staph. aureus have been the subjecct of frequent reviews

(eg. Richmond, 1968, 1972) but these rceviews are largely restricted 1o

plasmid borne redistance to antimetabolites, particularly penécillin, ﬁ

Pepicillinase ig an extracellular protein which is known to be specified
by a plasmid. Chemical agents which eliminated this plasmid from Staph.

aureus included acriflavine (Mitsuhashi et 2l1., 1963); acridine orange

(Harmon and Baldwin, 1964; Cannon and Dunican, 1970), sodium dodecyl i

sulphate (Sontein and Baldwin, 1972a,b), ethidium bromide (Bouanchaud,

Scavizzi and Chabbert; 1968) . Growth at elevated temperatures was also

effective although results varied markedly between different plasmids

and different host strains (Asheshov, 1966).
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Dunican (1967) and Cannon and Dunican (1970) extracted DNA Ffrom

Staph. aureus and subjected it to column chromatography on Poly-L-~

Lysine-~Kieselguhr, Only two strains were examined, one obtained by
acridine orange (256 uchm-})treatment and one by growth at 4200. Precise
details of the selection procedures were not given. Three peaks were
observed in material from the parenf gtrain and they ccnsidered this to'
mecan that two plasmids were carried by this strain, the third peak
presumably being chromgsomal DNA. In the strain derived by growth at
4200, only two peaks were found and in the strain derived by growth in
acridine orange, only the chrom@somal peak was found. A correclation
betwecn the loss of satellite peaks and the loss of various characters
appeared to exist, which suggestea that alpha and delta-hacmeclysin were
specified by the acridine-sensitive temperature-insensitive plasmid, whereas
beta haemolysin couagulase, nuclease, lipasc and staphylokinase were
speclfied by the plasmid which was sensitive to both treatmeﬂts. | However,
the lack of experimental detail means that these results should be

treated with caution. A request for further details and strains met

with no response,

Witte (1976) treated eleven strains of Staph. aureus with SDS and

deﬁonstrated apparent elimination of alphanhaemoiysin formation from
five strains, with frequencies varying between 26% and 100%. Coagulase
and DNase were stilliproduced suggesting that if a plasmid was being
eliminated, these two characters were not on the same plasmid as the
alpha-haemolysin gene(s). The variants had the sane growth rate as
the wild type. ‘

Rogolsky et al.(1974) examined the nature of the genetic determinant
controlling exfoliative toxin production and found that percentage

elimination was strain variable and also varied for different treatments.
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Evidence that o bacteriocin, produced by some phage group II strains,
could be co-ordinately lost with the exfeliatim, has been presented by
Warren et al. (1974}, This co-ordinate loss oeccurred at a frequency of
02% when either ethidium bromide or growth at 4400 was used, Coagﬁlase
penicillinase and beta~haemolysin were not lost in these experiments.
Parisi et al, (1967) used elevated temperature alone or with sodiun
dodecyl sulphate in an attempt to eliminate coagulase production. ot
twenty~six strainé treated in this way, twenty-five showed no evidence
of loss, but in one strain between 60 and 94% elimination was obtained
by the combined trealment.

Dornbusch, Hallander and Lofquist (1969) considered that methicillin
resistance and enterotoxin B production were both carried by a plasmid
in strain DU 4016 'but this was not confirmed by Lacey (1974). However,
Shalita, Hertman and Sarid (1977) confirmed that enterotoxin B was coded
for by a gene carried on a plasmid, of 0.75 Hega-daltons (ld), alfhough

linkage to the methileillin resistance geme was not found.

F.2.2, Extracelliular Proteins Asscciated with Lysogeny

Lysogenic bacteriophage may, on occasion, specify the production
of a "toxic"” extracellular protein. Freeman (1951) found that non-

toxinogenic gtrains of Corynebacterium diphtheriae became toxinogenic

when lysogenised by phage B and conversion has also been observed in

other genera; Clostridium perfringens (Paquette and Fredette, 1967)

Cl.. botulinum (Inoue and Iida, 1970), Streptococcus pyogenes (Zabriskie,

1964)., ' A number of workers have reported on possible lysogenic

conversions in Staph. aureus involving extracellular proteins, but most

of thege vbservalions were ungupported. Thus, Hendricks and Altenbern

{1968) could not confirm the observations of Blair and Carr (1961) that




alpha—haemoljsin was agsoclated with lysogeny, while Clecner and Sonea
(1966) indicateq that the delta-haemolysin gene was carried by a
lysogenic phage, but a later repori (Dobardzic and Sonea, 1971}

suggested that this was not the case,although different phage conversions
miéht have been involved. Casman (1965) found that the enterctoxin B
gene was carried by 'a lysogenic phage; Van der Vijver, Van Es-Boon and
Michel (1972) showed that leucocidin was carried by a lysogenic phage

and Rosendal, Bulow and Jessen (1964) and Rosendal and Bulow {(19685)
reported that the capacity to produce lipase was lost following lyso-
genisation,

The only example of lysogenic conversion which was substantiated
wag the co-ordinate conversion of beta-haeﬁolysin pésitive-staphylokinase
negative strains to the reversec phenotype following iysogenisation with
serogroup F phage (De Waart et al., 1963; Winkler, De Waart and Grotsen,
1965; Dobardzic et al., 1970; Dobardzic and Sonea, 1971; Van der Vijver,
et al., 1992), At least fifteen group I phage were shown t0o cause
the phage might specify some kind of repressor which led {¢ the pheno-
typic loss of beta-haemolysin. Alpha-haemolysin might behave like
staphylokinage in this conversion (Dobardzic and Sonca, 1971).
Staphylococei are fregquently found to be lysogenic or even polylysogenic
and so lysogenic conversions might be very freguent in this genus
{Rountree, 1949; Smith, 1948; Blair and Carr, 1961).

Egan (1972) postulated that a plasmid locus -might be a sinec gua non

for genes specifying extrachromosomal proteins. His evidence was not
strong, however, and he suggested that useful information might be
gained from a comparison of the amount and location of penicillinase

produced by genes which are chromesomally or plasmid located. Asheshov,
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Woods and Dyke (1970) had examined these features, but their paper
probably appeared after Egan had completed his review. They found
that the only difference between chromosomal and plasmid genes was that
the plasmid gene produced abbut twice as much penicillinase as the
chromesomal gene, While this could reflect a more efficient excretion,

they took the view that the difference was due to "gene dosage', ie.

that there were two copies of the plasmid for every copy of the chromosome, g

The evidence for plasmid inveolvement in exitracellular protein

synthesis in Staphe.aureus is therefore inconclusive. There does,

however, seem to be grounds for considering that the genetic locus of

"‘_g;',r‘ P

many of the genes might be strain variable,

F.3, Genetic Mapping in Staph. aureus.

F.3.1. Transduction. Many workers have used transduction to map

small regions of the Staph. aureus genome, particularly in studies

invelving amino acld biosynthesis, but only one group (MeClatchy and
Rosenblum, 1966bh) have applied this technigue to mapping of extra-
céllular products. They found- that alpha-haemolysin mutants fell into
two groups : those which had lost only alpha—haemplysin and those which
had also lost staphylokinase (McClatchy and Rosenblum, 1966a). Trans-
.ductional analysis led them to suggest that these two groups represented
two genes which were capable of being transduced independently. Their
results, howcver, were very erratic, since control values frequently
approached the transductionral values which made it difficult to accept

that transduction was really being abhserved.

F.3.2. Transformation. Until recently, transformation had nat bheen

observed in Staph. aureus and indeed, Spizizen, Reilly and Evans (1966)
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had suggested that transformation did not occur in staphylococci.

Riggs and Rosenblum (1969) were able to demonstrate transfection

(transformation by phage DNA) after partial digestion of the cell wall -?
by lysostaphin and Markov et al,(1873) found that pretrentment with.
trypsin could increase transformation frequcﬁcies by & factor of 103

when selecting for streptomycin resistance. Nomura et al. (1971) werve

the only group to report on transformation of extracellular proteins.

They noted transférmation of delta-haemolysin alone or co-ordinately with
beta-haemolysin at a frequency of about 1:500 im the presence of penicillin,
streptomycin and EDTA using 15 Lz, cmo DNA on about 10T o.f.um..cm° of
recipient bacteria, Maximal competence was 6btained between 30 and 45

min into the growth cycle,

“

The basic problems of transformation were overcome recently by
8j6strom and co-workers (Sjdstrdm, Lindberg and Philipson, 1972, 1973;
Lindbgrg, 8jdstrdm and Johansson, 1972; Lindberg and Novick, 1973; Rudin
et al., 1974; S$jdstrdm and Philipsbn, 1974), They found that trans-
fection and transformation could both be attained under similar conditions.eﬂ
Transformation efficienc& was guite low {(Lindberg et al., 1972) with
chromosomal markers heing inherited at about 1:3.106 - 1:5.105 and plaswmid
mafkers at about 1:107. Transgfection occurred at about 5.105 p.f.u..ﬂg'l

DNA which was only about 10% of-the frequency ohserved for B. subtilis

(Sjostrom et al., 1973). A requirement for lysogeny by phage §11

{(8j0strdm et al., 1973; Rudin et al., 1974) or phage 83A (Sjdostrvm and

Philipson, 1974) for competence has been extended (Thompson and Pattee,

1977) to a number of other serogroup B phage. Thege phage conferred
conpetence by functioning.as helper phage" without directly partici-
pating in the genetic process, although there night be a specifice

requirenent for an early gene {(allele 31), at least for @11 (Sjdstrim
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and Philipson, 1970). The low yield of transformants appeared to be
due to the activity of the nuclease (Lindberg et al., 1972; Sjbstrim
et al., 1973). In view of the extreme conditions and low yields which

this work has shown to be required for transformation in Staph. aureus,

it seems strange that Nomura et al. (1971) should have obtained such
high frequencies under conditions of Ca++ shortage (EDTA present) and

sub-optimal temperéture (3700).

¥.3.3. Other Mapping Methods Pulse mutégenesis of synchronoﬁsly

replicating populations and marker frequency amalysis have been applied

to Staplh. aureus by Altenbern (1866, 1968, 1971a,b). Although about

twenty-nine markers were mapped by this worker, it has proved difficult
or impossible to repeat or extsnd these observations (Graves pers. conm,)

Extracellular protein genes were not located.

R I
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MATERIAL AND METHODS

A, SELECTION AND MAINTENANCE OF ORGANISHM

A1, Choice of Organism. Wood 46 was chosem as the strain to be

studied and six isolates were obtained, three from.departmentai stoek,
two variants frbm'an ampoule of NCTC 712I,and NCTC 10344, They were
tested for hacmolytic and other abilities as described below (83 -~ 84
On the basis of the results of these tests (p.8&8 ) NCTC 10344 was

selected and all experiments were carried out using this strain,

A.2. Maintenance of Cultures. Stock cdultures were grown on blood =Rgaie

‘bake slqpes {Oxoid Litd., London) an stored at 400. - Subcultures were
Qade at approximately monthly intervals on 10% SDEEprlOOd agar plates
{Oxoid Ltd.) and after overnight incubation at 3700 colonies showing good
haemolysis were inoculated onto 10 fresh slopes, incubated for'18h-at 3700,

and retained as stock cultures,.

B. ANALYSIS OF GROWTH AND EXTRACELLULAR PRODUCTA.

B.1. Media. Various liguid media were employed, as described below, but

?
nost experiments were carried out in the modified.Bernheimer~Schwartz

(BS) medium described by BMcNiven (1972).

B.1.1, BS Medium. | This medium incorporates sz yeast extract dialysate
diffusate which is prepared separately. To minimige the risk of contamin-
ation during the 72h dialysis, the containers were.rinsed with 70% ethanol
prior to use. 200g yeast extract (Difco) was dissolved in 500 cm3
distilled water and poured into a 75 cnm length of 5.5 cm diameter Visking
dtalysis tubing (Scientific Instrument Centre, London). The dialysis

3
sac was immersed in 1600 cm3 of distilled water in a 5 dm beaker and

allowved to dialyse at 4°c with stirring for 72h. The contents of the
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dialysis sac were discarded and the diffusate from two dialyses were

combined to yiecld approximately 2 dm3. The complete medium was then

prepared as follows:

Yeast Extract Dialysate Diffusate Approx. 2 dm3

Casamino Acids (Difco, technical) 64 g

Glucose (Analar - BDH, Pbolc, Dorset) 8 g

Thiamine (Aneurine Hydrochloride~B.D.H) 0.4g

Nicotinic Acid (B,D.H.) 3.7 ng
3

Distilled Water to 3.2 dm
Adjusted to pH 7.1 with NaOH(Volucon~ May and Baker), dispensed in
required volumes, autoclaved at 12100 (1 kgf.cﬁz) for 15 min and stored

at 400.

B.1.2. Modified BS Media. In order to investigate the role of each

component in the production of extracellular proteins, BS medium was
prepared with variations in the coancentration of the ingredienfs as
follows: Yeast Extract at half strength; Casamino Acids at half
strenzth; Glucose at quartier strength, half strength or double stirength;
Glucose ahsent or replaced by Acetate or Succinate at the same

molérity (14 mM); Whole medium diluted 50%, 60%, 70%, 80%, or 90%.

B;l.S.' Minimal Medium. A minimal medium with the following

composition was derived:

Glucose 4.0 g
K HPO ' 1.75¢
Sodium Citrate 2H20 125 mg
Mg804.7H2Q 25 mg
. (NH ), SO, 500 mg

L-Cysteine 500 mg




L-Histidine 500 mg
L-Aspartic Acid 500 ng
Glycine 500 mg
Nicotinanide 10 ug
- Thiamine (Aneurine Hydrochloride) 10 pg
Distilled wWater to . : 1 dm3

The effect of supplementing this medium by the addition of 500 mg.dm-3
of other L-amino acids was investigated. The medium was filter-

sterilised and dispensed into sterile £flasks.

B.1.4. Proprietory Media. ) Nutrient Broth (Oxoid Ltd.), Lab Lemco

(0xoid Ltd.), Heart Infusion Broth (Difco Lab. Ltd.) and Trypticase
Soya Broth (Difco Lab. Lid.) were prepared as described by the

-2
manufacturers and sterilised by autoclaving at 12100 (1 kgf.cm )} for

15 min.

B.2. Preparation of Initial Inocula. An .lsolated colony showing good

haemolysis was inoculated into 100 cm3 of BS medium and incubated at 3700
on an orbital incubator (Gallenkamp, London) at 115 revolutions. min

for 16 h. The organisms were sedimented at 400 in an MSE High Speed

18 centrifuge (Measuring and Scientific Equipment Ltd., (MSE), Crawley,
Sussex) at 15,000g for 10 min, washed twice in cold (400) phosphate
buffered saline (PBS) (Dulbecco 'A' - Oxoid Litd.) and resuspended in
their original volume of fresh medium, appropriate to the next stage, at

37%.

3

B.3 Analysis of Growth. Initial inocula wore added te 100 oM -nédium,

uaugxlrto;a“tinal density of:loarcet.u».cm"'?’, dn 250.045_. oy

w

ps:
s
A
s“'
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flanged Erleumeyer flasks and incubatcd at 3700 on an orbital incubator.
Aliquots (3 cms) ware removed at interva}s into sterile pre-~cooled test
tubes (100 x 12,5 mm) and stored on crushed ice.

Sanples (0.1 cm3) were transferred to ¢.9 cm3 of . medium, before
the extinctions were read at G600 nm. Serial ten-fold dilutions were
prepared in PBS end 0.1 cm3 aliquots were spread over the surface of
blovod agar in three petri dishes and incupated at 3700 for 18h. After
incubation, coloﬁies were counted and the viable count expressed as

d..z._&t.'.él‘l'_'.} :of the original sample.

cro Tl samp

B.4, Deoxyribonucleic Acid Assay. After the ECOOnm wasg - recorded, the

samples were centrifuged in an MSE bench centrifuge at 2,000g for 20 min,
and intracellular bNA was assayed by a modification of the diphenylamine
reaction of Burton (1956), as follows:

Eeagents: 1.Perchloric Acid (HClO4) :

1 M solution in distilled water,
2, Diphenylamine Reagent

Diphenylamine (Eﬁanuel Ltd,) was dissolved in glaclial acetic acid
(Analar), containing 0.17M HZSO4 (cone.), to a final concentration of
0.08 M. This reagent was prepared within 24h of use and stored in the
dark at 4°C. Immediately before use, 0.5 cms of 0,3bM aqueocus acetalde-
hyde was added to each 100 cm3 of reagent.
Method: 1. 3.0 cm3 I-IClO4 was added to the pellet from each 3 cm3
aliquot to a final concentration of 0.25 M. The pellet was resuspended
and then incubated at 4°C for 30 min. At the end of the incubation
the sample was centrifuged as before and the supernatant discarded. The
pellet was washed twice with 0.25 1 HClO4.
2, The deposit was stirred wifh 0.6 cm3 of 0.5 M HClO4 and then a
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further 3.5 cm3 of 0.5 M HClO4 was added. The suspension was incubated
at 70°C for 15 min with shakiné. At the end of the incubation, the
material was again centrifuged and the supernate .decanted.

3. Step 2 was repeated and the supernates pooled.

4, 2 cm3 of supernate were mixed with 2 cm3 of dipﬁenylamine reagent
and incubated at 30°C for 18h during whieh time a blue colour developed.
5. After incubation, the ﬁxtinction was read at 600 nm in an SP60O
(Pye Unicam Ltd.). The spectrophotometer was zeroed against diphenyl-
anine reagent incubated with distilled water.

N.B. Where it was suspected that the DNA concentration would be in
excess of 16.7 ug.cmna; the DNA extract was dilﬁted'with 0,5 perchloric
acid before the 2 cm3 sample was removed for step 4, Dilﬁtion at this
stage was employed because it proved impossible to dilute the material

after the reaction had been completed.

dlrinogh Co For each run, a standard curve was constructed by
dissolving DNA (ex herr%ng sperm, Koch-~Light) in 2.0 cm3 of 0.5 M
perchloric acid at concentrations of 1,7, 3.4, 6.8, 8.3, 13.3 and 16.7
UEg cmha. This was incubated at 7000 for 15 min and then treated as for

the test samples at step 4.

B.5. Analysis of Extracsllular Preveing

Products were assayed by tube or plate methods.

B.S.1. Tube Titratiomns. The supernates ohtained above were used to

prepare serial doubling dilutions in PBSA (PBS csataiaing 0.1% Bovine
Serum Albumin), After dilutlon, the appropriate reagent was added,
the titration incubated and the end~point determined, as described

individually below. Each sample was titrated in triplicate and controls

.
1
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without supernate were included,

For larpge experiments, titrations were carried out using 0.2 cm3
volumes in bio-assay dishes (Nune, Algade, benmark), and dilutions were
prepared using automatic pipette syringes (Baird & Tatlock, Chadwell
Heath, Essex), Tor small experiments and for more cfitical estimations.
titrations were ;arried out using 0.5 cm8 volumes in 100 x 12,5 mm test

tubes. All solutions used contained 0.25 uM Thiomersalate (Analar -

B.D.H.).

B.,5.1.a. Haemolygin, Rabbit blood was obtained by bleeding from the
marginal ear vein into 180 nM sodiun citrate (Analar) as anticoagulant.
Sheep blood in Alsever's solution ;nd defibrinated horse blood were
oétained from Oxoid Ltd. Citrated human blood, group 'O'ywas obtained
from the Haematology Department, Western Infirmary, Glasgow. Erythro-
cytes were washed three times in PBS and standard suspensions‘weré
prepared by adding 1 cm3 of packed cells to 99 cm3 of PRBSA.

Equal volumes of 19 erythrocyte suSpensions were added to the two-
fold diilution of the supernate, m%xed and incubated at 3700 for 1 h.
The end-point was determined, visually, as the last dilution which
sho#ed an approximate 50% haemolysis, More accufate endpoints were
determined by retitrating the highest dilution to show 100% haemolysis
.using & series ranginé from 0.1 of diluent : 0.9 of the highest dilution
to 0.8 of diluent : 0.1 of the highest dilutlens After incubation, the
mixtures were centrifuged, the extinction of the released haemoglobin read
at 540 nm and the dilution causing 50% release, determined by conparison
with a standard curve prepared by osmotic lysis of the same blood.

The results werae expressed as haemolytilc units per cm3 (H.U.cmus).

One H.U. c::m“3 was defined as the reciprocal of the titre showing 50%
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' haemolygis.

B,5.1.b. Phosphatase. For routine assays, the following method, based
on that used by Smith, Blasi and Dayton (1973),was uscd, Equal volumes
of 19 (w/v) phenolphthalein phosphate (0Oxoid Ltd,) in PBSA were added to
the two-fold dilutions of the supernates, mixed and incubated at 3700
for 1h, The end point was determined by adding an equal volume of 1M
ammonium'hydroxide'(Analar)‘and recording the last dilution to show an
obvious pink colouration. More precise results were obtained by enzyme

assay at pH 6.1 using the method - degeribed below (p.?ﬁ).

3{5.1.0. Coagulase. Egual volumes of 20% human plasma in PBSA Were'
- added to the two-fold dilutions of the supernate, mixed and incubated at
37°¢ for 5h. The end point was taken as the last dilution, showing

an obvious clot, . »

B51.4,  gelatinase. Equal volumes of 5% gelatin (Ozoid Ltd.) in PBSA at 3p%
were added to the two~fold dilutions of the supernate, mixed and incubated
at 37°C for 5h, The end point was taken as the last dilution, showing

sloppiness after storage for 2h at 4%,

E;:.l.e. Staphylokinase. Equal volumes of 20% human plasma in PBSA .

clotted by purified comgulase were added to the two-fold dilutions of the
} o :
supernate, mixed and incubated at 37 C for 5h, The end-point was taken

as the last dilution showing dissolution of the clot.

B.5.2. Plate Assay. Some extracellular products were estimated by
putting appropriate dilutions of the supernate into 0.5mm wells cut in
agar plates, The plates were prepared by pipetting 20 cm3 of the media
listed below into 9 c¢m petri dishes. 9ix wells were cut in each plate

which was used 18-24 h after pouring. The dlameter of the mone of
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reaction around the wells after 18h at 37OC was used as a measure of

activity. Each sample was estimated six times (two determinations aon

each of three plates).

B.5.2.&. Staphylokinage, Staphylokinase activity was determined on

staphylokinase agar(b-si )containing 0.25 uM Thiomersalate. Clcaring
of the precipitated plasma around the well was used as a measure of

activity.

B.5.2.b. Nuclease. Nuclease mectivity was determined on DNase agar

(Oxoid Ltd.) contining 0.25 puM Thiomersalate. After inecubation, the l
plates were flooded with 5M hydrochloric acid to precipitate the DNA and

clear zones were produced where nuclease had degraded the DNA.

B.%.2.c. Caseinage. Cageinase activity was determined on skimmed milk

agar (p.83) containing 0.25 pM Thiomersalate. Clearing of the milky

area around the well was used as a umeéasure of activity. ' %

c. EFFECT OF ANTIMETABOLITES ON GROWTH AND EXTRA-CELLULAR PROTEIN

PRODUCTION.

. " Various potential antimetabolites, listed on Table 4, were added to
cultures growing in liguid media and the effect on growth parameters and
extracellular protein production assessed, The reagents were prepared
in distilled water at 100 times the concentrations listed'in the table

and steriliged by membrane filtration. The volume added to each flask

%
T
oo
L
L&

was calculated such that the final concentration was equal to that shown

in the table and control flasks received am equal volume of sterile
distilled water, Controls, containing known positives pre-treated with
reagent and reagent blanks, were included in all assays for extracellular

products to ensure that any effects were due to changes in production

rather than to post-produciion modification.
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TABLE 4

Potential Antimetabolites Used in PThis Study.

Antimetabolite Source Final concentration
Phenethyl Alcohol Emanuel , Wembley,

Middlesex 7.5 -~ 45 m
Phenethylamnine " 15 mM
Secondary-PEA t 15 mM R
Phenoxyethyl Alcohol " 15 mM
Phenpropyl Alcchol " 15 mM
Phenethyl Chloride n 15 mM
Phenethyl Bromide . " 15 mM _
DL~-Ortho-Flurophenylalanine Sigma, London 160 pM*
DIL-meta~Flurophenylalanine it " 160 uM*
ﬁL—p#ra—Flurophenylalanine " 160 uM*
Actinomycin D " 0.8 pM - 8 pM > 7
Mitomycin C " 3 pM
Chloxyramphenicol Parke-Davis, 30 pM -~ 80 uM
Phenyl Acetic Acid Koch;Light, Colnbrook 15 mil

Bucks
Acriflavine. 80 uM
Sodium Dodecyl Sulfate B.D.H. T0 UM = 140 uM
Sodium Nitrite " 16 - 30 mM
Potassium Ferricyanide " B ~ 30 mM
Sodium Thiosulphate " 10 = 30 mM
Sodium Azide b 1 - 25 mM
Potessiun Cyanide 1 1~ 5 mM
2,4 - Dinitroplenol " 1 - 10 mM

* Equivalent to 80 puM of L forms
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D. EFFECT OF PHENETHYL ALCOHOL AND DINTROPHENOL ON UPTAKE OF

RADIOLABELLED AMINO ACIDS,

D.I. Preparation of Coll Suspensions, Cells from overnight culture in

3 .
100 ecm of BS or HIB medium were washed, resuspended in PBS (pH 7.0) and

incubated at 3700 in a water bath, to induce starved conditions.

.

D,2. Uptake fonditions.

D.2.1, Amino Acids. The amino acids chosen for stﬁdy were obtained
from the Radiochemical Centre (Amersham, Bucks). All were labelled

uniformly with Carbon-14 at the stated activities : Glycine {40 uCi.mMml),
L-Alanine (171 uCi.m}—I), IL~Glutamic Acid (2805 uCi.mMul}, L-Lysine

-] . “n
{342 pCi.nM ), L-Higtidine (59 nCi.mi 1).

D.2.2. Assay. Cell suspensiong (20 cms) were presented at zero time
Iwith the amino acid at a final activity of 1 uCi.cm_3, incubated at 3700
and sampled (1 cms) over a 20 min period, Sanples were rapidly filtered
through 0,45 pum Millipore filters which had been prescaked in fhe
appropriate unlahelled amino acid (100 mM) to prevent non-specific
binding. Cells on the filter were washed with 10 cm3 cf the unlabelled
amino acid solution to remove exogenous label, and filters were then
removed and radioactivity (counts per minute - ¢.p.m. )} determined in a
Hewlet-Packard Tri-Carb Scintillation Counter using 3 cm3 Pico Fluor

{Packard) as scintillant.

D.3. Fffect of Inhibitors. Suspensions were treated as abhove, except

that phenethyl alcohol (15 mM) or 2,4 Dinitrophenol (1 mM) was added at

6 minutes,
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E. JOCALISATION OF PHOSPHATASE ACTIVITY
Cells from overnight HIB medium were analysed, as detailed in Figure

2, by the following methods. Alpha-haemolysin activity was also assessed.

E.1. Phosphatase Activity over pH range 5-9, Enzyme activity of each

sample was determined by a standard assay procedure which varied only

in the buffering used fto obtain the different pH values.

E.1.1. Buffering,In initial experiments, buffering in the pH range 5-6
vas obtained using 20mM acetate buffer and in £apge 6-9 using 20mM TRIS
buffer. In later experiments, buffering across the whole range was
obtained using 20mM Veronal Acetate buffer.. No difference was detected

between the two buffering systems but the latter was more convenient.

E.1l.2, Substrate 4-Nitrophenylphosphate (Sigma) was prepared at ZmM

in distilled water.

E.1.3. Assay  Reaction tubes containing 1,0 cm3 buffer and 0,3 cm3
substrate were prepared and equilibrated for 10 min in a water bath at
3700. At zero time 0.2 cms-of sanple were added, miged and incubated for
30 min. A control blank composed of 1.3 cm3 buffered substrate, plus

0.2 cm3 fresh medium in place of sample was included in all assays. The
reaction was stopped by the addition of 1.5 cm3 of 1thaaco3, which also
gerved to intensify the colour of the released 4-Nitrophenol anion.

Colour intensity was read af 405 n.m., against the blank, in an SPGO0

spectrophotometer (Pye Unicam).

E.2. Preparation and.Lysis of,Protoplasts. Protoplasting was carried

=
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Pigure 2

Flow diagram to show fracbionation stages for

localization of vhosphatase activity.

Iractionation Step Fraction

Cells from 1000m30u1ture.
11,000g x 10 min t———=——3 Supernatant

A 4
pellet————> Whola cells

11,000g x 10 min p—=>» first wash

L' 4
pellete———> Whole calls

11,000g x 10 min pe———d second wash
2
pellet see—wIWhole cells

Protoplasting

{Lysostaphin)

Protoplast

—> Whole cell material
Suspension

15,000g x 15 min > Supernatant

{Wall debris and

J periplasm contents)

PTOtOP%EEE——§Uhole protoplasts
pellet .

15,0C0g x 15 min Protoplast wash

Profoplast
pellat » Whole protoplasts

Lysis of protoplasts by:

(a) Triton-*w}Lysed protoplasts

X-100
e (b) Osmotic N "
Shack
15,000g x 45 min . Supernatant

(Soluble fraction)

pellet————3 Tnsoluble fraction

(mainly wembrane)

Examination

pH Range

Electron

of Activity

Miecroscopy

Diffusion from cells

pH Range

Electron
pH Range

Electron

pH Range

of Activity

Microscopy
of Aectivity

Microscopy

of Activity

"

All centrifugations were carried out on an MSE High Spesd 18,

TSN
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out by a method based on that described by McNiven and Arbuthnott
(1972). Cells from 100 cm3 of liquid medium were washed three times

in distilled water and resuspended in 10.cm3 of 50mil TRIS buffer

(pH 7.5) containing 134 ml NaCl, 0,.5M Sucrose and 200 units of
Lysostaphin (Sigma) and incubated at 3700 for 60 min. After incubation
the protoplasts were removed from the mixture by centrifugation at
15,000z for 156 min{ When intact protoplastis were to be assayed for
phosphatase activity, the pellet was resuspended into distilled water
containing 0.5M Sucrose. Lysed protoplast preparations were made by
resuspending in the absence of sucrose and subjecting the suspension

to two 30 sec. bursts of ultra-sound (MSE, Crawley, Sussex). Alternately,
the protoplast pellet was resuspended in distilled water and membranes
were solubilised by the addition of 0.1 cm3 of Triton X-100 to 100 cm3
of suspensioﬁ. Progress of protoplasting and lysis was follawed by
rhase-contrast microscopy using a Ilicrosystem 70 microscope (WWatson,

Barnet, Herts).

E.3. Electron Microscopy. Localisation of acid phosphatase activity

within the cell was carried out by the following method, based on thet
described by Cheng et al. (1970). Cells from 100 0m3 overnight culture
in HIB were harvested by centrifugation and either péoccssed directly or
washed once or twice with 20 m!M veronal acetate buﬁfer (V.A.B.) before
processing as follows. The cells were resuspended in 50 cm3 of a
primary rcaction mixture of the following compesition : Sodium B glycero-
phosphate, 25 aM; Sodium Barbitol, 20 ml; Ca(NOa)z, 20 mM; Mg Clz, 10 mM;
in 10 mM Citrate buffer, pH 6.1; and incubated at 23°C for 30 min. After

incubation, the cells were removed from the mixture by centrifugation at

4°C, resuspended in 20 c:m3 of 65 mM Pb(NOj\).2 and incubated at 2300 for




o
10 min, The purpose of these steps is for phosphatase to generate
free phosphate from the glyceréphosphﬁte. This thcen reacts with the

Pb{NO to form sz(Pph)jwhich is insoluble, so that it precipitates

3)2
out at the site of the phosphatase. Being electron dense, the lead

will be detectable by electron microscopy as black areas. After
incubation, the cells were removed by centrifugation at 4°C, washed

once in VAB and fixed in gluteraldehyde, 15 mM, in VAB for 2h. After
fixing, the cells were removed hy centrifugation at 400 and resuspended

in 1 cm3 2% agar in VAB at 46%¢, The agar was allowed to set and then
cores were made and washed 5 times with VAB for 10 nin. Cores were
resuspended in 30 M osmium-tetroxide containing 7 mi MgClz and then
again washed 5 times with VAB. Cores were dehydrated by 30 min

pasgages through increasing acetone concentration. Dried cores were
soaked for 25 in 1:1 solution of SPURR:Ethanol then in SPURR and finally
embedded in SPURR by incubation at GODC for 16h. Cores were sectioned,
stained with uranyl acetate and lead acetate and examined by Transmissi&n

¥Electron Microscopy.

E. 4, Diffusion of PHosphatase Activity from Intact Cells. Cells from

100 cm3 of an 18h culture were resuspended into thc same volume of fresh
medium at 4°C and maintained at this temperature for T7h. Aliquots
(1 cms) wore removed at intervals and assayed for extracellular

phosphatase activity and cell number,

F. PRODUCTION, ISOLATION AND CHARACTERISATION OF VARIANTS MUTANT

IN EXTRACELLULAR PROTEIN PRODUCTIGN.

F.1. Mutation by U.V, Irrddiation,

s
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F.1.1. Preparation of Staph. aureus Suspensions, Heavily inoculated

slope cultures were imncubated at 37°¢ for 18 and 48h, After incubation,

the growth was resuspended in 5.0 cm3 of saline (0.85% physiological

saline) by agitating on a Whirlimixer (Fisons, Loughborough,. Leic.) for

two min, The suspensions were standardized to a viable count of

approximately 1.10° c.fou. em”?

by adjustiment to an EGOO of 0.4
previously calibrated against known suspensions. Cells from broth
cultures were used in some experiments. These were prepared as

described above (p.68), and were incubated in BS medium for 18h at 3700
on an orbital incubator, Cells were harvested and washed in physiologi-~

cal saline, and standardised as abeve,

2

F, 1.2, Mutagenic Brocedugg. Aliquots (2 or S Cma) of Staph. aureus

suspensions ﬁere exposed, with periodlec agitation, in open glass petri-
dishes, to a 2537AU, model II, 30 cm, 7W, UV lamp (Hanovia, Slough,
Bucks) at a distance.of 60 cm., At intervals, samples were removed and '
the viable count was calculated. Suspensions were stores at 400 in the

dark, to prevent photo-reactivation, until the viablc counts were known,

F.2. Mutation by Chemical Agents.

F.2.1. General Procedure, Cells were grown up in BS medium, harvested

and washed as described above (¥.1.,1) and finally resuspended and
treated with mutagen, as described individually below, All mutagens
were sterilised by membrane filtration just before use, After
treatment with mutagen, the cells were centrifuged at 2000g and washed
twice in PBS. The organisms were resuspended to their original

concentration in PBS and viable counts were determined. The suspensions
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o
were stored at 4 C in the dark,so that their post-treatment conditions
natched those of the UV treated cells, until the viable counts were

known,

F.2.2. N~Methyl-N'~Nitro-N-Nitros# Guanidine (MNNG). Cells were

3 -3 )
resuspended in 5 em physiological saline containing 20 ug cn of MNNG

(Sigma) at pH 5.5 and incubated at 37°C for 10 win,

F.2.3, 5 Bromo Uracil (BU) or 2,6 Aminopurine (AP). Cells were

resuspended in & cma Lab Lemco Broth containing 100 ug.cm—3 of either

BU or AP (both Sigma) and incubated at 37°¢ for 30 min.

F.2.4. Nitrous Acid (NA). Cells were resuspended in 5 cms of M

Sodium Nitrite and the pH reduced to 4.5 by the addition of 5M Hydxo-
chloric acid. The mixture was incubated at 37°C and the reaction was

stopped after 10 min by restoring the pH to 7.0 with 10M Sodium Hydroxide.

¥,2.8. Ethyl Methane Sulphonate (ENMS). The method was hased on

that described by Van Der Vijver et al. (1975a); One cm3 of EMS

{Methane Sulfonic Acid Ethyl Ester - Sigma) was dissolved in zhicm3 ofworking

(6%v/v) :
solutio?(of the EMS stock salts ( (Nﬁh)are(so#)z,éﬁae,z.Bmg; Mgsoq.?H20,20.Omg;

2Pou,l.Sg; KZHPOQ,B.Og:in 1OOcm3 distilled water )

Cells were resuspended in 5 cm3 of this solution, incubated at 37°C for

NHACI,BOOmg; KH

10 min and the reaction was then stopped by neutralising the EMS with

5 cm3 of M Sodium Thiosulphate.

¥. 3. Examination of Mutant Populations,

F.3.1. Isolation of Mutant Clones. After the determination of viable
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counts, the mutant suspension was diluted to yield 500-1000 c.f.u. cmus.
Aligquots (0.1 cm3) were spread onto 3% sheep blood agar platesAand
incubated at 37°C for 18h, The concentration of 3% shecep crythrocytes
waé chogen to eliminate the possibility of selecting 'leaky' mutants
which might have been masked by higher concentrations of erythrocytes.
Spontaneous non-haemolytic mutants, isclated during other experiments,
were also examined.
Non~haeh61ytic colonies were subcultured om fresh 3% sheep blood

ager plates to check for stability of the mutation. The colonies were
.examined by Gram stain, growth and fermentation on Mannitol-Salti-Agar
(M.5.A.~0Oxoid), and by the oxidative—fermentative test of Hugh & Leifson
(1953) using glucose.as the carbohydrate. Isolates grown on nutrient
agar slopes were ;ﬁecked for catalase production using 1M hydrogeg
peroxide (May and Baker Lid., Dagenham, Egsex). Only Gram positive,
catalase positive coccei, displaying a fermentative metabolism and

producing acid from mannitol on the MSA plate, were retained.

F,3.2, Characterisation of Mutants. Each mutant was characterised by

the following procedure, An isolated colonb from the MSA plate was
inoculated into 5.0 cm3 of BS medium, This was incubated for 6h at
3700 and the cells were removed, washed twice and resuspended in 10 cm3
of sterile saline, The supermates were titrated for haemolytic
activity and the suspensions were used to inoculate the medis listed
below:

Blood Agar : Sheep blood, in Alsever's solution, or defibrinated
horse blood (Oxoid) was washed three times in PBS and resuspended to

its original volume in physiclogical saline. 'This was used to produce

blood agar by addition to molten sterile blood agar base (Oxoid) at
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46°C to a final concentration of 10% (v/v). Haemolysis was detected
as clearing of the blood around the colony.

Staghylokihase Agar : Human plasma (Haematology Dept., Western

Infirmary, Glasgow) was added to molten sterile hlood agar hase at
5600 ta a final concentration of 12% (v/v). The mixture was held at
5600 for 30 min to precipitate the fibrin ;nd then used to pour plates.
Staphylokinase activity was detected as clearing of the opague medium

around the colony,

Skimmed Milk Apgar : Skimmed milk powder (Uxoid) was made up to a
10% {w/v) sélution in distilled water and sterilised by autoclaving for
5 min at l-kgf.cm—z. This'was added to molten ste;iie blood agar base
at 5600, to a final concentration of 10% {(v/v). Casein hydrolysis was
detected as clearing of the opaque medium around the coclony,

Gelatin Agar : Gelatin (Oxoid) was added to molten blood agar base

to a final concentration of 5% (w/v) and sterilised by autoclaving at

1 kgf.cm—z for 15 min, Gelatin hydrolysis was detected, after flooding‘
the plates with acidic mercuric chloride, as a clear zone around the
colony.

Egg-Yolk Agar Concentrated egg yolk emulsion (Ox0id), to a final
céﬁcentration of 10% ¢v/v) and filter sterilised dextrose (Analar —‘B.D.H.),
to a final concentration of 1% (v/v) (Gillespie and Alder, 1952), were
added to molten sterile blood agar base containing 10 grams sodium
chloride per litre, Lipoprotein lipase activity wasg detected as a zone

of opalescence surrounding the colony.

Phenolphthalein Phosphate Agar Sterile 1% solutions of phenoci-

phthalein phosphate (Oxoid) were added to molten sterile blood agar base
to give a final concentration of 0.01%, Phosphatase activity was

detected Ly the appearance of a pink colouration following exposure of

N
5.
¥




colonies to ammonia vapour.

DNage Agar : This was obtained from Oxoid I.td, and prepared as
directed,

All plates were incubated at 3700 for 24h, Gelatinase activity
was also assessed in preliminary experiments by stab inoculation into
nutrient gelatin deeps (Oxoid) followed by incubation at 22°C for 7 days.
However, platle assays were found to be more reliable and sensitive.

Coagulase activity was detected by adding 5 drops of the cell
suspension to (0.5 cm3 of a 1:5 dilution of human plasma in saline. The
time of clot formation at 370C was noted. Isolates which had not
clottcd the plasma after 24h were rvegarded as negative for this character.

Carbohydrate fermentation was assessed by inoculating a loopful of
the cell suspehsion into 2.5 cm3 of 1% carbohydrate solution in peptone
water and examined for acid and gas after 18h at 37°¢c. Mannitol,
glucosc, sgucrogse and lactose were tested,

Colonial morphology was examined on nutrient agar plates after 48h
using a binocular plate microscope (Watson,Barnst), Cell morphology

was checked by Gram stain and phase contrast microscopy and capsule

staining was dons by the Rose RBengal and Nigrosin method.

F.3. 3. Temperature Sensitivity. Since the mutants were igolated at

’ 3700, it was thought that some of them might be temperaturc sensitive,
s0 the mutants were streak inoculated onto 3% sheep blnod-agar plates
and incubated at 3000 for 24h. After incubation, the presence or
ahsence of haemolysis was recorded, the plates were reincubated at 37%¢

for a further 18h and any changes in the haemolytic reactions noted.

F.3.4, Cémoperative Effects. Although all mutants were non-haemolytic,

e
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the possibility existed that two mutants growing together might cause
_haemolysis by a cooperative iﬁteraction between inactive products,

This was investigated by streaking all possible combinations adjacent
to each other on 10% sheep blood plates. The wild type was similarly
tested against each of the nutants, to see if lack of haemolysis could

be due to an extracellular 1nhibitor produced by the mutant.

F.3.5. Reversion Studies. Reversion to wild type by the non-

haemolytic isolates was determined by platimg out 0.1 cm3 aliquots of
an overnight culture in.BS medium onto a specially devised medium of
the following composition :

SALTS : The following salts were dissolved, in order, in 100 cm3 of

. 2
tap water and stevilised by autoclaving at 12100 (1 kgf.em ),

NH,C1, 2.0g; NHNO,, 400 mg; K,HPO,, 600 mg; KH,PO,, 400 mg;
Na,80,, 900 mg; Kg,SO,.7H,0, 40 mg.

» NUTRIENTS : The following ingredients were dissolved in § cm3 of tap
water and sterllised by filtration: Nicotiﬁic Acid, 20 wmg;
Thiamine (Aneurine Hydrochloride), 20 mg; Vitamin~free Casamino
acids, 125 ng.

AGAR : Yonagar No. 2, 12,5g and NaCl, 10g were dissolved in 815 cm3 of
distilled water, sterilised by autoclaving, Qnd cooled to 46°C.

BLOOD : Sheep erythrbcytes, 80 cm3 in Alsevers were.washed four times
in gterile physiological saline and resuspended to their original
volume in the same diluent.

All ingredients were B.D.H. except Vitamin-~free Casaminoc Acids (Difco)

and Agar (Oxoid). The complete medium was prepared by mixing all of

the solutions, and this was used to pour plates,

Aftor inoculation, plates were incubated for 24h at 37°¢. The
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resulting lawns of micro-colonies were exanined for evidence of
haemolysis and colonies from such areas were sub-cultured onto normal
sheep blood agaf. Subcultures were incubated as before and haemolytic
colonles from these plates were sub-cultured again to confirm stability

of revertantgs.

. 3
F.3.6. Replica Plating Studies, Aliguots (0.1 cm ) of UV irradiated

suspensicns (500-1000 c.f.u.cm_S) were spread on sheep blood agar
plates and incubated for 12h at 3700.- After incubation, these "Master"
plates were replicated by the following method, based on that devised
by Lederherg and Lederberg 61952). An orientation mark was made on

the base cof the Magter plate and the plate was then lined up with a
similar mark on the ring which was securing a sterile velvet pad to an

8.5 cm diameter woaden block, The master plate was gently pressed onto

the surface of the velvet, thereby transferring some of each colony to

the velvet, Plates of the other media were similarly marked, orientated
and pressed onta the velvet so they they were imprinted with the colonies.

In most experiments, replicas were made on staphylokinase and sheep blood

agar plates, but in some cases, egp yolk agar, gelatinase agar, skimned
miik agar and DNase agar plates were also included. Sheep blood agar
was always the last plate to be "printed" as a control of transfer
efficiency, The replicas were incubated at 3700 for 13h. After

incubation, the colonies were scored for possession of the characters

examined.







-87-

RESULTS

A. SELECTION OF STRAIN

Six strains of Wood 46 were obtained and tested for haenolytic
ability, enzymic nctivities and fermentation range. Two departmental
gtrains and one NCTC 7121 variant produced vewy little haemolysis on
sheep blood plates and were therefore rejected. The other three strains
were positive for a1¥ characters tested, Simme the main aim of this
work wis to examine the productioﬁ of alpha-haemolysin, the haemolytic
spectrurn of each organism was determined and this is shown in Table 5.
NCTC 10344 produced alpha—héemolysin, as defimed on Table 1, with little

or no.haemolytic activity that could be ascribwmd to other haemolysins

so it was chosen for all subsequent work.

B. GROWTIH AND EXTRACELLULAR PROTEIN PRODUCTYON UNDER NON-INHIEITED

CONDITIONS.

Most cxperiments wére carried out in BS medium, but various
modifications of this medium were also used as were proprictory media
and defined minimal media.

B.1. Growth and Extracellular Prolein Produciion in BS Hedium.

BS medium (100 cms) was inoculated with Rﬁs c.f.u.cmna and incubated
at 37°C aerobically. Sanples were taken at iImtervals and assayed for
growth, DNA and extracellular alpha-haemolysun,aeidphosphatase, staphy-
lokinase, gelatinase and coagulase. The resm&t; are showﬁ in Figures
3a and 3b.

Figure 3a ahows growth, expressed as viable count (c.f.u.cm-s) and
600

-3
E n.m., and DNA (ug.cm ). All three show @ lag phase of about

30 min, followed by an exponsntial phase lastimg about 3.5 hours
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3a

Figure

Growth and DNA Production in BS Medium

100 cm3 of BS medium were inoculated to give
8 -3 . 0 -
1.10 c¢.f.u.em  and incubated at 37 C and 115 r.p.m.

Growth was measured by E (Q) and Viable Count

600nmn
(c.f.u.cmq‘ag) (v); DNA was measured by the Burton

method (1956) {(¥).

b
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Fig. %b

Production of Various Extracellular Protein Activities During

Growth in BS Medium.

Conditions as for Figure .8a, Growth is expressed as EGOOn. (O).
Extracellular protein activities were determined by titration.
Alpha-haemolysin (@), acid phosphatase ([0}, staphylokinase (W),

gelatinase (A), coagulase (A).
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followed by a gradual slowing down. Taking E as a standard, it

600ny -,

can be seen that the graph of wviable count is a little lower than expected
during the first 90 min, 'though this may not be significant. The graph

of DNA is significantly lower than §E guring the initial 90 win but

600

the exponential phase is steeper than that displayed by the others so

that all threce are approximately parallel by about 4 hours.

Figure 3b.compares the production of the extracellular pretelms with the
E600nm1 results. None of'the five protein activities were detectable
in the culture medipm until growth had become established. 8taphylo-
kinase, alpha~haemoclysin, coagulase and gelatinase %ggxtaseﬂ.rapidly
after the rapid exponential .phase of growth was over. Acid phosphatase,
however, apparently gllgwsd down after an iniiial rapid increase. When
cell-associated activity was assessed, (nof shown) acid phosphatase

activity paralleled B throughout the growth period, whereas the

600nmn
other four were essentially unchanged. Although all five seemed to
appear at different times, this may reflect a failure to detect low

levels of activity with the assay sysfems used rather than a real

difference in production times,

B.2. Growth and Extracellular Protein Production in Modified BS Medium,

The contributions of the variouz nedium components were investigated
by varying the concentrations of the major ingredients and examining

the growth rate (E )} and assaying for alpha-~haemolysin, acid

600nm

phasphatase, staphylokinase, coagulase and gelatinase.

~ As shown in Figure 4, up to 50% reduction in either yeast extract
dialysate or casamino acids increased the lag phase by about 153 min,
but the exponential rate of growth was similar to the control. Entry

inte the period of slower growth occurred at a lower cell deasity than

controls (E 1.5 rather than 2.0) and thig difference was maintained

600nn




Figure 4

Growth and Production of Various Extracellular

ProteinsimModified BS Medium containing 50% of

Normal Yeast Extract Dialysate or 50% cf Normal

Casaminoe Acids.

Conditions were the same as those for Figure 3
except that BS medium contained omnly 50% yeast
extract dialysate ($YE) or 50% Casamino pcids (3CAA),

Grawth i8 expressed as E : (O) 3 cAA, (V) 4YE.

600nm
Assays for extracelll‘zlar proteins gave essentially
the same results for % YE or 4 CAA so the mean
values only are shown for alpha-haemolysin (@),

acid phosphatase ([O), staphylokinase (M}, gelatinase

(4), coagulase (A),
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into the stationary phase where the final L

level was only 70%

600nm

of control, Activities of all the extracellular proteins were reduced
in proportion to the reduction in growth.

Changes in glucose concentration, either increasing from 14mM to
28mi! or decreasing to 7mM or 3.0mM, or omitting glucose entirely, had
no significant effect on either growth or éxtracellular protein
production, |

Ileducing the strength of the complete medium, up to 50%, by dilution
with distilled w;ter, gave similar results to reduction of yeast extract
dialysate or casamino acids alone (Fig. 4). Further dilution gave the
resulils sliown in ¥ig. 5. ﬁilution up to 80% caused progressive
shortening of the exponential phase and entry into the stationary phase
a£ about 7h. Production ¢of acid phosphatase was reduced in line with
growih, but the alpha-haemolysin was only detected up to 60% and the
amount was very low. The other extracellular activitiez were not
detected ahove 50% dilution. At 80% dilution, a short exponential
phase df no more than three generations was followed by rapid lysis.

An increase in extracelldlar acid phosphatase activity was detected
during the period of lysis,

Incorporation of Acetate or Succinate (at 14mM) in place of Glucose,
gave the results shown in Figure 6. For acetate grown cultures, the
results for growth amd extracellular acid phosphatase were very similar
to those shown earlier (Fig. 4) for 50% reduction in nutrient, ie.
slight extension of lag phase and about 25% reduction in final yield,
Alpha-haenolysin production was, however, reducéd compared to this
earlier result. For succinate grown cultures, the results were nore
markedly reduced with lag phase being extended about wune hour and the

rate of growth being slower. Acid phosphatase was reduced in line
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Figure 5

Growth and Production of Various Extracellular

Proteins in Riluted BS Medium,

Conditions were the same as those for Figure 3
except that the concentration of the BS medium was

dilutedfwlo%, 20% or 10% before inoculation.

Growtlhh is expresdsed as E (0O} 40%, (<)

GOOnm:
20%, (w) 10%, Assay for extracellular acid
rhosphatase :{([0) 40%, (&) 20%, (A) 10%. Assay
for alpha-haemolysin : { @) 40%. No alpha-

haemolysin was detected at higher dilutions and

other protein activities were not detected.
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Filgure 6

Growth and Production of Acid Phosphatase and

Alpha-haemolysin in BS Medium with Acetate or

Succinate in Place of Glucose,

Conditions were the same as those for
Figure 3 except that Glucose was replaced by

either Acetate or Succinate at the same molarity

(14 mM).

Growth is expressed as E - {O) Acetate,

600n
(<7} Succinate. Assay for extracellular acid
phosphatase : ([O) Acetate, (&) Succinate.
Assay for alpha-haemolysin : (@) Acetate,

(X&) Succinate.
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with the reduction of growth but production of alpha-haemolysin was
delayed by ahout 2% hours. Final titre of alpha-haemolysin was
gbout $50% down conpared to about 40% reduction in growth yield.
Yields of staphylokinase, gelatinase and coagulase {(not shown) were
reduced in proportion te the alpha-haemolysin. In subsequent
experiments, only alpha-haemolysin and acid phosphatase were

routinely assayed.

B.3. Growth and Extracellular Protein Production in Proprietory

Media.

Proprietory media, prepared as directed by the manufacturers,
were used I1n some experiments. In each case 100 cm3 of medium was
N . 8 -3 . o
inoculated with 10" c.f.u.cn and incubated at 37 C, as for BS

medium.

B.3.1. Heart Infusion Broth, The pattern of growth and extra-

cellular protein production for this medium was simitar to that shown

in BS nmedium (Figure 3).

B.3.2, Trypticase Soya Broth and Nutrient Broth. Growth and extra-

cellular protein production in these media were similar to that shown

in Figure 4 for BS medium wizh 50% reducticn im yeast sxtract dialysate %

or cagamino acids.

B,.3.3. Lab Lemco. Growth (& Yy and extracellular protein

600nm

production in this medium are shown in Figure 7. Only alpha—~haemoclysin

and acid phosphatagse were detected,
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Figure 7

Growth and Extracellular Profein Production in Lab

Lenco Broth.

Conditions were the same as those for Figure 3
except that Lab Lemco Broth was used in place of
BS MMedium.

(0)

Growth 1s expressed as E600nm

Extracellular Acid Phosphatase {0)

. Alpha-haemolysin (@)
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B.4, Growth and Extracellular Protein Production in Defined

Minimal Medium, With or Without Supplements.

A minimal medium containing salts, glucose, cysteine, histidine,

- aspartic acid, glycine, nicotinamide and thiamine was devised. This
medium, supplemented by other amino acids where stated, was dispensed ia
100 cm3 volwnes, inoculated with 107 c.f.u.cmﬁa and incubated at 37°C
aerobicaily. A lower inoculum was used for these experiments becausze,
as shown omn Figu?e 8, the maximum population dengity in the ninimal
medium was about 1.5.108 c.f.u.cm-a. In the minimal medium, only acid
phosphatase was detected and this was also the case in media supplemented
with any two additional amino acids, Supplementing the minimal medium with -
glutamie acid, glutamine, proline and lysine raised the growth rate
considerably.and éllowed alpha~haemolysin to be produced. Phosphatase
levels in the poor media were lower in total than those in the last named
mediqm and, of course, than those in complex media, However, the amount
of phosphatase produced in proportion to the amount of cell material

(as measured by E } produced was higher for the minimal media, by

600um

a factor of ten in some cases.

C. GROWTH AND EXTRACELLULAR PROTLIN PRODUCTION IN BS MEDIUM TREATED

WITH VARIOUS POTENTIAL ANTIMETABOLITES,

The effect of various potential antimetabolites on growth and
extracellular protein production was investigated by adding reagent to

actively growing cultures in BS medium, The majority of the

experiments were carried out using phenethyl alcohol since one aim of
the work was to determine the mode of action of this compound, Although
coagulase, staphylokinase and gelatinase were assayed at least once for

all inhibitors, the experiments concentrated on alpha~haemolysin and

acid phosphatase,




Figure 8

Growth and Production of Extracellular Acid Phosphatase

and Alpha-haemolysin in Defincd iMedia.

3
100 cm Defined Minimal medium or the same medium plus
glutamic acid, glutamine, proline and lysine was
. . 6 -3 o
inoculated with 10 c.f.u.em ~, incuhated at 37 C
aercbically and assayed periodically for growth,

extracellular acid phosphatase and

expressed a? EGOOnm’
alpha-haemolysin,
Growth (E ) Supplenented medium (O)

600nm
Unsupplenented medium (<)

Extraceliular Acid Phosp_hatase
Supplermented medium ()

Ungupplemented medium (&)

Alpha-haemclysin Supplenented medium (@)

No haemolysin was detected in the minimal medium,
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* over 12h, Reroval of the cells from the treatment medium by

~100~

C.1. Effect of Phenethyl alcohol.

C.1.1. Effect of Varying Phenethyl Alcohol Concontrationst Phenethyl

alcohol at different concentrations was added in log phase at 2.5 hours

and the effect on growth (E )} and extractable DNA (mg.cmus) was

600nun

assessed, as was'the effect on extracellularagid phosphatase and alpha--
haemolysin. The results are shown in Figure 9 a, b and ¢, Increasing
concentrations of phenethyl alcohql, up to 30 mM were increasingly
inhibitory to rate of growth, as measured by EGOOnm and rate of increase
of DNA. At higher concentrations, complete irhibition of both occurred.
The EGOOnm remained constant for culturés treated with 37.5 or 435.0 mM,
but the detectable levels of extractable DNA appeared to £all in these
dultures.

Long term effects were examined by elther continuing incubation

overnight or by spinning the cells out of the treated medium and re-

suspending them in fresh medium. Cells treated with up *to 22.5 mM

phenethyl alcohol continued to grow and eventually reached the same

stationary population as the controls, No increase in population was

detected in cultures treated with 30 mM phenethyl alcohol over 12h. At ‘i;
higher concentrations, a slight fall of about 20% in E600nm was noted

and viable count fell morc markedly teo about 10% of pretreatment level

centrifugation fellowed by washing and resuspension had little effect

on the populations treated with up to 30 mM phenethyl alecohol, as

shown in Table é, which also shows the results of washing and resuspension

on populations treated with 37.5 or 45 mM phenelhyl alecohol, where losses
of cellular integrity seemed to take place. Recovery was usually

imnmediate for cultures previously treated with up to 30 mM phenethyl

alcohol, At hipher concentrations, recovery was considerably delayed; e
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Figure 9 a

Effect of Varying Concentrations of Phenethylalcohol

on Growth Expressed as EGOGnm

Conditions were the same as for Figure 3 except that
varying concentrations of phenethylalcohol were
added at 2%h. Control flasks received distilled

water.

Control (O)

15 mM Phenethyl alcohol (@)

22, 5nM " " (m)
30 mM " 1] (. ) -
37.5 nM " " (&)

45 mM " " (A)
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0.01 . '




~X02~

Figure ¢ b

Effect of Yarying Concentrations of Phenethyl-

alcohol on Growth Expressed as Extractable DNA

(ug.cm o).

Conditions and symbols were the same as for

Figure 89 a
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Growth { Extractable DNA ng.cm-3)

- soo

. 100

10

_ Phenethyl Alcohol

Addition

Tima(Hours)

b




\-’103_

Figure 9 ¢

Effect of Varying Concentrations of Phenethyl-—

&lcohol on Production of Alpha-haemolysin and

Extracellular Acid Phosphatase.

Conditions were the same as for Figure 9 =&

Assay for Extracellular Phosphatase Control -~ (Q)
15 mM Phenethyl Alcohol o)
22,5 mM ¢ " Q)
30 mM " " (m)
37.5 mia " " (&)
45 mM " " (A)
Assay for Alpha—h;).emolysin Control (<)
15 mM Phenethyl Alecohol (v)

No haemolysin was detected at higher phenethyl

alcohol concentrations.
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Table &

Pexrcentage Decrease in

“yon-

E and DNA Following Washing

—600nw

and Resuspension of Phenethyl Alcohol Treated Cultures.

Phenethyl Alcohol

Percentage Decrease

Concentration (mdi) EGOOnm SD+ DNA

0 15.2 1.9 14.1
*7.5 14.6 0.9 13,2
15 - 14.1 1.6 15.9
22.5 13.7 1.9 16.2
30 8.6 1.1 15.8
37.56 47 .6 3.2 86.0
45 54.0 2.6 93.2

*
Based on only two readings ~ not shown on Fig., 9

TStandard Deviation.
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cultures treated with 37.5 mM showed an increase after 4h and those
tr;ated with 45mM after 12h, However, all cultures finally attained
the same stationary population as controls.

Extracellular acid phosphatase was detected in all cultures and

the degree of inhibition resembled that of the I

600nm although this was.

less obvious in cultures treated with 30 mM aor more phenethyl alcchol

in that levels of extracellular enz§m9 continued to increase slowly after
the culture had apparently ceased growlng. The rate of alpha-haemolysin
production was reduced at least 80% by 15 mM phenethyl alcohol and
alpha-haemolysin was not detected in cultures treated with higher

concentrationsa.

c.l.2. Effect of Bopulation Pensity on Phenethylwalcohol Lnhibition,

In order to investigate how the number of staphylococcal cells
affected thé inhibition of growth and extracellular protein s&nthésis,_
phenethyl alcchol at 15 or 30 mM was added to different population
Idensities at constant time, |

BS medium (100 cms) was inoculated with Bﬂlog :QrEﬁ;los c.f.u.em_.3
rather than .1-108 c.f.u.cm—3 which was previously used and incubated
at 37°C aerobically. Phenethyl alcohol was addéd in log phase at 2.5h'
and anonm,'extracel}ular acid phosphatase and alpha-haemolysin were
assayed as before. The results are shown in Figure 10 2,b. Extractable
DNA was assayed once and is therefore not shown,- but the results were
as expected, based on Fig, 9. Doubling the inocuium size to 2.108c.f.uf
cm~3 (Figure 10a) produced, after an initial }ag phase, an exponential
phase lasting about 3h followed by & gradusl slowing down. Acid

phosphatase and alpha-haemolysin production were similar to that for

1.108 c.f.u.‘:ém-3 (Fig. 9) except that their initial appearance was




»106-

Figure 1Qa

Effect of Phenethyl-alcohol, at 16ml or 30mM on

), Alpha-haemolysin and Extracellular

Growth (E 360nm

Acid Phosphatase Praoduction.

Conditions were as before, Figure 9, except that the

initial tnoculum was 2‘.108 c.f.u.cm .

Untreated E600i1m ( o)
Acid Phosphatase (m
a-Haemolygin (@)

15 mM Phenethyl Alcohol EGOOnm (V)

Acid Phosphatase (a)

a-Haemolysin (m)

Esoonm (<)
Acid Phosphatase (&)

30 mM Phenethyl Alcohol

oa-Haemolysin - less than 1 H.U.cm

3




Phenethyl Alcohol

Addijj.on

10,0

ol
QL

1.0 |
0
0

(ot x 0%, yamouy
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advanced about 1h. Growth of cultures treated with 15mM phenethyl
alcohol was depressed about 30% and acid.phosphatase was depressed to

a similar level. Alpha=haemolysin was depressed abhout 06%. Growth
and acid phosphatase production in cultures treated with 30mM phenefhyl

alcohol incrcased about 50% in 40 min and then ceased, although

pPhosphatase did appear to slowly increase. Alpha-haemolysin was
detected in sone experiments, but was never more than 2 I‘I.U.cmm3 and
the average was léss than one H.U.cm_3 o this 1is not shown on Figure
10a. Trebling the inoculum size to 3.10% ¢.f.u. em ™ (Fig. 10b)
produced, after amr initial lag phase, an expomentizl phase lasting about
2,5h, followed by a period of slowing down.which was more marked than
that previously moted so that by 6h the growth yield was the same as
that achieved by the culture which had received 2,10°.c.f.u.cm °.  Acld
phosphatase and alpha~haemolysin productionswers similar tothtae for
lower inocula (Fig, 9 and Fig. 10a) except that the:' initial appearances
© WeRd advanced by about 40min compared m:thﬁsp ghown in Fig. 10a. Growth
of cultures treated with 15mM phenethyl alcohol was depressed about 16%
and acid phosphatase was depressed to a similar level. Alpha-haemolysin
was depressed about 93%. Growth and acid phosphatase production in
cultures treated with 30mM phenethyl aleohol increased about 50% in

40 min and then ceased, although phosphatase did sppear to slowly increase,

Alpha-haemolysin increased by no more than 17% over 2 30 min period

and then remained constant.

C,1,3, Addition of Phenethylwealcohol at Different Points in the Growth

Gycle.
The effect of phenethyl alcohol on organisms at different

. . 3
stages of their growth cycle was examined using cultures in 100 cm of
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Figure 10 b

Effect of Phenethyl @&lcohol, at.15mM or 30 mM, on

Growth (E_ ), Alpha—haemolysin and Extracellular
600Nt

Acid Phosphatase Production.

Conditions were as before, Figure 9, except that the

initlal inoculum was 3.108 c.f.u.cm-3.

Untreated E600nm (0)
Acid Phosphatase (O

a-Haemolysin (@)

15 mM Phenethyl Alcochol E600nm (v)
Acid Phosphatase (4A)

a-Haemolysin (m)

30 mM Phenethyl Alcohol E600nm ()

Acid Phosphatase (A)

a-Haemolysin ($)
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BS medium ineoculatced with 1.108 c.f.u.cm_3. The effects on growth

{E ), extracellular acid phosphatase and alpha-haemolysin are shown

600nm
in Figure 11 a,b,c,d), Extractable DNA was assayed once snd is
therefore not shown. However, the results wvere consistent with
those obtained before (Fig. 9). The times selected for addition of
phenethyl alcohol were the omrset of late lag phase, at the point where
the slowing down period begins (5h), and the transition to early
statilonary phase(6.5h). Addition of 15mM phemethyl aleohol at Sh
{(Fig. 110) caused a reduction in growth rate of 20-25% over the 20 min
period posgt addition, However, since the untreated culture began to
slow down significantly after &.5h, the growth rate of treated and
untreatgd cultures became very si&ilar, although the treated culture
did appear to be slightly slower until 8k, after which both rates secemed
to be the sane. Acid phosphatase production was reduced in line with
EGOOnm' The rate of alpha~haemolysin production was depreséed a£out
BO0% until 9h, Howevér, the untreated cultures had almost reached the
final titre level by this time and so comparison of production rates was
not possible.beyond this pointi

Addition of 15mM phenethyl alcohol at 6.3h (Fig. 1Lb) only caused
a 10% reduction in the total rates of growth and.acid phosphatase
production because the untreated cultures were slowing down significantly
by this stage. The‘rate of alpha-~haemolysin production was depressed
about 70% ﬁp to Sh but, due to controls achleving final titre shortly
after, comparison of production rates was not possible beyond this point.

Addition of 30mM phenecthyl alcohol at either 5h (Fig, llc¢) or
6.5 (Fig. 11d) caused cessation of growth after about 60 min, Acid

phosphatase behaved in a similar fashion although the extracellular

levels did appear to increase slowly. Alpha-hacmolysin production




Figure 11 & .

Effect. of 15mM Phenethylealcohol, Added to 1,ate Jog pPhase gcultures

on Growth (E_ ), Extracellular Acid Phosphatase and
800nmr— .

Alpha-haemolysin Preduction.

Conditions were the same as for Tigure 9 except that 15 mM
phenethyl alcohol was added at 5h when the culture was beginning

to slow down at the end of log phase.

Growth (expressed as anonm) Control (QO)

Treated (<)

Extracellular acid phosphatase Control (1)

Treated (A)

Alpha-haenolysin Control

Treated

®38 o
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R

Flgure 11 &

Effect of 15mil Phenethyl &lcohol, Added to Early

Stationary Phase Cultures, on Growth (E600nm),

Extracellular Acid Phosphatase and Alpha-haemolysin Production,

Conditions and symbols were as for Fig. 1l 'a: except
that 15 mM phenethyl alcohol was added at 6.5h when
the culture was slowing down from late exponential

phase and entering early stationary phase.
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Figure 11 ¢

Effect of 30 mM Phenethyl &lecohol, idded to Late

Log Phase Cultures, on Crowth (Esoonm), Extra-

cellular Acid Phosphatase and Alpha-haemolysin Freductien.

Conditions and symbols were the same as for Figure 1% a except

that 30mM phenethyl alcohol was added at Sh.
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Fipure 11 'd°

Effect of 30mM Phenethyl-slcochol, Added to Early

Stationary Phase Cultures, on Growth (EGDOnm),

Extraceliular Acid Phosphatase and Alpha-haemnolysin Preduction.

Conditions and symbols were the same as for Figure 11 a

except that 30mM phenethyl alcohol was added at G.S5h.
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ceased almost immediately after addition of 30mM phenethyl alcohol
and the concentration remained constant throughout the course of the
experiment, indicating that there was no intracellular accumulation of

this proteir capable of leaking out.

C.1.4. Invest;gétion of the Possibllity that Phenethylwealcohol

- Acts as a Competitive Inhibiter of Phénylalanine.

Mathieu et al, (1970) nofed that phenylalanine appeared to be
involved in alpha-haemolysin synthesis gince meta~!£1€%ophenylalanine

could prevent its production. Phenethyl alcohol is a structural

analogue of phenylalanine and itas inhibitory effeet could he due to
competitiﬁe inhibition of a substrate molecule, so this possibility was
investiigated by comparing the effect of phenethyl alcohol with the
effect of ortho, meta or para- :fl%%ophenylalanine. Reversgl of the
“inhibition by addition of phenylalanine or prccursors was also attemptedr
Experiments were carried out in BS medium inoculated with 1.108 ce.f.u,
cﬁs and incubated gerobically at 3700. All additions were made at 2.5h
and the results are summarised -in Fig, 12,

Addition of any one of the three amino acid_analogues t6 a final
concentration of BOum of the L-form resulted in a reduction in growth
(ESOOnm) which closely paralleled the effect of 15mM phenethyl alcohol
during the period of 2h post addition. At the end of this tine,
cultures treated with analogue seemed to recover, since growth rate
reyerted to normal, Addition of phenylalanine (200u) with the analogue
eliminated the inhibitory effecot. However, phenylalanine at concentrat-

ions up to 50md did not change the effect of phenethyl alcohol at 15 or

30mi. Combining 15mM phenéthyl alcohol with any one of the analogues

did.hot show either a synergistic effect or an antagonistic cffect,
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Figure 12

.0
Effect of 80 uM ortho=,meta~ or para- .Flfrophenylalanine on
[

Cirowth(Eeoc)nm)_, Bxtracellular Acid Phosphatase and Alpha-

haemolysin Production in the Presence or Absence of 15 mM

Phenethyl &icohol.

Conditions were as for Figure 3 except that ortho-, meta- or para-
ﬂu%ophenylalanine were added to a final concentration of 8C uM

at 2,5h, either with or without 15 mM phenethyl alcohol.

E
Growth ( 600nm) Untreated (Q);
Treated with ﬂ.u%cphenylalanine (<)
Treated with phenethyl alcohol elther

alone or with ﬂu:rophenylalanine (¥)

Acid phosphatase Untreafed (D);
Treated with Iiu;;'ophenylalanine (A);
Treated wlth phenethyl alcohol either

Q
alone or with ﬂu;‘rophenylalanine (&)

Alpha haemnolysin Untreated (@};
Treated with ortho-, or para- fl!:;fi'o—
phenylalanine (W) ;
Treated with meta- 'flu:rophenyl alanine @);
Treated with phez;ethyl nlc;)hol either

alone or with flu%ophenylalanine ).
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Instead the effect resembled that ef phenéthyl alcohel alone.

The effect of the antimetabelites en the preduction ef
alpha-hasmelysin and extracellular acid phosphatase 1s alse shown on
Figs 12. All three of the flurophenylalanines inhibited preduction:
of alpha=haemolysin, Orthe- and para-flurophenylalanine delayed the
first appearance by about 30 min and reduced the rate of synthesis
by 75%. Meta-flurophenylalanine alse delayed the first appearance
by about 30 min, but in this case the rate of synthesis was reduced
by 90%. Phenylalanine ( 200 pM ) added with analogue, abelished
the inhibitory effect but had no effect on phenethyl alceohol inhibitien,
even when added at 5C mM, Fhenethyl alcohol added with the ansalogue .
produced neither a synergistic ner an antagonistic effect. Instead
the effect resembled that of phenethyl alcohol alone. Acid phosphatase
was inhibited by all three analogues in line wiﬁh the inhibition of
growth, Phenethyl alcohol again overrcde the inhibitery effect of the

analégues.
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c,1.5. Investigation of the Effccet of L-Histidine on Xnhibition

of Growth and Alpha-haenolysin Synthesis by Phenethyl slcohol.

In view of Dalen's (1973a,b,c) observation that histidine was an
ahsolute requirement for alphéwhaemolysin synthesis,‘itg effect on
phenethyl alccohel inhibition was investigated. BS medium (10Q an)
was inroculated with 3.108 <:.f.u.¢m"3 and incubated aercobically at 3700.
Phenethyl alcohol was added; to a final concentration of ibmM, at
2.,5h and histidine was added, to a final concentration of ImlM, either
at the same time or omne hour later. The results showed, Figure 13,
that histidine did not stimqlate growthi of control cultures, nor did
it stimulate the production of alpha-haemolysin.

In cultures treated with phenethyl alcohol, no effect on the
inhibition of growth (EGOOnm) was observed when histidine was added ang
DNA synthesis and extracellular ac¢id phosphatase were similarly
unaffected. Alpha~haemolysin synthesis in cultures treated with
phenethyl alcohol alone was only 3% of cont¥ols, but addition of
histidine at the same time allowed synthesis at 25% of controls and
histidine added one hour later allowed'synthesis at 23% of controls.

_1 Cultures inoculated with 1.108 c.f.u, cm—a gave sinilar, hut
shaltlower, stimulation (12-15%). Lower concentrations of histidine,

200-500 pM, had little detectable stimulatory effect (5-7%) and 2nlk

had essentially the same effect as ImM (21-26%).

€.2. Effect of Phenethyl alcohol Analogues,

A number of compounds bearing a structural éimilarity to
phenethyl alcohol were examined in an attempt to determine if any

specific structural feature was necessary for the inhibition effects.

The analogues used were phenylacetic acid, phenethylamine, phenoxyethanol,
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Figure 13

Effect of L-Histidine on Inhipition of Growth and Alpha-

haemolysin Synthesis by Fhenethyl~alcohol.

Conditions were as for Figure 10 b except that 15mM
phenethyl alcohol was added at 2,5h and 1lmM L-histidine

was added at 2.5 or 3,.5h.

Growth (EGOOnm) Untreated Q)
Treated with phenethyl alcohol

alone or with histidine (o)

Alpha-haenolysin Untreated (@)
Treated with phenethyl alcohol alone (<)
Treated with phenethyl alcohol and
histidine at 2,5h €
;I‘reated with phenethyl alcohol and

histidine at 3.5h. ' (m)
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l-phenylethanol, phenpropanol, phencthyl chloride and phenethyl

bronide, BS medium (100 cm3) was incubated with loac.f.u.cm_3 and
incubated aerobiaally at 37°C. The anaiogues were added at 2,5h

to a final concentration of 13md. As shown on figure 14, they

produced varying effects on growth and alpha-haemo;ysin synthesis

which could be divided into four groups. The first group, which
contained only 2-phenylacetic acid produced no effect on either para-
mneter, The second group, which compriscd 2-phenyl ethylamine and
Z-phenoxyethanol produced a slight inerease in growth, but an

inhibition of 65-70% in alpha-haemolysin synthesis; The third group,
which comprised l-phenylethanol, Z-phenylethanol and 3-phenylpropanol,
produced an inhibition of 30-40% in growth and 94-98% in alpha-
haemolysin, The *fouxrth group, whicﬁ comprised 2-phenylethyl chloride
and Z-phenylethyl bromide, produced an inhibition of 61-62% in growth
and totally inhibited alpha-haemolysin synthesis. The latter compounds
apparéd to make the cells much more labile than any of the others, since
recovery from washing and resuspension of cells treated with these
compounds was only 51.6 = 4.8% compared to 85.8 * 3,1% for cells

treated with the other compounds.

C.3. Antimetabolites not structurally related to phenethyl aicohol.

A nuuber of other antimetaﬁolites, not stracturally related to

phenet@yl alcohol, were used to treat Staphtqﬂyreus'under the same
conditions as employed above for phenethyl alcohol, These compounds
could be divided into two groups, those whose activity is directed
towards nucleic acid or protein synthesis and those whose activity is

directed towards the membrane or nembrane hased functions.
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Figure 14

Effect of Yarious Analogues of Phenethylealcohal on Growth and

Alpha~hnemolysin Synthesis.

Conditions were as for Figure 3, except that one of the following

compounds was added at 2,5h to a final concentration of 108mM,

Growth (ESOC_)nm) Untr;aated (0O}
Treated with 2-phenylethylamipe ()
" re 2-phenoxyethanol (a)
" *  l-phenylecthanol or
2-phenylethanol (&)
) T h 3-phenylpropanol {%)

" " 2-phenylethyl chloride

or 2-phenylethyl bromide (<)

Alpha-haemolysin Untreated (@)

Treated with 2-phenylethylanine ($)

" - " 2-phenoxyethanol . (m)

" " 2-phenylethancl (V)

L " " l-phenylethanol (A)
" ‘o 3-phenylpropanol (&)

No haemolysin was detected in cultures treated with 2-phenylethyl

chloride or 2-phenylethyl bromide.
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C.3.1, Compounds Affecting Nucleic Acid or Protein Synthesig

Three compounds were used! Mitomycin C, affecting DNA and
lysogeny; Actinomycin D, affecting transcription; Chloramphenicol,
affecting translation. In all three cases, BS medium (100 cms)
was inoculated w;th 108c.f.u.cm&3 and incubated at STOC aerobically,
Test reagent was added in log phase at 2.5h and the‘effect oﬁ growth
(EGOOnm) eXtractable DNA (UE.CMHS) and extracellular acid phosphatase
and alpha-haenmolysin was assessed. The results are shown-on Figures
15, 16 and 17. Alpha-haemolysin was not detected in any of the treated
cultures but was produced normally by the controls. To avoid confusion,

this has been omitted from the figures.

C.3.1.a. Mitomycin C.  As shown in Figure 15 mitomyein C affected
the growth rate within 30 min causing a reduction in increase which
finally stopped after 2hh post addition.

The EGOOnm then began to fall, indicating cell lysis. Extractable’
DNA appeared to decraaselimmediately after addition and became undetectable
after 2h, Cells removed from treatment by centrifugation underwent a
rapid decrease in EGOOnm during‘harvesting and viable count fell to less
than 10 c.f.u.cmns. Clones of cells which sarvived treatment were normal

in their productien of extracellular proteins. Extracellular acid

B
- phosphate levels weré reduced in line with reduction of 600nm up to 2h

post-addition, When the EGOOnm began to decline, however, the phospha-
tase level continued to rise slowly, indicatimg leakage of preformed

enzyme.

C.3.1.b. Chloramphenicol. Various different concentrations of

Chloramphenicol weXe added fo the cultures and the results for two of

thege, 30 uM and 80 uM, are ghown in Tigure 16, The effect of 30 uM
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Figure 15

Effect of Mitomycin C on Growth and Acid Phosphatase Production,

Conditions were as for Figure 3, except that Mitomyein C was

added at 2.5h to a final concentration of 3 pM.

E ' '
Growth ( 600nm) Untrested (02
Treated (®)
Extractable DNA Untreated (9)
Treated (¢
Acid Phosphatase Untreated (o)
Treated ()

Alpha-haermolysin was not detected in treated cultures.
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Figure 186
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Effect of Chloramphenicol on Growth and Acid Phosphatase

Production,

Conditions were as for Figure 3, except that Chloramphenicol

was added at 2.5h-to a final concentration of 30uM oxr 80 uM.

Growth (EGOOnm)

Extractable DNA

Acid Phosphatase

Untreated (0O)
Treated with 30 yM Chloramphenicol

" " 80 uM Chloramphenicol

Untreated (o)
Treated with 30 M Chloramphenicol

" " 80 uM Chloramphenicol

Untreated ()
Treated with 30 pM Chloramphenical

" " 80 pM Chloramphenicol

Alpha-haemolysin was not detected in treated cultures.

(®)
$)

(®)

($)

(&)

(A)
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on EGOOnm/ex%ractable DNA was very similar {o that caused by 22.5mM

phenethyl alcohol (Fig. 9). The effect of 80 um chloramphenicol on

EGOOnm was similar to that of 30 mM phenethyl alcohol. On extractrble

DNA, however, the inhibitory effect was less rapid than that caused by

30 mM phenethyl alcohol gg DNA continued to increase at a reduced rate

for 2h before stopping abruptly. . g
In the presence of 30 uHM chloramphenicol, extracellular acid

phogphatase continued to increase approximately in line with EBOOmn.

The same was true for 80 uM chloramphenicol until EﬁOOnm ceased

inereasing, but phosphatase levels then continued to rise slowly,

C.3.1.c. Actinomycin D. Various different eoncentrations of

Actinomycin D were added to the culture and the results for two of these, .i

0.8 uM and 8 uM are shown in Figure 17, The effect of this compound

on LGOOnm and extracellular acid phosphatase was very similar. to
phenethyl alcohol with 0.8 ulf actinomycin being equivalent to 22.5 mM
phenethyl alcohcl and 8 uM actinomycin being equivalent to 30 mM phenethyl -;

alcghol, The effeet of 0.8 uM on extractable DNA was also gimilar to he

that of 22.5 mM phenethyl alcohol. However, on additien ¢f 8uM the DNA ceased

increasing almost immediately,

C.3.1.d, Comparison of Chloramphenicol and Actinomyecin D on Active

Alpha-haemncolysin Synthesis. In the above experiments, alpha-haemolysin

was not detected. In order to determine the possible durability of the
alpha-haemolysin mRNA cultures were incubated until 4.5h before treat-

ment with either 30 uM Chloramphenicol or 0.8 pM Actinomycin D, whiclh

T T T o s

have approximately the same effect on EGOOnm. Samples were assayed

every 10 min. for 30 min and thereafter at 30 min intervals. The

results are shown on Figure 18,
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Figure 17

Effect of Actinomycin D on Growth and Acid Phosphatase

Production.

Conditions were as for Figure 3, except that Actinomycin D

was added at 2.5h to a final concentration of 0.8 pM or 8 uM.

Growth (EGOOnm) Untrested O
Treated with Actinomycin D at 0.8 uM (®)

" "  Actinomycin D at 8.0 pM ($)

Extractable DNA Untreated (a)
Treated with Actinomycin D at 0.8 uM (a)

" " Actinomycin D at 8.0 uiM  (¢)
Acid Phosgphatase Untreated (<)
Treated with Actinomycin D at 0.8 pM (&)

" " Actinomycin D at 8.0 uM (A)

Alpha-haenolysin was not detected in treated cultures.
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Figure 18
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Effect of Chloramphenicol or Actinomycin D on Active

Alpha-haemolysin Synthesis.

Conditions were as for Figure 3, except that Chloramphenicol

(30 uM) or Actinomycin D (0.8 uM) was added at 4.5h.

600nm

Alpha-haemolysin

Untreated (O)
Treated with Actinomycin D

" " Chloramphenicol

Untreated (®)
Treated with Actinomycin D

" " Chloramphenicol

(qup)

()

(|)

(®)
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Actinomycin D and chloramphenicol had similar inhibitory effects
on EGOOnm increase, resembling.thOSe obtained for addition at 2,5h
(Figs., 16 & 17); Alpha-haemolysin synthesis was, howe#er, differentially
affected by these two treatmenis since chloramphenicol stopped alpha-
haemolysin synthesis within. 5&13-0{ addiﬁion to the culture, while
actinomyecin D treatment permitted synthesis to continue at a gradually
reducing rate for 25-80 min, suggesting that durable mRNA was being

used.

C.3.2, Eﬁﬂﬁg“ﬂaﬁ Affecting Membrane or Hembrane Pased Functions

Baged on the repert by étouthamer {1879) the following compounds
were chosen for study : Sodium Nitrite, Potassium Ferricyanide, Sodium
Thiosulphate, Sodium Azide, Potassium Cyanide and 2,4.~Dinitrophenol.
Conditions were the same as for experiments described in Section C.3.1.
above-and 2ll cultures were assayed for EGOOnm, alpha-haemolysin and
extracellular acid phosphatase. With the exception of Sodium
Thiosulphate, all proved to be inhibitery as desgcribed individually
below, Sodium Thiosulphate, at concentrations up to 30 mM had no

B
effect on 600nm, alpha-haemolygin or acid phosphatase.

c.3.2.a. Sodium Nitrite At concentrations up to 15 aM, Sodium

Nitrite had no detectable effect on any of the three parameters,

Fiéure 1@ shows the e¢ffect of 30 mM added at 2.5h. Inhibition of growth
(EGOOnm) gnd extracellular acid phosphatase production became detectable
after 1lh. The effect on EGOOnm was equivalent to a general reduction

of about 25% by 6h so that the culture apparently entered the late log
phase about 1lh eavlier than the contrel. Production of Acid phosphatpse
was similarly affected. Iﬁhibition of alpha-haemolysin production

résembled very closely that caused by 15m' phenethyl alcohol. Thse
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Figure 19

. E
Effect of 30 m}f Sodium Nitrlte on Growth ( 600nn),

Alpha-haemolysin and Extracellular Acid Phosphatase

Broduction.

Conditions were as for Figure 3 except that Sodium Nitr§te

was added at 2.5h to a final concentration of 30 md.

Ta v e e ——

E60{)nm Untreated (O)
- Treated (v)

kcid Phosphatase Untreated (a)
Treated (A

Alpha-haemolysin Untreated (®)
(W)

Treated
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treated culture had attained the same final levels as the controls

after overnight incubation.

C.3.2.b. Potagsium Ferricyanide. At concentrations up to 5 mM,

Potassium Ferricyanide had no detectable effect on any of the threc
parameters. Figure 20 shows the effect o£ 15mM oxr 30 md added at

2.5h, Inhibition of prowth (EGOOnm) hecame detectable after 1lh, In
both cases the effect was an apparent reduction in growth rate, leading
to a drop of about 40% in the 15 mM culture and 50% in the 30 mM culture
by 6h due to the culture entering a slower period of growth, similar

to the late log phase, aboué 2h earlier than the coptrol. Production
of acid phosphatase was similarly affected, although it was difficult to
distinguish between the effects of 15mM and 30 mM. Inhibition of alpha-
haemolysin production was similar to, although perhaps siightly greater
than, the effect produced by 15 mM phenethyl alcohol, There was no
detectable alpha-haemolysin produced by the culture treated with 30 mM
Potassium Ferricyanide. ' Both treated cultures had attained the same

final levels as the controls after overnight incubation.

C.3.2.c. Sodium Azide. Sodium Azide at 1 mM bhad no detectable effect

on any of the three parameters. However, as shawn in Figure 21,
addition to a final concentration of 2mM caused an immediate decline

idn growth rate, as measured by EGOOnm, Leading to a drop of about 5'5

by 6h.. Addition to a final concentration of 20 mM allowed the EGOO

to increase slowly for about 90 min and then remain constant. Inter-
nediate ceoncentratinons (not shown) had proportional effects. Inhibition
of extracellular acid phogsphatase production was similar te that of

the;Eeoonm except that phogphatase continued to increase slowly after







Figure 20

Effect of Potassium Ferricyanide on Growth (EGOOnm).

Alpha-haemolysin and Extracellular Acid Phosphatase

Production.

Conditions were as for Figure 3, excepi that Potassium

Ferricyanide was added at 2,5h to a final concentration

of 156mM or 30mM

B 500

Acid Phosphatase

Alpha-haemelysin

Untreated (0)
Treated with 15 nM

" " 30 mM

Intreated (g)
Treated with 15 mM

" " 30 mm
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Treated with 15 mi
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Figure 31

Effect of Sodium Azide on Growth (ESOOnm),Alpha—haemolysin

and Bxtracellular Acid Phosphatase Production,

Conditions were as for Figure 3, except that Sodium Azide

was added at 2.5h to a final concentrgtion of 2 mM or 20 mil

600nm Untreated (0)

Treated with 2mll {v)
1" "t 20 mM (o)
Acid Phosphatase Untreated (o)

Treated with 2 mlM (A)

" " 20 mM (&)

Alpha-haemolysin was not detected at Azide concentrations

above 1 mM,
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the culture had ceased growing. Alpha-haemolysin was not produced
by any of the treated cultures. However, cultures treated with 15 mil
or less eventually attained the same levels as controls after overnight

incubation.

€.3.2.4d. Potassium Cyanide. As with the other compounds discussed

ahove, Potassium Cyanide was increasihgly inhibitéry with increasing
concentrations, Inhibition of growth rate, as measured by EGOOnm,
was immediate for all concentrations tested, as shown in Figure'22.
Maximum depression due to 1 mM Potassium Cyanide was 40%. which was
reached Zh post addition, but this had declingd . to only 25% by 6h,
as the inhibited culture overhauled the control in its late log phase,.
Concentrations above 1 mM were proportionatély more inhibitory with
S.mM, for example, causing a decline °f,39% by 6h. Inmediate and total
cessation of growth was produced by 10 md. Extracellular acid phospha-
tase fell in line with inhibition of EGOOnm, although once again a
slow increase persisted in the totally inhiblted culture, Alpha-
haemolysin produétion wés anomalous in that although its first
appearance in the preseﬁce of 1 mM Potassium cyanide was delayed about
an hour, its rate of increase was not very different from that of
the control. Alpha=~haemolysin was not detected at higher cohicentratiouns
altheugh cultures treated with 2 mM or less eventually attained the

same levels as controls after overnight incubation. Treatment with

2.5 mM or more led to death of the culture on incubation beyond 86h.

C.3.2.e. 2,4 Dimitro — Phenol, As shown on Figure 23, addition of

Dinitrophenol to a final concentration of lwM caused inhibition of

growth rate (as measured by E600nm) within 1h resulting in a depression




Figure 22

) E
Effect of Potassium Cyanide on Growth ( 600nm),

Alpha-haemolysin and Bxtracellular Rcid ?hosphatase
Preductien,

Conditlons were as for Figure 3, except that Potassium
Cyanide was added at 2.5h to a final concentration of

1 M or 10 mM.

Es00nm Untreated (o)
Treated with 1 mM (¥}
" " 10 mM (v")
Acid Phosphatase Untreated qu
Treated with 1 mM (A)
r * 10 mM {a)
’ Alpha-haemolysin  Untreated (®)
Treated with 1 mM (M)

Alpha-haemolysin was not detected at Cyanide concentrations

above 1 mM.
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Figure 23

Effect of 2,4 - Dinitro - Phenol on Growth (EGOOnm),

Alpha-haemolysin and Extracellular Acid Phosphatase

Preduction.

Conditions were the same as for Figure 3, except that 2,4-
Dinitro-~phenol was added at 2.511 to a final concentratiocon

of 1 M or 2.5 mM.

600nn Untreated (O)

Treated with 1 mM (v}
" "2.5 mM (w)
Acid Phosphatase Untreated (a)>
Treated with 1 mM (A)
" " 2,5 mM (Aa)
Alpha-haemolysin Untreated (@)

Treated with 1 mM ()

No alpha-haemolysin was detected at concentrations above 1 mM.
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of about 25% relative to the control by 6h. This was very similar to
the effect of 10 mM phenethyl alcohol and inhibition of acid phosphatase
and alpha haemolysin production was also very similar to that produced
by 15 mif phenethyl aleohol, A final Dinitro-phenol concentration of

2,5 miM resulted in inhibitlon which was very similar to that produced

by 30 mM phenethyl alcohol, i.e. growth rafe inmediately reduced and
stopped after about 90 min. Acid phosphatase was.éiﬂiiﬁrlyraffacted'ulthoush
a slow increase continued after total inhibition of growth, e alpha-
haemolysin W88 praduced. However, unlike phenethyl alcohol, thisg total
inhibition was not readily reversible and cultures tnﬁated with 3 nM or
more dinitrowphenol usually-suffered losses during harvestiﬁg and above
5 mM death and eultufe lygis was usually detectable by 6 h. Titration
of acid phosphatase and alpha haemolysin in culture supernates treated
with b mM or more dinitrophenol was difficult or impossible, due to the
colour of the reagent and its direct effect on erythracytes. Ilowever,
there is no reason to believe that these results would have differed
from those which could bhe predicted, based on EGOOnm and control results.

D. COMPARISON OF THE EFFECT OF PHENETHYL ALCOHOL AND DINITROPHENOL

ON TPTAKE OF RADIOLABELLED AMINO ACIDS,

In order to determine whether the inhihitory effect of phenethyl-
alcohol might be due to a membrane~directed reduction in the uptake of
amino acids, the kinetiecs of uptake of some amino acids by intact cells
in the presence or absence of the reagent, were determined. As a
control 2Z-4, Dinitrophenol, which is known to inﬁibit amino acid transpori
by dissipating the membrane proton gradient (p.3%), was used. Based on
the regults of growth experiments, shown on Figure 23, 1 mM was chosen as

the Dinitrophenol concentration to compare with 15 mM phenethyl alcohol.
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Washed cells suspended in P.B.S. at pH 7.0 were incubated for up to
7h to induce starved conditlons before being introduced to the radio-
Igbelled amino acid, but since transport kinetics were the same over
the whole period, 30 min was used routinely. The amino acids, chosen
to represent difﬁerent groups (Kaback, 1874) were Glycine, L-Alanine,
L-Glutamic acid, L-Glutamine, L-Lysine and L-Histidine, but the last
two gave rates of uptake in the controls which were too low to make.
inhibition studies meaningful.

Labelled amino acid was added to 20 cm3 cell suspension at zero
time to give a final acilvity of lu_Ci.cmm3 and samples were taken at
.intervals, filtered to remove exogenous label and cell.associated
gctivity determined, The results are'sh9wn on F%gure 24 which presents
them as percentage uptake relative to the untreated controls. In the.
firsgt § min, all treated cell suspensions exhibited a sharp decrease in
uptake. After this, the relative uptake of the Dinitrophenoi—treated_
suspensions mse due to saturation of the coatrols with amino acid,
Uptake in the phenethyl alcochol-~-treated suspensions, hnwever, continued
to decline which was due to a reduction in the cell-associated label,
indicating that label was effluxing from the cells under these conditions.

The degree of efflux: varied and was particularly marked for L-Glutamine.

E. LOCALIZATION OF PHOSPHATASE ACTIVITY

Cells from overnight culture in BS or HIB medium were fractionated
according to the protocol shown in Figure 2 (p.?,) and the fractions were

agsayed for phosphatase activity, as described below.

E.L. Determination of pH Range of Activity. Samples were assayed

over the pH range 5.0-98.0. Similar patterns were obtained in each case

and results for supernatant, intact protoplasts and solubilised proto-
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Figure 24

Percentacve liptake of L-Glutamic Acid, Glvcine, L-Alanine and

L=-Glutamine Relative to Controls, in the Presence of 15mM Phenethyl
Alcohol or 1mM 2,4 Dinitro-phenol

Cell suspensions ( 20cm3) were presented with labelled amino acid
at 1uCi.om™ and sampled at intsrvals. The inhibition caused by
15mM phenethyl alcohol or ImM dinitrophenocl when added to actively

transporting cells is represented as percentage uptake relative to
control,

Control (Maximum = 100%) (O)

phenethyl alcohol (@)
dinitrophenol (m)
L-GLUTAMINE GLYCINE

L-GLUTAMIC ACID L~ALANINE




Time Post Addition ( Minutes)
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plasts are shown on Figure 25. The three peaks, in soluble or
solublilised fractions, occurred at pH 6.1, 6.8 and 7.8 whereas in intact
protoplasts the middle peak was at 7.1. In both cases, the main peak

was at pH 6.1,

E.2. Distribution of Phosphatase Activity

The percentage distribution of phosphatase activity in the cell
and its enviromment was calcplated by determining the activity of each
fraction and assigning the results to the most probable source. The
results are shown in Table 7. These results clearly indicate that
phosphatase activity was largely qell—assbciated although a significant

amount of leakage was evident,

E.S3. Release of Phosphatase from Whole Cells in the Absence of

Growth.

To determine how tightly bound the phosphatase was, cells were
harvegsted from 18h culture in HIB at 37°% and resuspended in fresh
medium at 400. At intervals, .samples were removed and assayed across
the pH range 5.0-9,0, The results ére shown in‘Figure 26,

Rapid release of phosphatase occurred, which continued at a
~ decreasing rate for about 7h. Once again, the pH spectrum revealed three
peaks at 6.1, 6.8 and 7.8 suggesting that the active material lecaking
from the suspension was the same as that normally detected in the culture

gupexrnate,

E.4. Localisation of Phosphatase Activity by Elect{ron Microscopy

Cells from an overnight cultiuvre, either unwashed or waghed once
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Figure 25,

Activity of Phosphatase Qver the pH Range 5-9

Samples were incubated with buffered 4-Nitrophenyl
phosphate substrate for 30 min at 37°C and then the
reactior terminated and the colour of the 4-Nitrophenol

product intensified with IM Na 002. Colour intensify

2

was measured at 405nm and used as a measure of enzyme

activity.

The upper figure shows activity of culture supernate,

The lower figure shows activity of whole protoplasts

{0 ) and protoplasts solubilised with Triton X-100 ( @).
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Table 7

Percentage Distribution of Phosphatase Activity (pH 6.1).

%
Location Percentage of

Whole Culturc Activity

Supernatant
Wall
Extepior to Protoplast
Periplasn
Membrane
Protoplast

Cytoplasn

. 40
25,0
' 35
10,0
12,5
25
12.5

* Based on fractions derived

as outlined on TFigure 2




Figure 286

Release of Phosphatase from Whole Cells in

the Absence of Growth,

Cells from overnight. growth in HIB at 3700
were suspended in fresh medium and incubated
at 400. Samples were removed at inter{}als
and Phosphatase activity assayed over the

pH range 5 ~ 9.

Incubated for O hours (0O)
Incubated for 3 hours (®)

Incubated for 7 hours (H>
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Figure 27(a)

Electron Micrograph of Thin Section of

Unwashed Cells Stained to Show

Phosphatase Activity.

Thim sections prepared from unwashed cells
from an overnight culture in HIB were
stained to show phosphatase activity at
pH é.l. Phosphatase rich regions appear

as electyron dense patches,







1434

Figure 27 (b)

Electron Micrograph of Thin Section of Once

Washed Cclls Stained to Show Phosphatase

Activitx

The culture was identicai.to that used for
Fig, 27(a) except that the cells were washed
once in 20 mM Vercnal Acetate Buffer before

sectioning.
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Figure 27 (¢)

Electron Micrograph of Thin Section of Twice

Washed Cells Stained fto Show Phosphatase

Activity.

The culture was identical to that used for
Fig. 27(b) except that the cells were

washed twice,







Jab5-

{1970) which showed the sites of phosphatase activity as electron

dense regions of lead phosphate, Electron micrographs of thin
sections prepared from these suspensions are shown in Figure 27,
Phosphatase activity was seen to be concentrated in the wall, periplasm
and membrane and as clumps in the cytoplasn. Washing reduced the
peripheral activi£y conside;ably wilthout reducing the number of cyto-
plasmic clumps. However, thg general lightening of the cytoplasm
suggested that considerable free activity was also present which could

be saslly washed out,

F, PRODUCTION, ISCQLATION AND CHARACTERISATION OF VARIANTS

MUTANT IN EXTRACELLULAR PROTEIN PRODUCTION,

¥,1. Possibility of A Plasmid TL,ocation for the Alpha-haemolysin genes.
As discussed before ( pp 7’59) the spontaneous rate of 1o§s of
alpha~haemolysin is quite high and such rates are often assoclated with
plasmid elimination. Since the locus of the alpha~haemolysin gene
seened to be in doubt, or perhaps strain variable, the spontaneous rate
for NCTC 10344 was determined and also the effect of growth in
Acfiflavine {81 um), Sodium Dodecyl Sulphate (70 ;r 140 uM) or growth
at 4200, all treatments designed to eliminate plasmids. With the
exception of the altered conditions mentioned here, growth was carried
out under the conditions used for production experiments (p 1E5).
The frequency of non-haemolytic clones in each condition was determined.
The normal frequency of spontaneous logs in these experiments was 0,02%,
After growth in Acriflavine, the frequency was 0,05%, whereas in Sodium
Dodecyl Sulphate, the frequency was 0.01% and at 4200 the frequency

was 0.03%, These results suggested that no elimination was taking place,
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and this was supported by the observationr that the non~haemolytic

isblates were revertable at a frequency of 0.00001%.

F.2, Production of Alpha~haemolyson Deficlent Mutants

The production of mutants deficient in alpha-haemolysin activity

was carried cut using a number of different mutagenic treatments.

F.2.1, Ultra-Violet Light

The colony forming unit of Staph. aureus is normally a small clump

0f cells and so attempts were made to disrupt these. Mechanical
dispersion by vortexing or ultrasonic treatmeni proved to be effeciive
in disrupting the clumps of cells. Typical killing curves are shown
in Figuré 28. Differences in sensitivi%y, due to age, were tested for
by comparing cells from 18h (upper figures) or 48h (lower figures)
incubations at 37°C on nutrient agar slopes. Sensifivity was assessed
by determining the time to 1% survival and this is interpolated onto
figure 28. Cells from 18h and 48h cultures were egually sensitive.
Since UV killing follows l-hit kinetics, the linear portion of the
graphs has been extrapolated toidemonstrate that all populations
¢ontained multiple genomes.

Samples for production of mutants were exposed in glass petri dishes

until 1% survival and plated out on 3% sheep blood agar plates to give

50-100 c¢.f.u. per plate, After averunight incubation at 3700, non-
haenolytic isovlates were subcultured onto sheep blood plates to check

for stability of the mutation and confirmatory tests, as described cn

P 8o were carried out to ensure that isolates were Staph.. aureus,

F.2, Chemical Mutagens

 MNNG, S~-Bromouracil, 2'6 Amino purine, Ethylmethane Sulphonate and




Figure 23
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Effect of Age and Clump Size on Survival After

Exposure to U,V. Irradiation

Populations of Staph. aureus were prepared by suspending

growth from blood agar base slope cultures incubated
at 37°C for 18 hours (upper figures) or 48 hours
(lower figures). Undispersed populations are shown
at left and populations dispersed by vortex + beads
are shown at right. Irradiation in 2 cm3 saline.
All curves have hecen extrapolated to permit
calculation of the number of genomic units, In
addition, time to 1% survival has been interpolated

on all figures.
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Nitrous acid were also used as mutagens, After exposure to the mutagen,
the cultures were plated oui on 3% sheep blood agar plates ta give 50-100

¢.f.u, per plate and mutants isolated as for UV treuated cultures ahove,

F.3. Characterigsation of Mutants

The mutant clones isolated above were examined for ability to

produce other extracellular activities and for normal pgrowth charvacterigtics,

F.3.1, Denonstration of Possible Pleiotropic Mutations. A total

of 67 nutants were examlned for all of the characters described previously
(p.82-84 ). They had all retained the ability to ferment the carbohydrates,
althouzh some,which were very slow growing, could do so only at a reduced
rate, The general pattern of mutants fell into five distinct\groups
(Table 8 )& wutants of each group could be found after treatment with any
of'the mutagens. Colionilal morphology for groups 1-4 was similar to that

of wild typey group 5 mutant colonies were much smaller , about lnm after
24h growth, Six spontaneous mutants were also examined and their patterns
indicated that they were two grour :},one group 2 and three group 4,

Reversions to wild type Qere found'in al; cases although the back

mutation rate was low (0.00001%)2

F.3.2. Temperature Sensitivity. All of the mutants were examined for

pfossible production of haemolysin at BDOC, or for a haemolysin which was
produced at 37°% but was inactive at this temperature, but active at 3000.
There was no evidence to suggest that these mutants were temperature
sensitive,

¥.3.3. Investigation of Possible Co-operative Effects. The mutantsg

were cross streaked on 3% sheep blood agar plates to see if there was
any evidence of co-~operative effects. Some group 2 mutants showed

slight haemolysis when cross~féd by some group 1 mutants although this
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TABLE 8

Possible Pleiotropic Mutations ¢f Alpha-~haemolysin Deficient

Isolates.
Group Percentage
Phenotype of Mutants
1 1 st e LTeataTr B car’
+o4 .+
H s”crx Lca'e™ B car a7
+ 4+t +
H SCNLCaG?P B Car
) R A T AT I
2 HS7C¢ N"LCa G P B Car 24
3. s c"n L ca cte s car’ g
4. i s et LTcate r  car” 16
5 H'S ¢ N L ca 6P B Car 24

* 67 Alpha-~haemolysin deficient mutants were examined,

KEY: H - Alpha-haemolysin 8 - Staphylokinase
¢ -~ Coagulase N - Nuclease,
L - Lipoprotein lipase Ca -~ Caseinasge
G -~ Gelatinase P -~ Phosphatase
B ~ Bound Coagulase Car -~ Carbohydrates fermented

- Characteristic absent »r

Charaseteoristic reduced

1+

Characteristic not present or present at low levels.
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ebservatien was not always reproducible,

F.3.4. Replica Plating Study

Populations of Staph., mureus were exposed to UV as described

previously, samples spread on plates of 3% sheep blood plates to give
50-~100 colenies per plate and incubated fer 12 h at 3?'0. These were
used ac master plates for replica plating experiments, as described
en page 86, Resulta are shown on Table 9. ‘

Group 5 phenotypes were not detected in this experiment because
the initial incubation period of 12h, necessary to ensure small colonies
on the master plate, was too short to prov;de adequate c¢lenes of these
mutants. DBecause of the nature of raplicated colonies, it was not
always ypossible te make a clear decision regarding the strength of &

particular reaction. In these cases subjective decisions were made.
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TARLE 9

Possible Plaintropic Mutations in Alpha-haemolysin Deficient

Mutants Compared by Replica Plating

*
Percentage

Group : Phenotype of Mutants

1 n st uteatetrt 42

K s™w'Lcatee”

-k E 4 k4

2 H S N L Ca G P . 33
- e - 4+

3 s N1 cacp 16

4 s N LTcag T " 10

* Mutants were H colonies on the master plate which were
then examined on the replicas.
KEY : As for Table 8 except that Coagulase (C and B) and
Carbohydrate Fermentation are not represented, due to

lack of a suitable plate test.
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DISCUSSION

A, INTRODUCTORY REMARKS

The aim of this work was to investigéte the inhibitory action of
pheﬁethyl &lcohol and to uss this compound, and others, to investigate

the control of extracellmlar protein preductien in Staphylococcus

aureus, To provide contrast, alpha-haemolysin and amcid phosphatase
were chosen as the two extracellular proteins to be investigated,

the former because there was strong evidence that it was a true
extracellular protein (p.24) and the latter because there was reason

to think that it might be a cell-associated enzyme whose release

from the cell was accidental or, at leash,‘incidental { p. 25).

As will be discussed later {p. 181-182 ) the degres to which this
enzyme activitiy was cell-associated has been determined, confirming

its éhoice for this work. Since phenethyl alcshol has been shown te
affect growth rate, DNA replication and membrane structure and function,

attempts were also made to investigate these effects in Staph., aureus.

In the following discussion individual sections will be considered

separately and finally synthesised,
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B. GROWTH AND EXTRACELLULAR PROTEIN PRODUCTION UNDER NON-INHIBITED

CONDITIONS,

As & basis for future studies, the effect of media composition
on growth and extracellular protein production was investigated,
as this had been reported to be significant (p. 44-50 ), Since the
najority of experiments were to be carried out in BS medium the

offect of varying its composition was investigated.

B,l. Effects of Varying the Composition of BS Medium,.

Belels Effects on Growth,

Grewth was measured by increase in EGOOnm' increase in
extractable DNA (gg}cn-j) and incremse in viable count (cefeuscm™),
and the results of varying medium composition are shown in figures
3-6. BS mediunm is a complex medium containing glucose, yeast extract
dialysate, casamino acids, nicotinic acid and thiamine.

An initial inoculumn of 1.108 Cofonoon™ Staph,aureus grown

aercbically in the complete medium at z7%C displayed a lag phase of
about 1lh. This was followedAb§ an exporential phase lasting about

bh during which the population doubled approximately every 35 min.
Growth rate then began to slow down, falling to one doubling every

S0 min by 7he Thisg rate continhed until the population entered the
stationary phasge at about 12h., This pattern was pr#duced by all

three of the measuring systems ;nd was similar to that reported by other

workers using complex growth media { p.h4i-45 ),
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B.1.1l.a. Role of Complex Nitrogen Sources. Reducing the concentration

of either the casamino acids or the yeast extract diakxysate by 50%
produced guantitative changes in the growth rate of the culture (¥igure 4).
Since these two components acsoount, in roughly egual amounts, for
virtually all of the nutrient supply, it might be expected that the
difference in growth rate would be about 25%, but the doubling time in
early log phase was still about 35 min, However, trﬁnsition to late
log phase occurred about one generation earlier and the final stationary
value (measured by EBOOnm) was about 30% down. It seemed likely that
this was due to a reduction in the concentration of some essential
component or components which the cell wés either unable or only
poorly ablec to synthesise from other compounds. The minimal medium
derived for this strain (p.67=68 )contained Aspartic acid, Cysteine,
Glycine, Histidine, Nicotinamide and Thiamine, which all appeared to
be essential for growth. Of these six compounds, Cysteine & Histidine
are probably the rarestlin complex growth media, although this was not
investigated. |

Diluting the whole nmedium by 50% produced eésentially the same
effect as diluting either one by 50%. The reason for this is unclear
since logically this medium should be more seriously depleted, and
consequently should give a lower yield. This will be reconsidered
later (p, 159-160 ).

Dilution of the medium beyond 50% led to ohvious lengthening of the
doubling time and lower growth yield. At 90% dilution, the culture
grew for about five generations and then underwent an apparent lysis,

The most likely explanation‘for this would appear- to be a shortage of

cell wall precursors, while other materials were still available, i.e.
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a seriously unbalanced growth condition.

B.1.1.b. Role of Carbon and Energy Source. The normal carbon and

energy source in BS medium is 14mM Glucose. However, changing

glucose concentration or eliminating it from the medium had no

apparent effect on doubling time or final growkih yield, Replacement

of Glucose by 14mM Acetate gave results which were simila£ te 50%
reduction in Nitrogen source, The reason for this might be an increase
in maintenance enérgy requirement or an increase in respiration rate,
conditions discussed by Stouthamer (1979) (p.33«36 ). Inhibition in
the presence of l4mM succinate was even more marked. Since this
comnpound was presumably taken direcctly into the Citrie Acid cycle, a

stimulation of respiration rate seemed most probable (P.35 ).

B.l.2. Effects on Extracellular Protein Production. The extra—

cellular level of alpha-haemolysin, acid phosphatase, gelatinase,
- stapﬂylokinase and coagulase was assayed in all experiments, However,
only the first two were consistently detected and since these had heen
chosen for more detailed study, most attention will be given to them.
Two general points should be noted: Within the limits of the asgsays,
alpha-haemolysin, gelatinase, staphylokinase, coagulasgse, behaved in a
similar manner in the different growth media andi mene of them were
detected until expomential phase was already establ;shed.' Acid
phosphatase activity was usually detectable just after exponential phase
began, although if the inoculum was only washed once rather than twice,
it was possible to detect residual acid phosphatase at zero time.

The first appearance of all the activities in BS medium was
clearly related to the population density since the E of the

600nm

culture at the time when one titre-l unit for a particular prolein
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could be detected was constant. Production of acid phosphatase began

at E

“600nm aof 0,68 * 0,11,

of 0.16 4 0,02 and alpha hacmolysin at EGOOnm
Similar restricted conditions could be produced for extractable NNA or
viable c¢ount although it was not possible to calculate confidence
linits due to the restricted number of readings. Staphylokinase,
gpelatinase and coagulase were first detected at mean EGOOnm of 0,23,
1.3 and 2,0 respectively, A sinmilar relationship between EGOOnm and
appearance of alpha-haemolysin was reported by MeNiven (1872).

The differences detected here might be real and certainly the
assay of acid phosphatase nmust inciude some leakape of preformed
material from the inoculum which is presumably not the case for the
other proteins. If the other proteins were under some form of common
control, as discugsed 1atar.(p.l89 ), it might be expected that all four
would be detected together, However, the gsensitivity of the dlfierent
assaye would be expected tTo vary due to differences 1# the Km and Vmax
of the 'enzymes'. The absalute number of molecules of each protein
might also vary even if they were under common transcriptional conirol

due to secondary controels at this level or 1o trauslational controls,

B.1l.2.a, Role of Complex Nitrogen Sources. Reducing the concentration

of either the casamino acids or the yeast extract dialysate by 503
produced changes in line with the changes in growth parameclers. Although
. therc. was 2 slight delay before the different components appeared,

compared to controls, the E values at time of first appearance were

600nm
similar to those in the complete medium, The same was true for medium

which had been dilutéd 50%,  In medium which had been diluted 60% only

the phosphatase and alpha-haemolysin were detected. Phosphatase was

apparently still produced in a manner consistent with growth rate, but




the sppearance ef slpha-haeumolysir wos sipoificantly delayed uantdl
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EGOOnm 6f 2,0 snd preduction rate was reduced about BS%. Such a
prencunced inhihiticn suggested that production of elpha-hasmolyeln,
and by implicatlien staphylekinase; pelabtinase and coagulase, was
contrelled by central metaboliswm, either precurser supply er ATP supply
being the likellest conﬁendéra:

In medium which had been diluted SO% the vhospbataze was the only

activity te be detected, Cultures growing in this wmedium undervent an

apparent massive lysis at 5.5h. Ixtracellular phoespbatase activity cont-
inved to inerease reflecting the release of cell sssoclated activily
fgom a cyboplasudc or‘periplasmic locaticn. Extracellular levels of
the other protelns did net appear durdng this lytic phase, sﬁggeating

that cell-aasociated material was not present,

Bole2ebe Role of Cavben and Tnergy Sourcds As noted for growth,doubling,

reducing or removing glucose'from the medlium kad no apparent effect on
synthesis, but its replacsment by acctate or guccinate ot 1M did.
Acid phosphatase was altersed in line with the changes in grewth but slphe-
haemolysin and the others were mors significantly affected. The offect
of acetate was to delay the first appearance of &1phmmhaem@%yﬁim'umtil an
EGOOnm ef 1.0 and to reduce production rate by sbout 30%. Succinate ealy
delayed first sppearance until an EGOOnm of 0,82 but reduced production
rate by about 40%. These resulis were éifficult to fit into a gencral
model, The lack of any effect due to glucose argued against any form Gf
catabolite rgpression, but it was.not impnssibla to consider that the

way in which energy was produced within the cell wae a contrelling factor.




Heart Infusion Broth (HIB) and Trypticasc Soya Broth (T8B) were similar

o R

B.2. Growth and Extracellular Proiein Droduction iu Other Hedia,

B.2.1. Proprietory Media.

The growth rate, yield and extraccllular protein production in

complex, proprietory growth media was investigated, The rich media

to BS medium and 50% diluted BS mediunm respectively. In Lab Temco
Broth (LLB) which is nutritionally much poorer, the culture doubling
time was about G0 min (Figure 7) and the toutal growth yield was oaly
about lO9 c.f.u.cm_S. Since alpha-haemolysin was noi usually detected
upntil this population density was achieved, it might be cxpected that
this activity would be absent. ITowever, traces of haemolytic activity,
although rarely more than two haemolytic units,mg, could he found afier
the culture had effectiveiy ceased growingﬁ The firsi appearance was

detectable at E of D.8 which is much lower than usual. This was
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probably not significant and might be due to physical differences such

as cell size, although this was not obvicus under the microscopa.
These resnlts suggested that the nature of the medium components

was less significant than the overall supply and this was investigated

further.

B.2.2., Defined Media. A minimal medium was deviéed for siisin NCTC 10344

which contained glyeine, aspartic acid, cysteing,histidine, nicotinamide

and thiamine as well as glucose and salts. In this medium, growth was

very poér with doubling times of . about 100 min and only acid phosphatase

was detected. Yield of cells was pocr reaching a maxiﬁum of about
1.'5.].08 c.f.u.cmh3. Minor additions did not significantly affect growth

in this medium. However, addition of glutamic acid, glutamine, lysine

and proline in combination, produced a significant stimulation in




Where the cells have to balance their growth reqguirements against supply,

overall growth yleld, doubling time was reduced to G0 min, and alpha~
haemolysin was produced. These regultg implicated memwbers of the
glutamate family in the control of alpha-haewmolysin production and tended
to sugpgest that overall supply was less iﬁportant than nature of %he
hedia componentg. However, in vicw of the central role which
glutamate usually plays in amino acid and nucleotide synthesis, it was
not too surprising that overall supply of this compound might be

important.

B.3. General Conclusion gap Non-inhibited Cenditions.

Production of acid phosphatase appeared to be a growth linked
event, whéreas the appearance of alpha-haenolysin and pogsibly the
other extracellular preoteins, was dependent, nol only on growth, but
on adeyuate supplies of medium components for the maintenance of growth.
The fact that growth and protein production was very eimilar in media
which were made significantly different by alteration of the concentration
of the components, made it seem probable that there was a natural upper
limit to the assimilation rate. In BS medium, for example, the normal
medium would he excessively loaded with metabolitgg s0 that the cells
could obtain maximum levels of all precursors and would thus grow and
produce extra-cellular proteinsg at the maximum rate, Even if some, or
all, of the medium components were reduced by S50%. supply would still
be sufficient to ensure maximum production, although coverall yield might

s

be affected by theshoriage of some important or essential ingrediént.

the ability to producc a phosphatase would be highly important

to the maintenance of the supply. Other extracellular proteins might
be of use in conditions of shortage, but since they represent a potentially

large loss of material, it would probably be more advantagecous to the
: ’ . |
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cell to producc them only when thep® was an excess of precursor,

C.  GROWEI AND EXTRACRLILULAR PHOLEIN PRODUCTION IN BS MEDIUM

TREATED WITH VARIOUS POTENTIAL ANTIMETABOLITES.

The results discussed in this section were obtained with two aims
in view; to deduce some information ahout the production of alpha-
haemolysin and acid phosphatase by analysis of theleff@cts of various
antimetabolites and to deduce some information about the mode aof action
of phenethylalcohol by comparisoq wifh the resulis obtained from the

other reagents,

C.1. Effects of Phenethyl Alcohol, As deseribed in the introduciion

(0.51-55 ) phenethyl alcohol has Dbeen shown to affect DNA synthesis in
E. coli, possibly through an action on membrane located protein. - A

similar effect has bheen noted in Staph. aureus although the mechanism

has not been determined. Inhibition of extracellular protein produciion
was also noted bHut no detailed anulysis has been reported. The

implication in most cases has been that pbenethyl alcohol directed its

effecet through the membrane and changes in membrane fluidity have been
demonstrated in E. coli,.

The two components of Lhe system are the cells and the phenethyl
alcohol, so initial investigations examined the effects when either of

these was varied while the other remained constant.

"C.l.l. Effects of Phenethyl Alcohol at Various Concentrations.

Experiments were set up, as for the media experiments above, using
A - S -3
BS medium inoculated with 1,10 c.f,u.cm of twice washed cells,

incubated aerobically at 37%. Phenethyl alcoliol was added at concentrations

from 0~45 mM to early log phase cultures at 2,5h.




o1 6l

¢,1.1,a, Effects_of Growth Rate. Tigures 9(a) and (h) show

the elfect of phenethyl alcohol on growitll, measured s EGOOnm
extractable DNA (ug.cm o).

The degree of inhibition increased ué to 30 mi and at this
concentration, botlhh parameicrs exhibited an ingrease of approximately
50% over 30-6G0 min,land then ceased to increase, Such behaviour would
be consistent with a blockagé of DNA replication at the initiation
stage. The cyecles of replication which were in progress at the tinme of
phenethyl alcchol addition would go to complﬁtion, but no new cycles
would begin. The cells were pot permanently damaged by this treatment
because removal of the inhibhitor by centrifugation followed by
resﬁspension in fresh med%um at 3700 led to an inmediate reinitiation
of growth.

A1l concentrations of phensethyl alcohol above 30 mM, total inhibition
of both growth paramctecrs occurred in less than 30 miﬁ. The extractable
DNA Jevels actually fell after such itreatment, but since the external
260/280 ratic of the populations did not vary, it seemed likely that
this fall fas an artifact of the DNA assay system. Clearly the ceils
wvere severely damaged by treatment with such high concentrations of

phenethyl alcohol since the recovery itimes after removal from inhibitor

were greatly extended. The mast likely cause was damage to the integrity

of the membrane.

Inhibitory effects might be considered &s either compétitive'or'

non-compelitive with respect to the substrate on which the cells are

growing if the equationg derived by Pirt (1975) are employed.
He made the simplifying assumption that bacterial cells behaved as
ensymes reacting on the growth-limiting substrate and then derived

equations for the two different conditions by analogy with enzyme

kinetics. . Such an assunption follows maturally from ithe formal




similarity between the mediated permeation of substrates into cells and
classical enzyme kinelics (Finean, Coleman and Michell, 1974, p.Z29).

In competitive inhibition it is assumed that the inhibilor competes

with the growth-limiting substrate for uptake by the ﬁiomass, although
not ncccssagily by competing fox the same gite since many competitive
inhibitors have begen reported to function by associating with the
nediation mechanism so as to restrict substrate transport without
themselves penetrating the cell.

In non-competitive inhibition it is assumed that the inhibitor reacts

with the biomass at some site other than that for uptake of {the substrate
without affecting affinity for the substrate. The equationsg are
presented here (Pirt's numbers in brackets),.

For competitive imhibition, the equation is :

(17.6) W=l S/S 4 (L o+ )oEe veannnnenna. 1
m Ki o

and for non-competitive inhibition, the equation is :

) _ i 9 2
(17.16) 10 pm S/(1 4 Ki).(..a + KS) e amas

Where n is specific growth rate @
#  3is maximum specific growtih rate
S is substraﬁe concentration
i is dnhibitor concentration

K is dissociation constant for substrate reacting with bionass

Ki is dissociatlon congtant for inhibitor reactimg with bionmass.

A graphicél solution can he obtained most casily by reciprocal

transformation of the equations thus :

(17.6) CL_k i +i -
1 umSKi o
Grae L FrER e

B BK,
m 1-
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The change in substrate concentration during a short time interval will
be negligible where S => Km.which would occur during exponential growth
in BS medium, & can therefore bHe considered asx a congltant in both

thege equations and hoth then become eguations for straight lines where

&-is plotted against i, In both ecases, the y-axis intercept (i.e,
|

1
i=90) is — 3 in other words the growth rate is maximum when there is

m
no inhiphitor present. The x—-axis intercept in the case of equation 3

-8K -8
is at i and for equation 4 js at T . Where S >> Kg the
K . (S -+ K ’
s 5

latter then becomes hKi. This indicates that non-competitive inhibition
‘is independent of substrate concentration under these conditions.. The

x-gntercept for equation 3 will therefore be larpe, whersas Lhat for
equation 4 will be small .. i A plot of ﬁ-against i would indicate whethevr

the inhibition was competitive or non-competitive and such plots have

been consgtructed, A1l showed the general form displayed on Figure 29

which was based on the data presented in Figure 9%a,Dd. Values of 1/n

(based on EGOO or extractalble DNAYwere calculated for the period of
D

60 min post addition and converted to ratios of 1/p Lo allow direct
m

comparison of the E and DNA values. The period of 60 min was

600nm

chosen partly bhecause inhibition by 30 mM or more .was total alter this

time and partly because utilization of substrate caused deviation from

linearity (as discussed above) in calculgtions based on later
times,
Threo distinet pattcrns are shown on Figure'2?. The effect on rate

6f DNA synfhesis was linear dp to 30 mi but above this concentration, .
calculations could not be made due 10 membrane damage, as previously

discussed {(pil6l). This inhibition matched that shown by total

biomass (EGOOnm) up to about 22.95 mM, Extrapolation of this line to

the x-axis interccpted at about -120 mM, indicating that the inhibition
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Figurce 28

Determination of the jfaturc of the Inhibitory

Effect of Phenethyl Alcohol on Growth of

Staph, aureus.

Inhibitory effects of phencthyl alcchol on growth of Staph, aureus

may he either competitive or non-competitive. From a plot of the
reciprocal of growth rate (%) against inhibitor cuucentratiun (i), the
x-intercept can be used to determine which kind of inhibition is
happening in any particular case. In the figure, the inhibitory effect
of different phenethyl alcohol concentrations on increase of E600nm or
extractable DHA is asseésed. So that both EGDOmn and DHA can be compared
directly,.the ratio l/u.lyﬁ; is plotted. Such plots turn out to he
bi-phasic when Yy is measured by EGOO () and to be linear up to 30 mM
phenethyl alcohol when W is measured by intracellular DNA concentration
(0. Extrapolation of the two lines to the x-axis gives intercepis

of -~ 120 nM and + 135 mM. The latter can be assuﬁed to be - 10 mM if

a new datum at 25 mM is ftaken (dotied line). These indicate competitive
inhibition at low concentrations and non-competitive inhibition at

high concentrations,
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observed was competitive since this value was too high to be Ki. It
wag concluded that low couceantrations of phenethyl alcohol interacted
conpetitively with a subsirale or substrates directly concerned with
rate of‘growth. Above 22,5 wm, inhibition of EGDOnm ceascd to conform
to this patteru, but when the valucs of %-for 30-45 m¥ were considered
in isolation; 1t could be seen that they were related in a linesr manner.
¥When this line was extrapolated hack to the x-axis, it passed through %
at about 25 mM and infercepted the x-axis a2t about 15 ml. This could
be ascribed to a nonwcompetitive inhibition starting at 20 mM with a
value for Kj of 10 m¥. ~This value of Ki would, of course, be distinct
from the inhibitor constant for the competitive effect discussed above.
It was concluded that high concentrations of phenethyl alcohol caused
non-competitive inhibition, possibly by disrupting of membrane integrity .
As discussed on p.38w40 a pumber of inhibitors have been shown to cause
competitive inhibition of aminc gcid transport. The possibility that

phenethyl - alcohol might alffect amine acid transport in Staph. aureus

is considercd later (p.179-1.80).

C.1.1.Db. Effects aon lxtracellular Protein Production, A comparison

of alpha-haemclysin and acid phosphatase productién in the trealed
cultures was carried out,

In the preseﬁce of 15 mM phenethyl alcohel, the produection of
alpha-haemolysin was severely inpibited (Fig. 9c¢). The initial

apﬁédrance'was.delayed until'an'Eﬁoonm‘of 1.25 + 0.2 which was double-

v

the value for the normal medium (p.156) and the rate.of synthesis ﬁas
reduced about 80% or more. At higher concentrations, alpha-haemolysin
was not produced, so clearly élpha~haemolysin production was more sensgitive
to phenethyl alcohol than growth. It was possible that release of

preformed alpha-haemolysin was being blocked by the treatment, hut

’




lysis of treated cells with lysostaphin did not reveal any cell-
assoclated activity, In addition, cells which had been removed Lrom
inhibition by centrifugation had to grow for 30-80 min bufore alpha-
haemolyéin was detected.

Production of acid phosphatase was reduced by phenethyl alcohol
treatment in line with the inhibition of growth, although extra-cellular

levels continued to rise slowly even after growth had ceased in

cultures treated with 30 1M or more. The most likely reason for this
increase was leakage of preformed material, a matter which i1s discussed

in more detail later (p.181).

c.L.2, Lffect of Population Density. Different gizes of population

were exposed to phenethyl alcohol at fixed concentrations of 15 mM or 30 mM
in early log phase, The population sizes were varied by using initial
. 8 -3 8 -3 .
inocula of 2.10 c¢.f.u.cm or 3,10 c¢c.f.,u.cm . Under these conditiious
growth was similer to the standard pattern obitained uéing an inoculum

8 -3 ‘s
of 1.0 c.f.u.em except that transitions to late log phasc and early
gtationary phase were advanced in time because populaticn densities
appropriate to these phases were obtained earlier.  The results are

shown in Fig. 10a.b.

cC.1.2.a, Lffcct on Growth Rate. Addition of 15 mM phenethyl alcohol

by around 20% in

depressed the growth rates, as measured by\EGOOnm’

both cases, i.e. the reduction was similar to that for the lower
‘'standard inoculﬁm. -”Addiﬁion of 30 mﬁ pﬁenétﬁyl aléghoi 1ed.to aﬁ
reduction in growth rate leading to aboul 50% increase over 40 min,,
followed by a cessation of gru&th, once again reflecting the patiern

for the lower inoculum.
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C.1.2.0b. Tffect on Fxtracellular Protein Production. Aclid phoephatase

production was reduced in line with growth rale in both these experiments

although the usual slow lncrcase was noted after growth had stoppad in

the 30 mM trcated culture, In the culturec obtained frowm an inoculum
8 . -3 . . . .
of 2.10° &.f.u,em , the first appearance of alpha~haemolysin (at an

EGOOnm of 0.78) coincided with the addition of inhibitor, whereas in the
other culture, alpha-haemeolysin had hecn detcctable (at an EGOOum of
¢,72) about 30 min before treatment. These population densit_ies,

at the time of first appearance, were within the normal range, wvhich was
furthex eviden‘ce that production of the llaelnoly'fsin wvag controlled by
growth conditions. In both cases production following treatment with
15 mM.phenethyl alcohal continued? Lut the rate was reduced by asbout
959, This indicatéé thdt control of synthesis was fairly precise

sinee legs accurate control would lead to elther a period of continuing
high production or to an immediate shut down, followed hy a later
re~initiation.,  Addition of 30ImM phenethyl alcohol caused an imnediate
reduction in the rate of production of alpha-haemolysin (¥ig. 10b) over
a 30 min period and thereafter the extracellular level remasined constant,
about 17% above that at time of addition, This slight increase might
indicate a declining mRNA production, i.e, tranééription continuing

at a reducing rate for 30 min or a declining protqin productidn, ive.
transcription abaent « and preformed messengers being tvanslated, ox

some combination of the two. This will be reconsidered later (p. 175 ).

°

C.1.3, Effect of Culture Age. The usual phases of growth covered
by these c¢xperiments have been carly log phase, late log phase and
early stationary phase, since these are the phases during which growth

and extracellular protein production were.mosi marked. However, in
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the majority of experiments, phenethyl alcohol has been added to

early log phase cultures, To-investigata the role which phase of

growth nplayed in the inhibitory effects, phenethyl alcohol at 15 wd ar

30 mif was added to cultures in late log phase and early stationary

phase (approx. 5h and 6,5h respectively, for BS medium inoculated with
8 - -3 )

1,20 c.f,u.em ) and the resultls are showh on Fig, 1lla,b,c,d,

C.i.3.a. Lffect on Growth Rate, Because the cultures were

beginning to slow down at the time or before the inhibitor was added,
the caleculation of efifects on géowth réte g lens easy, In late
log phase, 1b mm phenethyl alcohol caused an apparent reduction in
growth ratg of about 20=25% in the 90 min period post-addition.
However, be&ond this tinme), the slowing down of the control made such
estimates meaningless, The behaviour during the period which éould
be assessed was very similar to that éisplayed by 35 mM phenethyl
alceohol treatment in eariy log phase. . Addition of 30 md phenethyl
alcolol led to cessation ﬁf growth aftcr about 60 m;n, during which
time the culfture density only incrcased by about 25%. In early
stationary phase, the effects were similar, except that reduction in
growth rate was only ahout 10%, following treatﬂeht with 156 mM phenethyl
alcohol and cessation of growth in the 30 mM treated culture after
about 60 min only encompassed an increase of 15%. It seemed certain
that the variation in effect was due to £hg phuse of growth,.i.e. to

'thé'growth rﬁte,rather than to the popﬁlation.densityz

C.1.3.b. Effect on Extracellular Protein Production. Once again

extracellular acid phosphatase production declined in line with the

growth rate, whereas alpha-haemolysin production was more sensitive,




91,59-&

Addition of 15 mM phenethyl alcohel to late log phase cultures caused
a reduction of about &0% in the production rate of the alpha-haemolysin,
but only 70% in the early stationary phase. These variations were
ascribed to the alpha-~haemolysin levels in the cantrols approaching
final ﬁitra and therefore uonfusiﬂg the caleulation, Addition of
30 mM phenethyl aicohol caused ainost immediate cessation of increase
of extracellular alpha—haemolysiﬂ with only an increase of about 10%
du?ing the first 30 min heing detected.

The produdtion rate at time of inhlbition seem;J to be the anly
factor which affected the degree of inbibition and it was concluded

that variations in the level of inhibition were theretore not due

directly to cell concentration,

C.1.4. Comparison of the Inhibitory Effect of Dhenethyl 4lcohol and

_Fiﬁ%ophenylalaninu Analogues. Because of the passipility that
~
phenylalanine might be an important Lfactor in the control of alpha-

haemolysin éynthesis (p.41-42) and because phenethyl alcohol was a
structural analogue of phenylalanine, a comparison of the effect of
nflﬁ%@phenylalanine analogues with tHat of phenethyl aléohnl was
wndertaken. Aé shown in Fig. 12, the observations of-Mathieu_gg‘gl,
(1970) that flﬁ?ophenylalanines inhibited growthaﬂﬁ.alpha—haemo%ysin
‘production were confirmed, as was the observation that meta—:flﬁgo~
- phenylalanine was mare iﬁhibitcry,towards-alpha~haemﬂlysin production
.tﬁan.either thclofthp— ofithe para- igomérs;' All of these.éffEQfs
weré eliminated by excess phenylalanine. Phenéthyi.alcohnl at 15 mM
was approximately as inhibitnr& as 80 uM of L«meta-Jflggophenylalanine
to both growth and extracelluolar protein production, but phenylalanine

could not reverse this effect, The incorporation of analogue and

phénethyl alcohol together proved interesting, since, in this case,




the phenethyl alcohol effect alone seemed to be operating. Removal
of the cells Lrom joint inhibition by céntrifugation and resuspension
in fresh mediunm restored the culture to normal, suggesting that the
15 mM phenethyl alcohol bad prevented the intracellular accumulation

of analopgue,

C¢.1.5. Ynvestigation of the Bffect of L -Histidine on Phcnethyl

Alcohol Inhibition of Growth and Extrocellular Protein Production,

Histidine had also been implicated in the control of alpha-hsemclysin
synthesis (p.46), The minimal medium devised for NCTC 10344 included
histidine which appearcd to be an absoiute growth reqguirenent, It was
therefore not possible.to directly reproduce.the conditions émployed
by Dalen (1873 a,b). ;Hn%ever;.an attempt was mﬁde fo overcome the
eftfect of phenethyl alcohol on alpha-haemolysin synthesis by the
addition of L-liistidine to BS me@ium at concentrations up to 2 mM,
As shown on Fig, 13, concentrations above 1 nif J~histidine did appeaxr
t; partially stimulate aiﬁha_héemnlysin synthegis in the presence of
15 mi phenethyl alcohol. Since this stimulation was effecied without
a concommitant stimulaiiﬁn of growth it was gratuitous in contrast to
the non-gratuitous - effect in minimal medium descfibed by Dalen {(1973a,b).
Tﬁis result implicated L-histidine in the inhihitofy effect due to

phenethyl alcohol and made it seem likely that inhibition of amino

acid uptake was involved.

C.2, Inhibition of Graowth and Extracellular Protein Production by

. Phenethyl Alcohol Analogues,

The effcet of phenethyl alcohol on growth and extracellular
protein production discussed above were presumalkly a function of its

molecular structure. To try to identify whieh parts of the molecule

\
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ware important, a number of phenethyl alcohol analogues were tested in

the same system, ie. addition at 15 mM during early log phase (2.5h)

and the results gshown in Fig. 14. The compounds tegsted fell inte four
groups as shown in Figunre 28. Group 1 comprised only 2~Pﬁeny1 Acetic

Acid, a compound which was crystaline at room temperature aud which
might be expected to be a natural metabolite. It was therefore not

surprising that this compound produced no effect on either growth or

protein production, The Group 2 compounds, Phenethylamide and Phenoxy-

ethanol, hoth had fairly_p@lar side chains and both caused slight

stinulation of growth rate, measured by E coupled with a decrease

600nm ’

of-about 30% in the rate of alpha-haemolysin synthesis. It scemed

likely that the stimulation of growth was an aritifact and that there

was essentially no effect on growth. The inhibition of alpha-

haemolysin synthesis by these two comﬁounds highlights the sensitivity

of this system to minox changes in the environment.szheﬁethyl alcohol

itself was a member of the third group which also contained l-Phengghyl

aloeiel and E%Phenylnpr@pangl'which::;;- have very similar struclures

and very similar polarity; Lhey reduced growth rate by about 35% and

alpha~haemolysin synthesis - = about 95%. Group 4 again comprised

closely related compounds, in this case 2-Phenyl Ethyl Chloride and

2-Phenyl Ethyl Bromide. These compounds prevented amy synthesis of

alpha-haemolysin and inhibited growth rate by about G62%. Treated cells

showed almost §0% loss during centrifugation. As judged { Fig. 32 ) by the:

'moledular structure and pioperties of the various compounds (Hahdbnok of

“

Chemistry and Physics, 1973) the inhihitory effects blearly increased

as the polarity of the side chain decreased, suggesting an involvement

of the membrane in the inhibitory effects.
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Figure 30

Structure of Phenethyl Alcohol Anflopues

Phenethyl alcohol and its analogues fell iﬁto four groups

according to their effect on growth rate and alpha-

haemolysin synthesis,

When added at 15 mM

Group 1 produced no effeact on either,

Group 2 slightly stimulated growth, but depressed
alphé—haemolysin syhthesis by about 30%

Group 3 inhibited growth rate by 30-40% and alpha-
haemolysin synthesis by about_95%.'

Group 4 inhibitcd growth rate by about 62% avd totally

inhibited alpha-haemolysin syntheses.

The structures are shown opposite.
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C.3. Inhibition of Growth and Extracellular Protein Synthesis

by Antimetabolites Which Were Structurally Unreluted to

Phenethyl Alcohol.

To provide further infofmation on extracellular pjotein production
and to provide a basis for comparison of the effects of phenethyl
alcohol a ﬁumber of antimetabolites,whose mode of action had been
propesed, were chosen and thelr effects aésessed.

C.3.1. . Compounds Affecting Nucleic fcid and Protein Zynthesis,

C.3.1.a. Mitomyein C. This antibiotlic causes DNA damage and is an
cffcetive inducer of lysogenic phage (p.43,. When & ulM was added to
early log phase culturcs at 2,5h (Fig. 15) a reduction in growth xate,

measured by b ¢was detected and increase stopped after 2h, The

600nm
cells then began a slow l&sis. "Extractable DNA proved to be incfliecicont
as a wmeagure of intracellular DNA in this system because DNA lcvels

apparently fell immediately after addition of the inhibitor. Since

F was still increasing, the loss of DNA must have occurred during

‘600
the initial washing stage of the assay. This was preobably due {o a
combination of membrane damage and phage induction.. Trcated cells |
were osmc;‘tically unstable and the majority lysed durilng centrifugation.
However, clopes derived from survivors were apparéntly.normal in their
extracellular protein production which suggested either thatl these’were
not 'cured' cell lines §r that the extracellular proteins routinely
tested for were not associated with lysogenic phage. A more detalled
'ex_éaxhination of this area would Be.iu.texlesti.n'g ,‘ j)erha-pé using tritiat'ed
thymidine 1o assay for DNA syntheéis. ‘

Alpha-haemolysin was not synthesised by the treated cells, but

since lysis ensued at an B of 0,74, this was expected, Releasc

800amn

of acid phosphalase was interesting since this continued at an increased
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rate well into the lytic phase, reflectiug relcase of prs formed

malerial from ﬁhe cells.

C.3.1,b. Chloramphenicol This antibiotic blocks translation at the

708 ribosome (p.U4ad). The degree of inhibition was concentration-
dependent and the results shown on Fig., 16 were for 30 ub and 80 uif

2.6 mM

bich resembled t : - srowt asured by B £ 2
which resembled the effee?s on gluyth, ﬁe¥surcd by LBDOnm’OE

and 30 mM phenethyl alcohol, Inhibition of DNA synthesis by 80 um
chiloramphenicol ﬁ;s ratheyr anomalousz iun that ;t.resembled that caused
by 30 uM for about 2, but then becﬁme total, The total DWA had
approximately doubled in that time. - This might reflect a variabic
control of initiation of DNA rveplication or a variability in the
sysceptibility of different mcmbefs of the population. In any case,
first step resistance to chloramphenicol in NCTC 10344 occurved at
ahout 20 uM (ﬁheller, unpublished) and cultures treated with Lhis
concentration, or above, did not.grow beyvond 8h in BS medium,

Acid phusphalage production was inhibited by all conccntrations,

although continued

approximately in line with the 1ng1b1t10n of EGOOnm’

release of preformed material made this much less noticeable. Alpha~

haemolysin was not detected in any cultures treated with chloramphenicoi,
sugpesting that this protein was abnormally sensitive to such treatment.
This finding coétz&steé with that reported by Uinton and Orr (19860)

but was in general agreement with results of Mates (1974b) and Gemmel

and Shible (1876). . . - . . o

C.3.1.c. Actinomycin D, This antiibiotic blocks trangecription at low

concentrations and DNA replication at high concentrations (p.42),

praobably by cross linking DNA. The degree of inhibition was concentration-

'dependent and the results shown on Fig. 17 were for 0,8 ui and 8 pM.

-
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At 0.8 uit, inhibition of all paramecters was gimilar to that displayed
by 22.5 mi{ phenethyl alcohol and 30 ulM Chloramplhenicol and at 8 ui

total inhibition ensued within 90 min for E and 40 min for DNA,

600nm
EGOOnm having approximately douhled, and DNA having increased by about
50% before stopping. Thegse results were consistent with the inhibitory

mechanisn proposed fer Actinomycin D.
Alpha-haemolysin was not detected in these sxperiments and acid
phosphatase production was inhibited in line with growth which was alsec

consistent with the known mode of action.

c.3.1.d. Estimation of mRNA Durability by Comparison of Chloramphenicol

and“Actinomycin D on Active Alpha-haemolysin Synthesis. Katsuno and

Kondo (1973) estimated the durability of the mHNA for enterotoxin B by
comparisoﬁ of cultures treated with theﬁe two antibiotics (p.ha) ?0 it
was declded to investigate the durability of the alphaJhaemolysin miNA
by the same method. Duplicate cultures in which alpha—haémolysin was
being synthesised were tfeated with eitherl30 uM Chloramuphenicol ox
0.8 uM Actinomycin D aﬁd levels of alpha-hacmolysin and tqtal cell mass
'(EGOOnmi were'moﬁitqred. The results, shown in Fig. 18,indicgfe quite
clearly that these iwo aptibiotics, whilst inhibiting growth in a
similar manner,'displayed a very dissimilar effect on alpha—héemolysin
synthesis, Addition of chloramphenicol, whichk blocks tranglation,
caused total inhibition of alpha-haenmolysin within 5 min, indicating
Ithat:tranglation and ext?usion were probabl& véry tightlg Iinked.
Addifion of'acfinomycin D;on the other hand, allo@ed'synthesis'to
continue at a declining rate over é 30 miﬁ period, which was counsistent
with the view that the mRNA was of a more durable wvariety than that
concerned with general cell protein synthesis, Since E continued

600nm

to increase where alpha-haemolysin huad been totally blocked, this was

’
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further evidence for the add;tionai sensitivify of alpha~haenmolysin
synthesis_to such interference, Such dﬁrability mipht be dus Cto either
a more resistant type of mRNA, for example, a modified %' terminus
consigtent with the_translationmextrusion model (p,28-) or an enlarged
pool of mRNA for extracellular proteins (p.30 }. However, the latter
ﬁould still require some mechanism for reducing turnovexr of the miNA,
£% the former might be more generally applicable,

Acid phosphatase was also examined in this system, although the
rqsults are not shown in Fig. 18.. The general results were cousistent
with the effect on cell growth, ﬁut prebably due to the usual leakage

of preformed acid phosphatase, the results were neot very clear cut.

C.3.2, Compoundsg A ffecting Membrane or Memhrane lBased Functions.
c.3.2.a. Sod;Hm_Héiggﬁgi The precise mode of action of this compound

is unknown, but it has been shown to reduce ¥V (Stouthameyr, 1979).

ATP
The effect Of 30 mM sodium nitrite is shown on Ilg. 19. Inhibhition of

groéth, measured by & acid phosphatase production and alpha-

600nm?
hacmolysin synthesis was similar to that produced by 15 mM phenethyl
alcohol, Since the molecular structure of the two compounds is very

different, the mode of action camnnot have been identical but the final

result in metabolic terms would appear to be similar.

C.3.2.b. Potasgium Ferricyanide. Figure 20 shows fthe effecl of 15 mN

and 30 mM potassium ferriecyanide. The inhibitory ceifects of 15 mM
were very similaf'to that:produced'by 15 mM phenethyl alcohol, which
;mighﬁ at first suggeét samé relétionsﬂip. Héweyer,lsojmu was nbézmdch
more'inhibitory than 15 m¥ except on alpha-~haemolysin synthcsig,which
was detectable in 15 mM but not ium 30 mil up to 6h, However, in one
experiment which‘was continued for 8h, alpha-haemolysin was detecled.

.

'at about 7h and all treated cultures had attained control levels
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overnight. The results suggested that the number of pofential target
sites for action were botli limited and non-lethal, but the nature of
such turgets - wag difficult to envisage. I would appear, however, that

the mode of action was different from that of phenethyl alcolol.

.0.3.2.0. Sodium Azide. The inhibitory effects of sodium azide are
shown on Fig, 21, There was no oas& relationship between inhibitor
éoncentration-and &egree of inhibition} i M had no effect on any of
the parameters tested, whereas 2 nlM produeced 50% redﬁction in growth
.(EGOOnm)'mld acid phosphotasl pma‘um?:i@n.l It&lab prevented the
appearance of alpha-haemolysin up to 6h although it was eventually
produced and had attaincd contiol 1e§elé after overnight iﬁcubation.
Inhibition inercascd with concentration thereaftoer and resembled that
causeqr by 30 nM pheheth§l ﬁlcohol at 20 nd. ‘ The initial large Jump
in effect between 1 and 2 mM might réflect some tolerance on the part
of the cells, perhaps due to an exclusion of the iﬁhiﬁito; until
cxternal inhibitor concentfation had reached a critical 1e§e1 at which
passi%e diffusion was able to drive the azide molecules through to
their site of action, Whatevex the re%gon, the action did not resemble

that of phenethyl alcohol.

C.3.2.d. Potagsium Cyanide. Thirs' compound was dmmedlately inhibitory

7 to all three parameters at I mM (Fig.22 ). Inhibition of growth

(

EGOOnm) “tncereased with concentiration and became tatal at 10 mif where

n

Eﬁobﬂm increased by no more than 10% post addition. Acid phosphatase

release was inhibited in'line with_inhibition of K although, as

-

usual, it continued even in totally inhibited cultures, At concentrations

600nm

above 1 mM no alpha-haemolysin was delected, bul in the presence of

1 mM cyanide, the rate of production was similar to that of the control

and although initial appearance was delayed about 1h, production
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neverthelegs began at an B of 0.62 which was in the normal range

GOO0nm
at which production began in untreated cultutes. Since alpha~haerolysin

synthesié, which had been found to he extremely sensitive to all other
reagen£s, was less sensgitive to.potaSSium-cyanide, this suggested that
the mode of action of potassium cyanlde was different from the other
compounds deseribed in this section and certainly different from
phenethyl alcohol,  Since cyanide would be interfering with respiration,

it was concluded that respiration rates were less closely related to

alphahhaemoiysin production than other aspects of central metapbolisn,
- Thig might ke relatcd to the observation that alpha-haemnolysin was
produccad ﬁost rapidly during the late log phase when respilration rate
might be rcguced, although‘media depletion has been proposed'as the

reason for this transition (Holme & Arvidson, 1876) (.45 ).

C.3.2.e. 2,4~Dinj§yophenol. The inhibitory effects of dinitrophenol

ﬁre shown in Figure 23. The_inhibition of gruwth,.ﬁeasured by EBOOmn’
was concentration dependent up to 2.5 mM. At 1 mM inhibition resembled
that due to 1§ mk phgnethyl alcohol and at 2.5 mM 1t resembled that due
to 30 mM éhenethyl alcahol. The same felatioqship aﬁplied to the
inhibition of acid phosphétase release axid alpha-haemolysin production.
Although phonethyi alpohol was cleaily weaker in its action than dinitro-
phenol, the depeundence on concentration ﬁollowed the same pattern,

This compound (p.ij is known to dissipate the membrane proton gradient
and this is sugggsted to be its'méin mode of action. °Conc.entrations.
ﬁf Ainitrophenol above 2.5 mM caused irreversible damage to many of
the treated cells and ébové 5 mﬁ‘lysis usually ensued. This spggested
that higher concentrations were causing serious membrane damage. An-

examination of these results using the system described for Tig. 28

indicated a two-phase effect, yielding Ki values of 10 mM and 2 mii.
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These would appear to have been due to non~competitive inhibifions.
Iuhibhitions due to phenethyl alcohol and dinitrophenol would therefore

seen to be related, hut not identical processes,

D.  COMPARISON OF THE EFFECT OF PHENETHYI, ALCOHOL AND DINITROPHENOL

ON UPTAKE OF RADIOLABELLUD AMINO ACID,

Thé results presented in Section € have indicatled a number of
agpects ol plhenethyl alcohol inhibition which will be reviewed in dstail
in section H below. However, tuere was o defiinite suggéstion that
pheﬁethyl alcohol was affecling amino acid .ransport in some way so a
conparison of the ﬁptake of varidus labelled amino acids in the preéence
or absence of phenethyl alcoliol was instituted. As a control, the
effect of 2,4—Dinitrophenol'was also investigated. ‘ The concentrations
used, based on the results obtainecd from Figure 9 and Figure 23, were
156 mM and 1 mM yrespectively and the results are sl own on Fig. 24,

The very low uptake éf Lmiysine and L-histidine was anomalous,
particularly since L-histidine appeared to he an absolute growth
regquirment for NCTC 103@4.

The other four amino acids, glycine, L-alanine, L-pglutamic acid
and L-glutamine_were all taken up rapidly. Addition of 1ImM dinitro-
phegol caused an apparent smail efflux of label from the cells, but
thereafter, uptake'continued_at a reduced rate. Saturation of the
controls made the relative uptake in the presencc of diniirophenol loqk
moré than it ﬁas, in fact, and the.prcbébility‘ that no mctive transﬁort

was taking place cannot be cxéluded, the small net increase being due

!
!

to afhéilitatgddiffusion as suggested by Clhuptgtensaen . (1979). The
effect of 15 mM.phenethyl alcoﬁol wag much more dramatic, A rapid
reduction in cell-associated 1label happened immediately aﬁd thereafter
continued to fall, Quantitative differences between the effects of

the two different inhibitors were found in all cases, this being most
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dramatic for L-glutamine where vintually all of the cell-associgted
Tabel was lost within 2 min of the addition of phenethyl alcohol,
wvhereas no more than 10% was lost by the dinitrophenol treated cultuze
in the ssme time period. Theréfore, although both these ialhibitors
appear capable of disrupting amine acid transport, their mode of action
would appear to Bbe different,

Efflux of L-methionine from Myococcus xanthis 1in the presence of

17 mM phenethyl alceohol has been noted by Jones (1979), but no reason

was adduced, As reviewed on_p.36m38 uplake of aminoe acids would
appear to be an active, energy dependent, Frocess. In. E. eoli mutants

which lacked the specific transport system for branched chain amino

aclds could not retain leucin (Anderscn and Qzender, 1978), similar
results have ﬁeen noted for other amino acids (p.38 ) and I have
guggested that a separate excretory process might be responsible,
perhaps related to the countarwtransporf syslem proposcd by Christensen
(1979).

Fon—-competitive inhibition of amino acid transport by uncoupling
agents such as dinitrophenol has beén cbserved, but as reviewed on
p.38—ko competitive effects due to other mechanisms have been noted for
a variety of inhibitors, The most likely explanation for ithese
observations was the production of unstable conformations of the
transport proteing (p.}é). However, the inhibition due to tributyl {in
chloride was asscciated with lcakage of amino acid from the cell
-{Singh & Bragg, 1979) whiech was:suggested to be due to a_trassmembréne
OH -anion exchénge. The ébservation ol leakage was therefore not
confined to phenethyl alcohol, but the explanation might have to be
differeni in this case becausé diréct chemical linkage to the membranc

transport proteing or charge effects would bc unlikely.
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E. LOCALISATION OF PHOSPHATASE ACTIVITY

Phosphatase was chosen as an example of a cell associated protein
hecause the evidence for association seemed good (p.25 ) and because
its activity could be conveniently assayéd. The degree of cell-
agsociation was,.however, uncertain and details éuch as number of
enzymes with this activlty and pH éptimum ware unconfirmed. An attempt
was therefore made to establish the pH spectrum of the cell-free
activity and the cell-associated activity, the proportion of activity’
which was cell-Ffree and the leocation of the acti%ity within the cell,

The pH spectrum for activify was sinilar for cell-free and celle
associated activity (Fig. 25) and iﬁdicated a three component systen
with pH opiima at 6.1, 6,8 and 7.8 for soluble enéyme and 6.1, 7.1 and
7.8 for intact protoplaﬁt;. The variation in the central peak value
might have been due to confermational changes associated with the
change from ﬁ possibly non-polar membrgne location to'é polar environment
outside the cell, Alternativély, the cnzyme might have been attached
to the surface of the membran; by a loop ¢of polypeptide which had to
be cleaved (p.ﬁo). However, Triton X100 solubilised prptoplasts
displayed the typical central peak at pH 6.8 so an énvironmental effect
seemed more likely, The same spectrum of activitly was yeleased £from
non-metaboliging cells suspended in cold (400) medimg (Fig.28) suggesting
that all three activities were ﬁeing released in concert. The &hree
pH 0ptimum peaks, presumably reflecting three enzymes, did not correSponé
to the 5.2-5,3 o#tiﬁum ndtea.by ﬂaivaux anﬁ San.Clemente (1969a,b).

The enzyme which they 'studied was inhibited by Iodoacctate and EDTA
and stimulated by Cu(Il)ions, These effects were not.noted for any
of the pH optima described here (Whyte, porse¢ .coumi; - Wheller and White,

1979) so this difference was possibly due to gtrain variation.

Ceritainly the Oxford strain of Staph., aureus appeared to have only one

v
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pH optinum at 5.4-5.6 (Stevenson, -unpublished). The results presented
in Fig., 25 and 26 do not exclude the pos;ihility of a minor component
with an optimum at pll 5,3, The majority of the activity, about 60%,
was associated with the pH 6.1 peal and so this was the activity
routinely-asseésod.

Fractionation of the cells, using the protocol inm Fig. 2 (p.77)
yielded the results shown in Table 6, The majority of ihe enzyme
(60%) would appear to be cell associated, but more than half of this
was external to the protoplasf and was therefore easily removed, Much
of this was located in a loosely bound for. attached to the'wall,
possibly to teiochic acid, as sugpgested by Arvidson (1978) for.the 5.2
_enzyme, - ) ’

The cell associated activity was Jlocalised by electron microscopy
using a technigue which marked the site of enzyﬁe activity with lead
phoﬁphate. There wag considerable activity in the wﬁnle cell (Fig., 27a)
‘but much ¢f the 1oose1y-bound material could pe\removed by washing and the
majority of the remaining activity éﬁpeared to be cytoplasmic, Whether
the cytoplasmic enzyme(s) and the extracellular enzyme(s) were the
same or not was not detérmined. The translation~exélusion model
involving a signal sequence (reviewed on p.28-31).w0u1d presunably
exclude such a possibility, but a different translational control system'
could be ovperating in this case.

The evidence presented here confirms the choice of acid-phosphatase
'és“a:celluaséoqiated'enzyme whdSe production could be‘usofuiiy_contrﬁsted

hY

with that of the alpha-haemolysin.

F. INVESTIGATION OF EXTRACELLULAR PROTEIN PRODUCTION BY MUTATIONAL

STUDIES

¥.l. Possibility of a Plagmid Locus for the Alpha-haemclysin Genes.
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_The location of the genes flor various extraccllular proteins has been

a nattexr for controversy which does nﬁt seen to have heen regolved.
From the work reviewed on p.%9~63 it seemed clear that the location

of the genes was strain variable. Attempted elimination of plasmids
carrying determinants for alpha-haemolysin activity by 8DS, Acriflavine
or elevated temperatures, did noc confirm that these genes were located

.

on a plasmid in sftrain NCTC 10344.

F.2. Pleiotropic Mutation of the Extracellular Protein Genes.
Pleifotropic mutations are those in which an apparently single gene
mutation causes changes in the activity of other gene preducts. As

reviewed on p.56-59 pleictropic mutations have becn frequently notcd in

stgdies on Staph,aureus extrucellular'proteins. In this sfudy, clones
nutant in alphawhaemolysiﬁ production were isolated after treatmgnt
with UV, MNNG, 5BU, 2,6AP, EMS and NA and characterised with respect t;
2 number of extra-cellular activities and to general metabolism. The
results are shown in Table 7. . On the basis of different patiterns of

pleiotropy the mutants were assigned to § groups, althﬁugh it was clear

that some overlap night occur.

F.2.1.a. Group 1 Mutants: Mutants in this group had lost the ability

to produce alpha~haemolysin but had retained the ability to produce all
of the other proteins, 'though not necessarily at wild-type levelq.

Some of the mutants alsgo prod;ced crogsg reacting material to anti—alpha.
haemolﬁsin. It was.therefore fairly certain that they wefe mutant in
Ithe structural gene for aiphamhaém;lysiﬁ. | Since most af these mﬁtants
also displayed decreased ability to produce staphylokinase and coagulase,
it was possible that these genes were contiguous. The order of the

genes would not, of course, bhe determinable from these resulis and some

members of the group might actually be orviginal mutations in the coagnl ase
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or staphylokinase f4nesd rather thaﬁ the alpha-haemolysin gene,

F.2.1.b. Group 2 Mutants: Most of the mutants in this group had

tost all of the activhidany -.'Ws@ec%-&xwpt prosphatone ! and bound ' toegnlose
A few mutants which showed lbw levels of aectivity for some of the
characters and pno activity for the reomainder were also included, on

the assumption that these were "leaky" for the characteré concerned.

As discussed previously (p.18L-182 ) phosphatase was not a true extra-
celiular protein and therefore mutants in tﬁis group night lack some
feature which is unigque té the true cxtracelliular protein. . The best
candidate would appear to be’some rart of the excretion system, since
extracellular proteins and cell associaledpvetelis might well be-
controlled.by two difflerent excretion systems. There are several

levels at which this might oceur, including ribosonal selection of the
signal codoilg, meﬁbrane recognition of signal sequence, cleavage at

the ocuter surface of the membraﬁé (pessibly linked to a feed-back

system such as that proﬁosed by Bawmzn & Hapgue, 1970).9r cven o mechanism
for release of phosphatase which does not rely on a translation-
extrusion mechanism.  The possibility also existed that the “leaky"

mutants were, in fact, wild types which would 1link them with phosphatase.

r.2.1,c. Group 3 Mutants: These mutants had completely lost all Lhe

charécters ekaminéd, except gelatinase and phosphatase, and were
therefore distinct Lrom Group 2 mutants. One possiﬁle mutation which
.éoéid proddcé this result was lésé af func£io; 6f a tianécriptiénal
control system, either by mutatioﬁ-of a regulator or an operator site,
although such controls have not beéldirectly demonstrated for the
extracellular proteins. These mutants might have been defective in

some part ol the metabolie control which seemed to be implicated
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by the results presented in p.87 - 135 and which is discussed more
fully below (p.188-.100). However, the growth of all of these mutants
on plates sppeared normal, so the change could not have been very

extreme.

r.2.1.d. Group 4 NMutants : These mutants had lost alphawhéemdlysinz
staphylokinase and gelalinase activities, but were otherwise wild-type.
At first glance, these mutants did not confcrm to the pattern which was
appearing. However, in the syntrophic experiments, it was sometime;
noted that Grouu 4Imutantﬁ could exliihit slight haemniysis when crogsg-
fed by Grouj) 1 mutants, These mutants might, therefofe, lack an extra-—
cellular 'activater' for converting alpha-haemolysin, staphyldiinoasd

and gelatinase into theix dctive forms. . Alternatively, a specific
enzyme involved in clea%age of the signal‘sequence linking-the protein
to the membraﬁe might have been involved. Wiseman & Caird (1970, 1972)
and Wiseman et al. ({(1975) have suggested that the alpha-haemolysin was
excreted as a proto~toxin, but.their evidence was equivocal.aﬁd'ng
evidencelfor protomeric forms of the other two has been pyﬁggﬂtéév
Gelatinase itself might function as a cleavage enzyme g0 that this group
woulid be st¥uctﬁral mﬁtants in the gelatinase gene, but no evidence for

this was produced., A preliminary search for mutants with the primary

lesion in the gelatinase gene has so far proved unproductive,

F.2.1l.e, Group 5 Mutants : The mutants in this group were all very

slow growing, and they lacked all of fhe activities tésted for, In
addition, they feormented carhohydrateslonly slowly and so they were
considered to he "dwarf" mutants of the type described previously

(. 55 ).
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r.2.2. Relationship of Previous Observations of Pleiotropic Mutants

Lo thix Study. As noted previoualy (.56-59 ), pleiotropic

watations were frequencly detected in studies of'this type and these
are summarised in Table 3. It is difficult to relate these studies
directly to each other and to the work reporied here, gince the obser—
vations were produced under dilferent circumstances and the activities
of tlie proteins were usually expfessed iﬁ a qualitative ménnar.
ﬁoweve?i an ztitempl has been made to asgsign the mutants described in
Table 3 to one of the five groups described above, Mutants considered
te be in Group i are 2, 3, Ga, 6b, 8b, 8¢, 8d and Be: Mutant considereca
_to be_in Group 2 1s 8h; Mutant considered to be in Group 3, 7a
{(possibly shoqld be Group 2). Motants counsidered to ba in Group 5
are Ge, 8a, The other mutaﬁts did nof conform sufflficienlly closely
to the model {o bhe assigned in this way. They night be mutations in the
slructural genes of protein§ other than the alpha-haemclysin, Pleiotropy
due to polar eifgcts coulﬁ then éxplain the following mutaﬁts 1, 6d,
7h, 8f and 8g and ﬁight explaln 6c and 7,

) Although the assignment of the mutants to § distinet groups wés
only a tentative arrﬁngement, it was inte;esting to note that the results
of other workers were compatible w;th this hypothesis, A possible model
structure involving the 5 gene groups proposed here will be presented

below, when all of the available information has heen discussed.

G. GENERAYL CONCLUSIONS

Kl

The resultis precsented and digecusscd above werc obtained in an
attempt to answer someé questions about the wode of action of the anti-
metabolic phenethyl alcohol and the control of extracellular protein

. production, Conclugions abou{ these Lwo topics are discussed below.
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G.1, The Mode of Action of Phenethyl: Alcohol.

Phenethyl alcohol ishibited growih and exlracellular proteln
|

production in Staph. aurceus and the inhibition was concentration

dependent. At concentrations up to €5 mM the inbibition of growth was

due to a competitive inhibition.of substrate transport which wasg related

to an efflux of amino acids from the intracellular pools. This form

of inhibition was similar to that produced by"meﬁbrﬂnewdirected

inhibitors but the mode of action was apparently difforeni from almost

all of the other reagents reviewed (p.38-40) or discussed (0. 173179 )

above, The effect of various analogues of phenethyl alcohol (P.170-172)

indicated thatl polarity ;f the side chain was ixportant and the

amphipathic nature of the moleculé wgs likely to disrupt the menmbrane,

which compared with the'prcposed'ﬁeéhanism for_monOHesterified 1,2 diols

(Akedo ?P.El:s 1971). The compound whose action most resembiled that

~ of phenethyl alcohol in this study was dinitrophenol but the inhibitory
effect ¢f thisg reagent, in common with most other uncoupling agents

- . (p.38),was non-competitive (p.l?S ~179 J; At concentrations above 25 mM
the phenethyl alcohol inhibition was non-competitive, This was
accompanied Yy increasing damage to Lhe integrity'of the membrane
result%ng at concentrations above 30 mM in lysis of many of the cells,
All.of the inhibitory effectis were independenf of population density and
largely independent oé growth rate and growth phasé. ‘The effects of
low concentmations were also rapidly reversible (p.160-170 ). All of
Ithésé results are Consisfént with a moéeuof aétion inhwhich phenethyi
alcohol penetrates into the memhréne ;nd disrupts the struciure hecause
of its amphipathic nature,. This disruption has several congeduences.

The major effect is to reduce the uptake of amino acids by disorientating

the transport proteins.  This 148 accompanied by alterations in general
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perteability. The resuli of these menbrane directed changes is a

reduetion in the supply of awine aclda to the.cell‘a central metabollsa

with & consequent redueticm in growih vate and extracellular protein
prodoction. Disruptlons of energy production wey slze he a faclter,

plthouzh ro evidence fer this is proscuteds.

Gaeca Produetion of Extracellular Proteing.

The'eﬁtrac@llular roteins can be dividsed inte those which are
I

truly exirace ilviaﬁ and those which are cell~asgaciated but loesk eui inte
the nedium. Alpha-hasmelysin was chesen ag an example of a truly ewlivo-
cellular protein (p}au) and &ll of the evidence pregoented here supporhad
this concluesion. Acld phosphatass was chosen as sn example of a egll.
aesogiated protein (p.25). Since the evidence for this was less certsaln
experiments were carried out to determine the proportion of extracelivlar
versus coll-associated activity. The evidence suggested that thers wers
at least three enzynes, all celle-sssociated, which displayed phosphetase
activity, the wajor component having a pH optiwmum of 6.1. The experiments
vere nainly concernad with productien in wverious media with er without
Iadditimnal antimetabolites, but some mutaiienal studies were also carried
oufb.

Gs2.1a  Batel Culture Exp&rimenﬂs. The maximun growth rate attainable

by the cultures was a doubling time of 35min Iun BS medium either couplete
or diluted up to 50%. At doudbling times in excess of 60 min there wan
ne productien of alphanhaemolysin but this could be explalued by the .fiual

-:growth yleld vhich did not excesd the B oonm ¢F O 68 & O'll which was
the starting condltion for alpha-haemolysin production in all the -

uninhibited media; Produetion ¢f alpha=-haemeolysin was net growth linked
and the most rapld period of synthesis occurred after the growth rate had

begun to slew down. The reason for this common cbservation (p, 47 )
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had been suggested by Coleman gglgi,.(lg?S) and Abbas-Ali and Colenun
(1977)) to bhe due to competition for nucleotides. Since the mcdiun
would be becoming depleted by this stage, the reason for increase in

the fate of exeretion of the alpha-haemolysin might be an artifact,
which related to an increase in the extracellular degradative enzmyme
production. - This would,.of course, require a coumon contrel mechanism
for such proteins, The fact that alpha-haemolysin production was morc
gensitive to many media changes than waé growth was interesting gince
it suggested somc form ol central metabolic control. The inhibitory
effects of Acetate or Succinate (p.lSijmiqht reflect un effect on~ATP
production or general respiration and,in thisz countext, it was noted that
DPotassaium Gyéﬂide (p.177-278 ), wnlike the other antimetaboiites, was
not inhibifory to alpha-hacmolysin production, Indeed, since the growth
raté was actually reduced whercas the alpha-hgenolysin rate was almost
normal, the effeci might best be deseribed as a8 stimulation of élpham
hacmolysin ﬂynthesis; 'A'depletiou of available oxygen, i.e. inhibition
of réspiration, wight therefore be a major controlling Lacior,

The result of comparing‘chloramphenicol with actinouycin D treatmeit
clearly indicated that the mRKA for fthe a]pha haemolysin was more
durable than might be expected for normal cell proteins. This was
most probably due {0 the modified 5' signal codons required for excretion.
No intracellular accumulation of alpha-haemolysin was detected in any
of the treated cultures, making it fairly certain that this protein was
_éxcreted py a t?anslationﬂextruéion.System;.

Depletionlof the amino acid supply by treatment with phenethyl
alcohol, dinitrophenol or other aﬁtimetabolites which_might have ithis
effect, was prqbably the major reason for the hiph sensitivity of alpha-

-haemolysin synthesis to these compounds, providing further evidence that

central metabolism was the source of the control of expression of ihe
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alpha-haenclysin gene,

The production of acid phogphatase, by contrast, behaved in a
manner consistent with normal, perhaps constitutive, cytoplasmic cuzynes,.
Although its release into thé nedium was non-growth linked this was
almost certainly due to leakage of preformed emnzyme. Activity was
always present. and no evidence for any selective control was found,

The possibility that the activity was released from the cell hy a
mechanism other than translation-extrusion could not be ruled out,

In some experiments, coagulase, étaphylokinase and gelaslinase were
also apsayed, These reacted in a mamner which linked them wilh the
alpha~haemolysin. Although they appeared at differcent times in the
growth cycle, this ﬁight mercly roflﬁct a fallure of the assay system
and more refined aésays, berhaps using immunological techniques.would be
very useful in trying td clafify thisg,

The results of all gf these experinenis led i{o the conclusion that
the truly extracellular proteins were under a separate control system'
from the other cellular activities and that this conlrol was exerted fto
ensure that the cell's central metabolic needs were not put at risk by

the production of these proteins.

G.2.2, ygyggig§m§§§g§§§, The production of pleiotropic mutants
(p. 183%.186 ) enabled an assignment of several genes or gene groups to
be made by an analyéis of the most probably site of point mutation whicﬁ
woqld lead tq the pleiotropy. .gThe results'sqggcsted that Phosgphatase
add.éound Cbagulasé wére~ﬁot relatéd geﬁetiéallﬁ to tﬁe ather actiyities
and that tﬁere were comm&n controls of both the itranscyription and the
translation of the genetic information for the extracelliular protecins,

This hypothetiéal arrangement is summarised in Fig., 31 which was based

on the following assumptions :
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() There is & common exeretion system. This mlght take the form
of a membrane protein oy proveins vhose Hunction is teo bind signel
peptid@ﬁ.fﬁr restricted groups of polypepildes.

(%) Phosphatase is not within the system desigeated at (1), nor
ig it under the mame conbtrel system as the frue extracellular proleins (iv)«i
Transpert through the membrane night require a different protein which
raao@niseé a different signal peptide,

(iii) Gelatinase i probably net part of the systen either, sltheugh

it could be an extracellular activator (@)

(3v? Jhe true extracellular proteins have a coumon contrel system
vhich is affected by smine acid supplye

(vj Alph&-haemolysin; gtaphylokinese and perhaps gelatinmae all
require activation.

(vi) The genes are preéegted bunched‘in an operong butl centre) and

genetic locafion may be more diffuse.

This model is presented ms o hypoethesis vhich can be used %o
further examine aspects of control in the preduction of the extra-
cellular proteins. Its physiological constraints are based on the

resnlts presented here,
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Summary Diagram to Show the Relationghips.

1iti Exarined Hexes . _ -

Key to Symbols used

Genes

Proteins

P: Phosphatases; R: Regulator; _Op: Operator/
Promoter; H: Alpha-haemolysin; S: Staphylokinase;
C: Coagulade; L: Lipoprotein Lipase; Ca: Caseinase;
N: Nuclease; G: Gelatinase; A: Extracellular

Activator; IL: MNembrane Excretion System,

The symhols abave are used with a sﬁperscript (+);

The model shows the three proposcd phosphatase genes and their

gene products are shown leaking from a cytoplasmic location,

Gelatinase, Alpha-haemolysin and Staphylokinase are shown as requiring

an Activation step. Contrel of most of these productions is.suggested

as a hy-product of precursor supply to central metabolism,
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NOTYE ADDED IN FPROOK,

There is a natural tendency o coniinually update and revise
the literature section. I have tried to remist this temptation since
it scemed likely to lead to additional'delays which would be countere
productive. However the recent publication of an extensive review
edited by Basmon and Adlam. {1983) cannet be ignored and the following
is a brief summary of points from the book which have Tairly direct
relevance to the substance of this thesis. This last resiriction
means that recent information on structure and mocde of action of the
extracellular proteins has heen omitted.

Y1ssuid znd/or Chromosamal Location.

DMistribution of the Staph. auvreus genetic complement wonld seen

to be 80-90% for the circular main genome, with 10-20% being plasmid
or lysogenic phage DNA ( E & A:.63-~119), As discussed in this thesis
Epidermdlytic Toxin (ET), Coapgulase and Enterotoxin B were the only
extracellular proteins which seemed to be coded for by plasmid genes,
et Jeast in some strains, with conflicting evidence for some others
notably the alpha- and beta~ haemolysins and Staphylokinase., This
situation is largely unchanged: ETA appeared to be always chromosomally
located vhereas ETB was always located on a plasmid and the genss were
- not homologous (E & A: 610-612); the location of the coagulase genels)

was strain variable (B & A:530-53%); the structural gene for the

enterotoxinB, however, was not located on the proposed plasmid and

the suggested linkage with methicillin resistance might be due to the

latter being located on a transposon (E % A:98); the alpha-haemolysin

gene might also be on a transpdson (B & 4:637), ;ﬂ

Cbservations of Pleiotrovy.

Additional studies have again revealed the common appearance
of pleiotropic mutations. No general mechanism has heen confirmed.
but.membrane directed effecis. are ‘suggested to be important ( B & A:
697,796-799) + o

Factors Affecting Extracellular Protein Production,

N

In general the production of extracellular proteins appeared
to dncrease after the end of the exponential phase( E & A:796-799)
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including the proteamses { © & A:780~7%0), Nuclease { 1 & A: 761),
Staphylokinase and Membrans Daméging Toxins ( E & A:640-6Gh2),
Protein A production 4id not conform to this pattern ( ¥ & A:432-433%),
'Production od Cozgulase might be like the general. medel or like that

of Protedn A ( E & A:530-534; 796-799). Assescment of phosphatase
production was affected by the binding of the enzyme to the cell
aurface, This would appear ta bhe strain and medium variable and might
be due to precipitation,i.e. non-specific ( ¥ & Ar775-778), A peneral
contrel model has been proposed in which the promoter for transcription
of most extracellular protein genes is switched from down to up by

two activators designated BX and 3, with the concentration or activity
of the latter varying with growth conditions. 8 might also cause the
yveverse switch in the case of the genes for protein A and coagnlase,
Control might be affected by oxygen tens.on and precursor supply

might also be invelved. Losa of production capability during continucus
culture might reflect changes in EX ( B & A:G}?; 796.709), This model
is not inconsistent with the one described in this thesis,

Since this insertion is being made it would be foolish to ignére the
cbservation by Tweten, Christianson and Tandolo (1983) that the
alpha-haemolysin 1s synthesised as a larger moleculé which is processed
to the active form by removal of an apparent signal sequence, and that
this processing is blocked by dinitrophenol trestment,

Fasmon,C.5.F, and Adlam,C. (1983) Staphvlococei and 3taphylocaccal

Infections, Volumes orm and two, London: Academic Press.
Page numbers quoted in the text refer to contributions by the following:

67~119,98: Poston,S.M., and Naideo,J.L.

432~-433: Forsgren,A., Ghetie,V.,, Lindmark,R. and Sjoquist,J.
530-534: Jeljaszewicz,J., Switalski,L.M. and Adlam,C,
610-612: Arbuthnott,J.P.

637,640-642: Mollby,R.

697 Wadstrom,T.

761 ,775-778, ?80—?90 796799 ﬁrvidson,s 0.

~ Tweten,R.K., Christianson,K. F. and Tandolo.d.d.(1983) Transport and
processing of Staphylococcal alpha-toxin. J. Bacterlol.l)6, 524-528
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