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The main object of the investigation described in this thesis was to
dctcrmine whether staphylococcal ¢O-lysin and &~lysin are synthesized as
larger precurscr molecules from which signal sequences are progesscd during
transmembrane translocatiaon.

§-lysin was first detected at the mid-lcgarilthmic phase of growth of
§. aureus NCTC 10345, and production, which appeared to obey exponential
kinetics, continued well into the stationary phase of growth. It appeared
as a very diffuse band just behind thec dye fronlL when supernate proteins
were separated by SDS-PAGE.

=

Rifampicin, at a concentration of 200Mg wl , rapidly blocked the
incorperation of [3H] uridine into the RNA of 8. aureus. The same
concentration of rifampicin required considerably lonyer time to inhibit
cell growth at both the mid-logarithmic and late logarithmic-—early
stationary phases of growth; growth of the bacteria stopped after 1 and 2
bk respectively in each phase. Addition of rifampicin Lo the late
lagarithmic-early stationary phase culture had less effcct on growth than
the wid-logarithmic phase culture. the stability of mRNA for the
staphylococcal (-lysin was determined by measuring the residual Llysin
synthesis after inhibition of DNA-dependent RNA polymerase activity with
rilampicin. At the late logarithmic-early stationary phase of growth the
6-lysin mRNA was very stable with a half-life of about 20 min.

Total cellular RNA was extracted from cells from lale logarithmic-
carly staliconary cultures phase of S. aureus NCTC 10345 and translated
with an E. coli $-30 extract (c¢ell-free systcm). The rate of amino acid
incorporation was linear for 15 win and the staphylococcal mRNA stimulated
the translation to a level approximately 20-fold above the background.

-1
Protein synthesis was almost abolished by chloramphenicol (S5Ol wl ), was




dependent on an exogznous energy source {ATP, GTP, PEP) and was barely
=1
activated by the prolease inhibitor, PMSF (Img ml ) or the RNase
-1

inhibitor, heparin (lmg ml ). S~lysin was identified amongst the
translation products by immunoprecipitation and immuncabsorpition. The © -
lysin synthesized in vitro was of a size similar to mature S-lysin and
seemed not to require a signal sequence for secretion from the cell.

Phenethyl alcohol {PEA), at the maximum copcentration which did not
inhibit growth (0.3% v/v) inhibited the production of ®-lysin and
exoproteases but not that of S-lysin in S. aureus Wood 46. The
inhibition of G-lysin was reversible and transient accumulation of cell-
associated O-lysin occurred in the presence of PEA.

A precursor of O-lysin, of molecular weight approximately 3,000
daltons (peptide elongation of aboul 20-30 amino acids) larger than
extracellolar @-lysin, was immunologically detected in the SPkS extracts of
membranes and whole cells of PEA-treated §. aureus Wood 46 cultures.
Also, a degraded Zorm of G-lysin , of molecular weight approximately 27,0C0
daltons was only detected in membranes prepared from cells 1lysed@ by
lysostaphin but not in membranes from cells lysed with an X-press or &S
cxtracts of whole cells.

It was concluded from these results that G-lysin is synthesized with a
3 kdal N-terminal signal sequence which is removed during transmembrane

translocation whereas 5—1ysin seems not to reguirec a signal segquence for

secretion from the cell.
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A.STAPHYLOCOCCAL INFECTZION AND EXTRACELIUTAR PRODUCTS

in the one hundred vears that have elapsed since the staphylococcus
was first discovered in human pus and describad by Koch (1878), we have
learnt much about this bacterium and its ability to cause a wide variety of
dise;;é’ syndrones, but even today it continues to reveal new features to

taunt both the c¢linician and the microbioclogist.

Staphylococcus aureus, as well as occurring as a harmless commensal

in the nose and on the skin of many healthy persons, is also the causc of a
diverse array of both superficial and systemic infections (Table 1). It
has been reported (Kaplan and Tenenbaum, 1982) to be the most common cause
of severe infection in the noncompromised patient. The high incidence of
staphylococcal infectioﬁs reflects the magnitude of this problem in the
industrialized world. In under devecloped countries, staphyloceccal
infection 1is even more serious, with untreated diseasc destroying limbs,
mutilating faces, blinding children and adults and often leading to fatal
bacteraemia.

Staphylococcal infections have been reviewed by Shulman and Nahmias
(1972) and Musher and McKenzie (1977). The skin is the most common site
of infection and, once virulent staphylococci have gained a foothold in
deepexr tissue of the body, their multiplication causes necrosis and
eventual abscess formation. In severe infections the organisms may break
through the localised barrier of the lesion(s; and invade the lymphatics
and bloodstream. If pacteraemia becomes cstablished, metastatic foci
fregquently develop (Table 1).

Staphylococci produce a large number of extracellular toxins
{exotoxins} and enzymes durinyg growth (Taple 2). The concept of a

relaticonshiv between virulence and extracellular products is very old.




Table 1. Spectrum of Staphylococcal Infections

*

Site

skin

eye

nose and throat

lung

gastrointestinal tract

vagina

Metastatic Infections

Local Infections

Infection

Carbuncles, boils, abscesses,
impetigo, toxic epidermal
necrxelysis.

conjunctivitis.

pharyngitis, sinusitis.

primary pneumonia
enterocolitis.

cervicitis, pelvic abscesses.

ay

bloodstream
bones and joints
lungs

skin and muscle

heart

central nervous system

others

Adapted from Shulman and

Nabmias (1972)

bacteracmia.
osteomyelitis. ;
secondary pneumeonia. r
apscesses.

endocarditis, myccarditis,

pericarditis.
brain abscesses, cercbritis.
intra-akbdominal visceral absczmsses—

spleen, liver, pancreas.




Table 2. Extracellular Proteins from Staphylococcus aureus
* * X
Toxins Enzymes
. kot
Membrane-Damaging Toxins (Lysins) Coagulase
¢-lysin
f-lysin Bacteriolytic Enzymes
y-lysin Endo—-B-N-acctylglucosaminidase
§-lysin Endopeptidase

N-acetylmuranmyl-TI-alanine amidase

Panton-valentine leucocidin

Hyalurcnate lyasc

Epidermolytic Toxins

A {Exofoliatin A) Penicillinase

B (Exofoliatin B)

Proteinase
Enterotoxins Mctallo-proteinase
A, B, Cl,CZ, D, E and ¥ Serine~-proteinasa

Thiol~proteinase

. . Rt
Pvrogenic Exotoxins

Dy
* For
* 4 For
** For

*%4  For

8 and C Staphylokinase
Phosphatase
Lipase
Lysophophatidasc
Phosphatidylcholine:cholesterol
o-acyl-transferase
references see Freer and Arbuthnoll (198°3).
reference see Schlievert et al. (1279).
reference see Arvidson (1983).

reference see Jeljaszewicz ek al. (1983),




The ability of culture filtrates of §. aureus to cause inflammatory
reactions after inoculation into experimental animals was first reported in
1888 (citad by Wiseman, 1975). Althcugh the number and quantily produced
may vary, Hernheimér and Schwartz {1961} detected 12-14 different proteins
by analytical starch gel electrophoresis: nore  recent studies by
isoelectric focusing in polyacrylamidc gels have shown that certain strains
of S§. aureus gave as many as 25-30 bands while others gave only 4-10
bands (Wadstrom et al., 1974). Excellent reviews on the extracellular
products of §. aureus are by Gladstone (1966), Bernheimer (1970), Wiseman
(1970, 1975}, Jeljasczewicz (1972), Woodin (1972), Rogolsky (1979}, Bergdoll
{1983), Freer and Arbuthnott (1983), Arbuthnott (1983) and Arvidson (1983).
There 1is general agreement that synthesis of exoproteins in .S.
aureus occurs in a biphasic manner in liguid batch cultures. Low levels
of exoproteins arc produced during exponential growth and a marked increase
in production occurs just before the onset of the slower rate of growth
pricr to stationary phase. This biphasic pattern ¢l production has been
directly or indirectly revealed in work on O-lysin (Duncan and Cho, 1971;
Abbas-8li and Coleman, 1977 a,b), B-lysin (Low and Freer, 1977),
staphylokinase (Arvidson et al., 1973a), staphylococcal serine-proteinase
(Bjorklind and Brvidson, 1978), endo-B-N-acetyi-glucosaminidase (ARrvidson
et al., 1970}, enterotoxin B (Morse and BRaldwin, 19%971), nuclease
(Carpenter and Silverman, 1976) and staphylococcal metallo-proteinase
(Arvidson, 1973b). Both the availalbility of RNa-polymerase fellowing the
"switching off" of rRNA synthesis ai the end of the exponential growth
phase and an increase in the nucleotide pool resulting from rRNA
“turnover” have been proposed by Coleman et al. (1975) as controlling
parameters. In support of the "competition" modes far regulation of

exoprotein synthesis, Abbas-Alli and Coleman (1977b) demonstrated that the




[

increased rate of exoprotein secretion at the end of the exponential growth
phase was accowpanied by an  increase  in intracellular nucleotide
concentration. They concluded that at higher growth rates and
accompanying greater rates of cellular protein synthesis, there was
correspondingly less of the biosynthetic machinery available for
extracellular protein synthesis.

Evidence that the formation of extracellular proteins in $. aureus
is controlled by a comwon mechanism comes from the isoclation of mutants
which have simultaneously lost the ability to produce several exoproteins
but with no indication that secretion of extracellular protzins was altered
(Yoshikawa et al., 1974; Xatsuno and Kondo, 1973 ; Bjorklind and
Arvidson, 1980). Proteins which were repressed in the mutant all belong
to the group of exoproteins (scrine-proteinase, a-lysin, leucocidin,
metallo-proteinase, staphylokinase, nuclease and acid phosphatase)} produced
at an increased rate during the post-exponential growth phase; protecin A
and coagulase are produced only during the exponential phase (Bjorklind and
Arvidson, 1980). The repression of protein & and coagulase synthesis at
the end of the exponential growth phase thus coincides with the increased
synthesis of other exoproteins. By assuming the existence of protein A
and coagqulase repressor substancss , they suggested that the efficient
transcription of cxoprotaein genes reguires the presence of an  activator
protein {EX) arnd a co-activalor (5). Although the exact mechanisms of
exoprotein regulations have not yet been established, it seems clear that
the synthesis of many extracellular proteins from §. aureus is subject to
co-ordinate control. The Fact that the synthesis of most extracellular
proteins is "induced" when bacterial growth becomes nutrient limited at

the end of the exponential growth phase, strongly supports the idea that

L pradai g




one of their main Functions ig to provide the bacteria with low molecular

welght nutrients.

B.MEMBRANE~-DAMAGLNG TOXINS (1,YSINS)

a.Discovery g

By the early 1900's, the toxic properties of 5. aureus culture

filtrates were well recognized, and the existence of more than one toxin in

culture filtrates was first suggested by Walbum (192]) who described a -ﬂ

o
haemolysin which did not lyse goab erythrocytes at 37 C but caused rapid
(o]
lyzis on cooling to O C. This so-called hot-cold haemolysin was

subsequently reinvestigated by Bigyer et al.(1927) and found to be active

on sheep crythrocytes. Later , Glenhy and Stevens {1935) showed this
haemolysin  to be lmmunclogically distinct from the haemolysin which lysed
rabbil erythrocytes and they termed the rabbit haemolysin alpha (o ~), and 4
the sheep haemolysin beta (8-), a terminology which is still widely used.

The suggestion that there weore two serologically distinct rabbit "q

haemolysins was favoured by several authors. Morgan and Graydon (1936)

designated their toxins o) and ¢y , while Smith and Price (1938) named
‘their second rapbit haemolysin gamma ( y-). These additional rabbil
haemolysins, the @z of Morgan and Graydon {1936) and the ¥ of Smith and ﬁ
Price (1938), appeared (o share certain similarities. Not until the
studies of Plomuet and colleagues (See review by Freer and Arbuthnott,1983) ﬁi
was the exislence of staphylococcal Y-lysin well established. j
In 1947, Williams and Harper observed that some strains of §. aureus ﬂ
grown on sheep blood agar produced a hacmolytic agent which was ‘not
neutralized by either o- or B- antitoxin; this they named detta (6 -}

toxin. Elek and Levy (1950} suggested that the previously named %2 and Y




lysins were in fact identical to G§~haemolysin but it is now realized that
they could not have detected ‘y-haemolysin by using blood agar plates, as

its haemolytic activity is inhibited by agar (Mollby and Wadstrom, 1971).

Marks {1951) reported that ‘y-hasmolysin was a separate entity,
antigenically different f{rom -haemolysin. The picture was even more
confused by the suggested existence of a Turther haemolysin. Elek and

Levy (1950) claimed that 95% of 77 coagulase-regative skin strains of
staphylococci produced a "wide zone" haemolysin which they designated
epsilon (€ -). In 1968, Kleck and Donahue claimed to have demonstratcd
that & - and €~ haemolysin are identical and the existence of the
haemolysin is still in doubt. There is now general agreement that four
haemolysins are produced by §. aureus, rnamely o ,B , ¥ and §. An

additional haemolysin which lyses equine erythrocytes has been shown in
canine strains of 5. aureus (Turner and Pickazd, 1979}. Although it has

not Dbeen characterised, it appears to be different from a further
haemolysin produced by coagulase positive staphylococci of canine origin

and designated zuzta ( L-) by Fraser (1964}.

b.Nomenclature

The term “haemolysin" was widely employed by early workers who

investigated the haemolytic agents of Staphylococcus aurens. The

haemolysins were differentiated on the basis of their lytic activity {for
different species of erythrocytes. As knowledge about the haemolysins
grew, it becawe evident that these toxins were active on cells other than
erythrocytes. In order to define the spectrum of the bioclogical activity
of +he haemolysins more accurately, Bernhieimer (1974) proposed +the term
"eytolytic toxins" or "oytolysins" , which were simply defined as

bacterial products capable of causing physical dissolution of a variety of




cells in vikro. However, Thelestam and Mcllby (1875 a,b) discovercd that

low concentrations of cytolytic toxins induced permeability changes in the
membranes of intact susceptible cells without causing lysis. Therefore,
McCartney and Arbuthnott (1978) suggested tbat "membrane-damaging toxin"
iz a more appropriate term than cytolytic toxin to describe o -, B-, Y- and
& toxins. 1In any event, either cytolytic toxin or membrane-damaging toxin
is a more appropriate term that haemolysin in describing the biological
activity of these toxin. Therefore, Rogolsky (1979) suggested that the
t.exrm "haemclysin" in reference to these toxin, should be abandoned.
However, Mollby (1983) suggested that the most suitaple designation would
still be "haemolysin" since the haemolytic capacity is the only effect

shared by all the staphylocoucal haemolysins. {Table 3).

c.MAlpha-Lysin

1.Production of o~Lysin

N-lysin is produced by the majority of coagulase-positive
staphylococci, but one particular strain, Wood 46, has been most commonly
employad since the time of Burnet (1929) for the studies on o-lysin. In
1974, Geode and Baldwin suggested that o-lysin produced by different
strains was very similar in its bioclogical and physicochemical properties.

The types of media used and Lhe effect of variocus factors on ¢g-lysin
production have been extensively reviewed by Arbuthnott (1970), Wiseman
{1975) and Mollhy (1983). Factors such as CO tension and glucose
concentration both affeacted the yield of g-lysin. 2However, there is stilil
a dearth of information on environmental factors controlling its
production. Low levels of penicillin, uninhibitory to growth, stimulated

0~lysin production (H@llander et al. 1972).

Small amounts of g-lysin are produced during exponential growth with
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an ircrease occurring with the onset of stationary phase (Uendricks and
Altenbery, 196G8; Duncan and Cho, 1971; McWNiven and Arbuthnott, 1972}.
In 1983, Totake and Ichikawa reported an inverse correlaticon between o —
lysin production and growth rate in §. aureus. Theré is no evidence
that oO-~lysin accumulates in any appreciable guantities intracellularly
prior to its release, a fact which is entirely compatible with current
ideas on synthesis and releasc of exported proteins (Davis and Tai, 19807,

In 1961, Blair and Carxr showed thal toxigenicity could be conferred on
non-toxigenic strains by lysogenisation with phages from toxigenic strains.
However, Ilendricks and &ltenberg (1968) failed to find evidence of the
lysogenic conversion. More recently, Kehoe et al. (1983) reported that
the -lysin determinant was localized to a small region of 5. aureus DNA
of approximately 1,620 bp.

2.Purification of O~iysin

It 1is clear that highly purificd lysin preparations are required for
the study of its biological propertics as Colacicce and his colleagues
(1977) admitted that lysis of sphaeroplasts and protoplasls by an O-lysin
preparation was probably duec te contamination by 8-lysin. Numerous
rethods for the purification of ®lysin are available and this topic has
been reviewaed nmost recently by Freer and Arbuthnott (1983) and Mollby
(19837. In recenl years, attention has been concentrated on reducing the

complexity of the procedures and improving the purity of lysin

preparations. An elegant and simple method was presented by Cassidy and
Harshmarn (1976a}; this involved chromatography on controlled-pore glass
followed by ion-exchange chromatography. Saleh and Freer (1984) later

suggested that it was necessary to substitute isoelectric~focusing in a
broad pH gradient fox the ion-exchange chromatography step in order to

remove all detectable protcolytic activity as well as acidi¢ proteins from
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the final product. Another simplified purification procedurs was
presented by Fussle et al., (198lb) who exploited the binding of aG-lysin
to rabbit erythrocyte membranes as a concentration step.

3.Physicochemnical Properties of @Q-Lysin

G~-lysin 1is a protein, consisting of one polypeptide chain without
carbohydrate residues (Watanaba and Kato, 1974), molecular weight estimates
have ranged tfrom 1 to 4 x 104 daltons (Table 4), perhaps due to different
methods of estimation employed by different investigators. Six and
Harshman (1973b) suggested that the molecular weight of G-lysin fell within
the range 2.6 to 3.1 x 104 daltons by four different methods of assesswment
on a single product. Sedimentation coefficients for active lysin in the
range 2.85 - 3.158 have been reported frequently although additicnal minor
components in the range 10S - 165 (due to aqgregation or polymerisation of
35 <form) have also been reported (see Table 4). The existence of so-
called "multiple forms” of o-lysin has been reportsd by many workers
{Bernheimer and Schwartz, 1963; Wadstrom, 1968; McNiven et al., 1972 ;
Dalen, 1975); these possibly arise during purification procedures but
possess similar biclogical activities (Wadstrom, 1968; Bernheimer, 1970;
McNiven et al., 1972).

One remarkable property of G-lysin is the Arrhenius effect, 1i.e.
while inactivated at EOOC it regains parl of its activity upon further
heating to lOOoC. There is nc haemeolytic activity nor membrane-~damaging
activity left upon heat-inactivation; however, the mitogenic activity of
the o-lysin is guite intact upon heating to GOOC (Petrini and Mollby,
1981).

An amino acid analysis of OG-lysin was first published by Bernheimer

and Schwartz (1963), whe showed the complete absence of half-cysteine.




Table 4. Some Characteristics of Purified G-Lysin
Reference Molecular Sedimentation Isoelectric
Weight coefficient point (pI)
(S2O,w)

Kumaxr et al. (1962) l.O—l.leO4 1.45 -

. 4 1 *
Bernheimer & Schwartz 4.,4x10 3.0 ; 12.0 .

{(1963)

Lominski et al. (1963} - 3.1 -
Cooper et al. (1966) - 2.8 -
Coulter (1966) 2.1x10% 2.8 -
Arbuthnott ct al. (1967) - 3.0 -
Wadstrom (1968) - - 8.5"

poriani et al. {1371) 3.3x107 2.8

McNiven et al. (1972) 3.6x10" =

S5ix & Harshman {1973a,b} 2.8x104 3.0(A};3.0(B)
Coode & Baldwin (1973) - 3.07; 10.5
Watanabe & Kato (1974) 3.6xlo4 -

Dalen (1975, 1976b) 3.9%x10"

Fussle et al. (1981b} 3.6x104 -

7.2(A);8.4(B)

+ R
Major component

Inactive aggregate
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There is overall similarity in the results from different laboratories
{Coulter, 1966; Fackrell and Wiseman; 1976 ; Six and Hashman, 1973b;
Watanabe and Kato, 1974; Kato , 1982), in that half-cysteine is absent and
there are large. amounts c¢f lysine, aspartic and glutamic acids.

In 1978, Watanabe and Katoc reported that trypsin treatment of purified
0~-lysin yvielded two components. A heavy chain fragment (molecular weight
17,000} had lethal activity in mice but lacked haemclytic and dermonecrobtic
activities; a 1light fragment {(molecular weight 14,000) had unstable
naemolytic activity which was reduced to 10% of the original value. Both
fragments, though immunologically distinct, showed partial identity to
native lysin. Amino acid analysis indicated different contents of lysine,
histidine, threonine, mecthionine and Lyrosine in the two fragments (kato,
1982) and the lethal toxic fragment was distinctive in containing only one
histidine =rasidus localized at the C-terminal moiety of the native lysin
molecule.The amino acid sequence of q-lysin, recently determined by Gray
and Kehoe (1984) did not show region correspondinyg to the p%}ial SE(JURNCES

found by Watanabe and Kate (1978).

4.Modes of Membrane Damaging Action of 0-Lysin

Although reviewed extensively, the mode of action of a-lysin is still
disputed (Arbuthnott, 1970; Jeljaszewicz, 1972; Bernheimer, 1974; Freer
and Arbuthnott, 1976, 19B83; MceCartney and Arbuthnott, 1978; Harshman,
1979; Wadstrom, 1983). Neverlkheless, the primary site of actien is
generally accepted as being the plasma membrane and the many biclogical
activities of a-lysin (see Table 5) can be explained as secondary effects
resulting from cell membrane damage (Wadstrom, 1983).

The study of g-lysin-membranc interé&ions has involved three main
targets, whole cultured cells, isolated membranes and artificial membrancs.

While results from one system are not directly comparable with those from




*

Table 5. Biological Effects Attributed to Staphylococgal O-lysin

*

1. Lethal for man and animais

2. [Lffects on nervous system
Action on function of the system, disturbance of
polarization and depolarization of neuronal membrane.
Functional damage to reticular system of the hypo-
thalamus and visual-sensory region of the cerebral
corlex.
Injury of isolated wagus nerve sheaths.

3. Effects on smooth muscle
Increased permeability of small blood vessels
inhibited by antihistamine agents.
Liberation of histamine and scrotonin trom perfused
organs.
gpastic contraction of large blood vessels and
intestinal tract.

4. FEffects on the circulatory system
Hypertension due to catecholaming liberation,
FCG changes.

5. [Effects on cells
Haemolytic and leucocidal according to species and
type of cell.
Destroys blood platelets.

6. Other effects
Renal cortical necrosis
Embryotoxicity
Skin necrosis
Leucocytosis accompanied by liberation of
granulocyte reserve pool from hone
marrow
Amino acid activation in the aorta

From Wadstrom (1983)
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another, a combination of results from all three will be necessary to
determine the action at the molecular level. Studies aimed at elucidating
the mode of action of a-lysin have focused mainly on the following three
aspects.: (1) the possible enzymic activity of G-lysin, (2) morpholagical
and biochemical studies for characterization of the structural membrane
damage induced by the lysin, and (3) studies involving binding of the lysin
to possible specific receptors on the surface of sensitive cells.
Wiseman and Caird (1270, 1972} and Wiseman et al., (1975) suggested

that once bound to the membrane the lysin 1is activated by endogenous

proteclylic activity in the membrane to become a prolease and that such

activity is more abundant in rabbit than in other red cells. However,
Freer gt al. (1973) were unable to verify a proteolytic action of Q-
lysin. The fact that the lysin is consumed in the lytic process [(Madoff

et al., 1964; Cassidy and Iliarshman, 14976b) and is &ble to cause
structural membrare damage to artificial membrane systems lacking proteins
(Freer et_al., 14968) provide [urther evidence against an enzymatic mode
of action. In similar work, Dalen (1976a} reported proteolytic activity
associated with purified O-lysin, and suggested that autodigestion may
explain the observed c¢hanges and heterogeneity in molecular weight.
However, such changes could also result from interaction of the lysin with
extraneous proteases.

There have been many reviews published in recent years covering
aspects of interaction of o-lysin with isolated membranes and liposomes
(Harshman, 1979%; Rogolsky, 1979; Freer and Arbuthnott, 1983 ; Thelestam,
1983) and Lhis work can be summarized as follows:-

1. 7The lysin has pronounced surface activity; 1t spreads as a film at

an air-water interface in the absence of lipid (Buckelew and Colacicco,

s
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1971), penetrates mixed lipid films (Freer et al., 1968; Buckelew and

Colacicco, 197)) and releases marker molecules from liposomes (lFreer

2

al ., 1968).

2. olysin can penetrate the hydrophobic region of the membrane; at
relatively high concentrations (10~100 g m1_1} the toxin disrupts liposomes
compésed of various mixtures of phospholipids and cholesterol, and the
interaction with liposomes is accompanied by loss of haemolytic activity,
as 1s the interaction with erythrocyte ghosts (Weisswan et al., 1966;
Freer et al., 1873; Cassidy et al., 1974). Freeze-etching studies
showed that %125 rings penelbrate the hydrophobic region of the platelet
membrane (Bernheimer et al., 1972), and that treatment of rabbit
erythrocytes wembranes with ©C-lysin induces marked changes in the
hydrophobic fracture plane (Freer et al., 1973). The specificity of the
lysin for certain mombranes does not solely depend on lipid compesition of
the membrane as Cassidy et al. (1%74) found no difference in sensitivity
of liposomes prepared from rabbit oxr human erythrocyte lipids.

Reports concerning specific plasma nembrane damage of cultured cells
after exposure to highly purified a-lysin are relatively rare. An
indication of the type of membrane damage caused to human sembryonic lung
diploid fibroblasts was provided by the studies of Thelestam and Mollby
(1975a,b, 19792). They suggested that o-lysin caused small "functicnal
holes" in Lhe cytoplasmic membrane. More recently, Thelestam (1983)
suggested that highly purified a-lysin increased the membrane permeability
of epithelial-like cells more effectively than that of fibroblasts.
However, the observations on cultured mammalian cells so far do not seewm to
contradict the Ldea of surface activity as the main cdeterminant for the
lysin's membrane-damaying effect.

On  the bhasis of the surface-active properties of g-lysin, it is

FLrT e e s

Y




17

believed by many authors that disruption of susceptible bicmembranes may be
explained solely by a direct interaction with membrane lipid. However, no
variation in sensitivity was datected in liposomes prepared from membrane
lipid extracts of ervthrocytes of different species (Cassidy et al..,
1874) which dJdoes not explain why the rabbilt erythrocyte is at léast a
hundred times more sensitive to g-lysin than are other erythrocytes or
other cells. This ohservation, which infers some specificity of the
rabbit red cell membranz other than its lipid composition, stimulated a
series of studies on the interaction of o0-lysin with rabbit erythrocytes
aimed at defining the receptor of a~lysin. igh affinity toxin-receptors
have been reported but their nature remains uncertain (see Table 6). In
contrast, Phimister and Freer (1984) found d-lysin binding to both rabbit
and horse erythrocytes to e non-specilic and not to be affected by
concanavalin A, They suggested Lhat the sensitivity of rabbit red blcod
cells 1is due to peculiarities in lipid transitiocns in the membrane rather
than to the existence of specific receptors for O&lysin. Also, Thelestam
et al. (1l983) showed, by use of photolabelling technigues, that Q®-lysin
penctrated into the hydrophobic region of the outer lipid layer of the
rabbit erythrocyte-membrane ., preoviding further evidence that & -lysin binds
to the erylhrocyte membrane, rather than to specific receptors.

Two differenl. binding mechanisms in lysin-membrane interactions,
specifiic and non-specific, were proposed by Maharaj and PFackrell (1980} to
account for the considerable sensitivity to o-lysin-induced hacmolysis of

erythrocyte speciss which apparently lack high affinity receptors on their

membranes. Non-specific "hydrophobic" binding by lysin was also
recognized by Cassidy and Harshman (1976b). Thus, the mode of wmewbrane

interaction of @-lysin with various targets may differ due to different

%

b




Table 6. I'cssible Receptors of Staphylococcal d-Lysin

18

Nature of Receptor

Pronase digestion _ References
sensitivity

Protein + Cassidy & Harshman
(1976a,b,c; 1979)

NAN-Gal-GlcNac— + Kato (1982)

containing glycolipid

and/or glycoprotein

Band 3 minor glycoprotein + Maharaj and lackrell
(1.980)

Glycopherin 2 Bernheimer & Avigad
{1980)
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sensitivity of the targets to o-lysin. Speculations o the mode of
membrane interaction of g-lysin on various targels have been summarized

(Table 7) by Thelestam (1983).

d.Delta-Lysin

1.Production of §~Lysin

8~lysin is produced by %7% of pathogenic strains of coagulase-positive
staphylococci (Flek, 1959; Jelijaszewicz, 1972), and a high proportion (50-
70%) of coagulase-negative isolates (Gemmell et al., 1976}.

Two methods have been employed for production of G—Iysin; (1) The
cellophane-on-agar technique, and (2) the liquid shake culture in
modifications of casein hydrolysate-yeast extraclt diffusate medium
{Gladsteone and van Heyningen, 1957}. The latter has been comnonly
employed by receat investigators (Yoshida, 1963; Kayser and Raynaud, 1965;
Heatley, 1971: Kapral and Miller, 1971; Kreger et al., 1971; Kantor
et al., 1972; Turner, 1978a; Fitton et al., 1980). Optimal
conditions of production have not been thoroughly investigated but adequate
aeration is important (Yoshida, 1963; Turner, 1978a ; Mollby, 1983).

2.purification of §-Lysin

Methods for the purification of §-lysin have been reviewed recently by
Mollby (13983). Some common purification methods have met with little
success due to the anomalous behaviour of 6-lysin in aqueous sclutions but
the lysin has been purified by adsorption of lysin to inorganic matrices of
alumina (Kantor et al., 1972) or hydroxylapatite (Xreger et al., 1971),
or by expleciting the unusual differential solubility of +{he lysin in
organic solvents of differing polarity (Heatley, 1971).

Although Lee et al. (1976) claimed that § -lysin purified by the

methods of and Kreger ct al. (1971) and Kantor et al. (1972) contained
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*
uf g-Lysin on Various Targets

Target

Specific
receptor

Concentrations
needed (Ug ml )

Rabbit
erythrocyte

fluman

crythrocyte,

Cultured

Possible mode of aclion

Yes 0.1-0.2

No 10~ 100

mammalian cells,

liposomes

da.

4h.

General hydrophobic membrane

perturbation, due to increased;
local concentration after &
binding [(Harshman, 1979). “

Transmembrane porszs formed b
by amphiphilic hexamers 5
(Fussie et al., 1981a). ‘

Lysin-receptor (band 3)
interaction could lcad to
a change of ian balance
across the membrane, which
could result in osmotic
lysis. (Barzilay et al.,
19797} .

Lateral radistribution of
lysin-receptor-complex, 3
causing membranc disorgan-— iy
ization. 5

Transmembrane destabilizat-
ion of cytoskeletal elements
which link to receptor.

General hydrophohic
membrane perturbation
(Buckelew and Colacicco,
1971; Freer et al., 1973;
Thelcstam et al., 1983).

Transmembrane pore
{Thelestan and Mollby,
1975a,b, 1979; Thelestam
1983).

%
Adapted from Thelestam (1983}.
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varying but low levels of other Loxic and enzymic activities, it is
important to note that their study was done with a different strain of S.
aureus and different procedures for the preparation of the cell-free
extract. Similarly, Packrell and Wiseman {1974) claimed that a éample of
3~lysin provided by Kreger contained bolh 0o - and Y -~lysins. Using the

method of Kreger et al. (1971), Chao and Birkbeck (1978) produced o-lysin

with a high haemolytic specificity towards fish crythrocytes and neither o-
¢« B - nor y -lysins were detected in this preparation (Birkbeck, personal
communicaton) . Smith and Shaw (1981) compared thres methods of
purification of §-lysin of S§. aureus RN 25 : (1) selective desorption
from alumina C_Y gel (Rantor ct al., 1972), (2) chromatography on
hydroxylapatite ({Kreger et al., 1®71l), and (2) the solvent transfer
method of Heatley (1971). The method of Heatley (1971} was found to be
superior 1in terms of recovery and purity of the product. More recently,
Nolte and Kapral (198la)} reported on purification by adsorption to the
hydrophobic gels octyl-sepharose and phenyl-sepharose. Hydrophobic gel
chromatography was also used by Fitton et al. (1980) to improve the

purity of the product obtained by the method of Heatley (1971).

3.physicochemical Properties of $~Lysin

A very wide range of values of molecular weight (2962 ta 21 x 104)
have bcen reported (Tabla 8] and the earlier studies suggesting that native
§lysin was likely to have molecular weight >10C,000 probably reflect
varving degrees of aggregation of the lysin. The most reliable value for
the minimum wolecular weight of &lysin is 2,962, calculated from the
seqguence of Lhis 26 amino acid residue peptide {rom strain 186X (Fitton
et al., 1980,1984). Aggregation of monomers in various ways, perhaps in

part influenced by cultivation conditions and strain variation may explain

the different reporied molecular weight and isoelectric points (Table 8).
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Table 8. Some Characleristics of purified Staphylococcal §-Lysin
Reference Molecular Sedimentation Isoelectric
Weight coefficient point
T
(Szo,w) {pL)
. . 4 \
Yoshida (1963} 6.8-15x10 6.1 -
Kayser & Raynaud (1965) 1.2x10" 1.4; 5.5 ~
[fallander (1968) 20x104 - -
Caird & Wiseman {1970) 20x104 2.8; 9.8 -
Maheswaran & Lindorfer - - i)y 3.32
{19707 ii) 3.75%
iii) 8.45
Mollby & Wadstrom (1%70) - - 9.6
Heatley (1971) - 4,9 -
Kreger et al. (1971) - 4.9; 11.9 i) 9.5
i} 5.0
a :
Kantor ct al. (1971} 1G.3x10 6.04 i) 4.65
i) 6.7
iii) 9.0
4
Turner {1978a) 8.2x10° - 4.5; 9.5
lxlo44 7.8
Birkbeck & Whitelaw (1880) 21x10 - -
Stearne & Rirkbeck (L980) - - 4.9
Fitton et al. (1980) 2962 - _
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The "anionic¢ and cationic® forms of §-lysin reported by Kreger et al.
(1971) may also result from electrofocusing conditions as they do not arise
when a valme trough is used (Stearne & Birkbeck, 1980).

The amiAO acid analyses of §-lysin [rom several laboratories (Table 9)
are in broad agreement, with the exception of Fackrell and Wiseman (1976},
and demonstrate the absence of arginine, histidine, proline, cysteine and
Lyrosine. The high content of bhydrophobic amino acids was noted by
Bernheimer (1974), who suyyested that concentration of these residues in
one region of Lhe molecule may result in a polypepkide with linear
amphipathicity similar to that found with the melittins (Bernheimer, 1974),.
However, from the published amino acid seguences of O-lysin (Fitton et
al., 1980,1984), there appear to be no such hydrophobic regions (Fig. 1).
Based on the known sequence of ¢-lysin, Freer and Birkbeck (1982) proposed
that. this 26 residue peptide adopts an O-helical rod-like configuration
with separate hydrophobic and hydrophilic faces. {(Fig. 2). Similar
secondary structure analysis led Fitton (1981) to propose that the lysin
possesses two helical domains joined by a flexible hinge region and thus
has a sccondary structure similar to melittin; although no homologies
exist between &-lysin and melittin at the primary sbtructure level, Fitton
{1981) claimed that similarities at the secondary and tertiary structures
levels between S-lysin and melittin gave similarities in the ecytolytic
effects.

0-lysin also ditfers from the other lysins of 5. aureus in being
relatively thermostable (no loss of activity after SOOC for 1 h; Kreger
et al., 1971}, highly surface active (Cclacicco et al., 1977) and
adsorbing quickly and strongly to glass and polypropyiene (Heatley, 1971).

In addition, G&-lysin is amphipathic, from its ability to dissoive in both
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Figure 2. Diagrammatic Representation of the Proposed

G-Helical Structure of &-Lysin#
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* Reproduced with permission of J.H.Freer and T.H.Birkheck.
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aquecus {Heatley, 1971; Xreger et al., 1971; Colacicco, 1%72) and
organic solvent (Marks and Vaughan, 1950; Jackson and Little, 1958;
Heatley, 1971; Kreger et al., 1971: Colacicco et al., 1977). It was
concluded that 5—lysin has the structural characteristics of a
membranophilic protein that can behave simultanecusly as a lipid and as &
protein and readily insert itself into hydrophobic wembrane structures
{(Colaciceo et al.,, 1977).

Neutralization of O-lysin by normal serun from various animals was
first reported by Marks and Vaughan (1950). Formation of a precipitin
line hasg also been found between normal serum and O -lysin on
immuncdiffusion (Gladstone and Yoshida, 1967) and immunoelectrophoresis
(Rantor et al., 1972). Only racently, Whitelaw and Birkbeck (1978) have
identified O - and B-lipoproteins as the inhibitory factors present in
normal serum. In addition, © ~lysin 1is also inactivated by many
phospholipids (Kreger et al., 1971; Kapral, 1972; Whitelaw and Birkbeck,
1978) and fatty acids with long chain length {Kapral, 1976).

4. ¥mmunogenicity of S-Lysin

Barly reports on the immunogenicity of S§. aureus &-lysin were
conflicting and there was no evidence that non-specific lipoprotein
inhibitors had been removed from the secra. More recently, however, the
lysin has becen shown to be immunogenic in rabbit by Fackrell and Wiseman
(1974), Heatley (1977), Turner (1978a), Birkbeck and Whitelaw (1976, 1980)
and HNolte and Kapral (1981b). The immunogenicity of G-lysin, normally
very poor, may be markedly enhanced by toxoiding with formaldehyde (Stecarne
and Birkbeck, 1980). Purified anti-8-lysin IgG has been used in indirect
immunofluorescence staining to bind to 1lysin-treated erythrocytes and
ghosts. This indicated both Lhat d-lysin binds tc erythrocyte membranes

and Lthat at least part of the antihodies formed werc not directed against
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the binding sites of the lysin (Nolte and Kapral, 198lb].

5.Biclogical Activities of §-Lysin

§-lysin has a wide haemolytic spectrum (Wiseman, 1970; ngjaszewicz,
1972} and Gladstone (1966) stated that all erythrocytes tested were
susceptible to §&lysin. Human crythrocytes have generally bcen used to
detect haemolytic activity, but, Chao and Birkbeck (1978} showed that cod
exythrocytes are more scnsitive than mammalian erythrocytes to the action
of §-lysin (Table 10).

In vitro, d&-lysin exerts a strong cytopathic effect on various cell
lines (Gladstone and Yoshida, 1967; Hallander and Bengtsson, 1967;
Thelestam et _al., 1973}, leucocytes {(Jackson and Little, 1957; Gladstone
and Yoshida, 1967; Hallander and Bengtsson, 1967) and bacterial
protoplasts and sphaeroplasts (Bernheimer et al., 1968; Kreger et al.,
1971). Cellular organelles such as lysosomes and mitochondria (Bcrnheimer
and Schwartz, 1964; Gladstone and Yoshida, 1967; Evans and Lack, 1969;
Kreger et al., 1971; Kantor et al., 1972; Rahal, 1972) and lipid
spherules (Frcer et al., 1968; Kreger ct al., 1971) are also disrupted
by ¢&-lysin. In addition te being cytotoxic, d&-lysin can also inhibit
water absorption (Kapral et al., 1976) and increase cyclic AMP (cAMP)
levels in the guinea nig ileuwm {0Q 'Brien and Kapral, 1976). The
considerably delayed increase in cAMP after administration of the § -lysin
was different from the action of cholera toxin and +the wmechanisms of
elevation of CAMP probably differ for the two toxins. This suygestion was
later supported by a complete lack of any cBMP-mediated morphological
changes 1in Y-1 adrenal c¢ells and chinese hamster ovary cells after
treatment with §-lysin {(O'Brien and Kapral, 1977). A rapld increase in

ion flux suggests that intracellular rather than transcellular movement of

A \4“ §
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Relative Sensitivity of &-Lysin of Ervthrocytes

of Different Species

Haemolytic activity compared to that of humans (%)

Wiseman (1970} Kreger et al. Kantor et al. Chao & Birkbeck
Spepiss » ‘ (1971) (1972} (1978}
SEfdin Strain
Neman E-Delta W4eM W4a6M NCTC 10345
Huwmnan 100 100 100 100 100
Rabbit 25 25 200 50 60
Sheep 25 12.5 40 50 20
Horse 3 G 100
Guinea pig 6 12.5 50
Pig 12.5 12.5 40
Calt/ 40
Bovine
Goat 20
Cat 20
Chicken 20
Monkay 50
Cod 400
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ions across the mucosa may be stimulated by ¢-lysin (O 'Brien et al..
1978}. Since staphylococcal enterotoxin B studied in various intestinal
animal models was always found to cause negative reactions in similar ion
flux experiments, Carpenter (1980) suggested that &8-lysin is the only
staphylococcal exoprotein which may be defined as an enterotoxin.

- The toxicity of &~lysin in vivo has been studied by several workers
{Table 11). It must, however, be emphasised that the lethal andg
dermonecrotic effects observed with the largse doses shown in Table 11 could
well be due to contamination with a-lysin which is considerably more toxic
than d&-lysin. Highly purified 8-lysin also causes erythema when given
intradermally in rabbits, but very high doses are required to cause
dermal necrosis inside the erythematous zone (Kreger et al., 1971;
Turner, 1978b); increase in vascular permeability also results from
intradermal injection of this lysin (Birkbeck, 1982).

6.Modes of Membrane Damaging Action of §-Tysin

Several physicochemical preperties of §-lysin and its interaction with
membranes (Table 12) have 1led to the suggestion that $-lysin affects
membrane by a detergent-like action (Kreger et al., 1971; Bernheimer,
1974;  Thelestam ot al., 1983). The similarities between 6§-lysin and
melittin, the major lytic peptide of bee venom, have been noted in several
publications (Thelestam and Mollby, 1975a,ib; Freer and Arbuthnott, 1976)
and there have been suggestions that similaritices in properties result from
a common mode of membrane damage by these two agenlks (Bernheimer, 1974;
McCartney and Arbuthnott, 1978). The amino acid sequence of G6-lysin
(Fitton et 2l1., 1980, 198B4) differs from that of melittin, but Fitton
(1981} has suggested Lhat the 26 amino acids are ordered in a rather
similar way to those of melittin (Dawson et al., 1978). The latter

auvthors postulated <ihak the membrane-damaging mechanism for melittin
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Effects of $~Lysin in Animalg
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Animal Dose (mg kg»i) Dose (mg) Reference
Lethal Dermonecrotic
Mouse 1160 {MLD) - Kreger et al. (1971) :
10 (LDSO) - Cladstone (1966)
>4 (LDSO) >0.1 Fackrell & Wiseman (1976b)
Rabbit . 0.5-1.0 Xreger et al. (1971) 3
— <1 " ‘f
- 0.005-0.5 Gladstone (1966) 5
5000 {LDg) - Wadstrom & Mollby (1972)
Guinea pig 30 (MLD) 0.5-1.0 Kreger et al. (197L)
- <1 "
>4 (1D, ) 0.1 Fackrell & Wiseman (1976b)
,g

[N S T




32

Table 12. Characteristics of 8-Lysin and its Interaction

with Membranes Suggesting a "Detergent-Like"

*
Mode of Action

Characteristics

References

High content of hydrophcbic aminc acids

High degree of surface activity

Rapid and temperature-independent membrane
damaging effect

Low specific cytolytic activity

Broad spectrum of cytolytic activity

Inhibition of cytolylic activity by
phospholipids

. Ability to remove some membrane proteins

Fitton et al. (1980, 1984)

Colacicco et al. {1977)

Thelestam gt al. (1973)

Bernheimer (1974)

Bernheimer (1974)

Kapral (1972)

Thelestam et al. (1983)

* Bdapted from Thelestam (1983).

i

N
%
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involves initial ionic binding to the acidic groups on membrane surface
followed by a configurational change, possibly induced by the low
dielectric constant at the immediate suxrface of the membrane, which results
in a wedge-like insertion of the molecule into the hydrophobic region of
the membrane. A considerable body of evidence suggests that membrane
damage caused by 6-lysin differs from that causcd by melittin. Fitton
{1981) proposed that &-lysin exists as tetramers or oligomers under
physiclogical conditions whereas mclittin is found as monomers or teframers
in aqueous solution (labermann, 1972; Gauldie 2t al., 1976). According
to the patterns ol leakage of differently sized cytoplasmic markers induced
from prelabelled human lung fibroblasts by these two prateins, Thelestam
and Mollby (1979} classified them in different groups and suggested that
neither 6-lysin nor melittin could be assigned to the deteryent-group
comprising true detergents such as tritons, 8DS and sodium deoxycholate.

Also, Durkin and Shier (1980) observed that the susceptibility of 3T3
mouse fibroblasts to §-lysin-induced 1lysis was ccll-eycle dependent;
synchronized populations of cells in mitosis and early Gl phase exhibited a
resistance to O-lysin at concentrations which were lytic to interphase

~1

cells (up to 80ug ml ). lfowever, meclittin was reported by the same
authors to lyse mitotic and interphase 3T3 cell with equal efficiency.
More recently, Bhakoo et al. (1982} observed that 8-lysin showed little
or no specificity in its interactions with all types of 1lipid films
studied, whereas melittin showed preferential interaction with films of
acidic lipid.

In 1982, Freer and Birkbeck noted the periodicity of distribution of
charged residues in O-lysin and suggested that 6—lysin adopts an O-helical

rod-like configuration with separate hydrophilic and hydrophobic faces.
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Assaciation of 6 such monomers in a cell membrane may result in the
formation of a transmembrane "peore" lined by the hydrophilic faces of the
MOQOMErs. such transmembrane pores could constitute the primary membrane
damage, permitting leakage of low-molecular weight markers such as G-amino
isebutyric acid {(Freer, 1982). '"This marker was shown by Thelestam and
Mollby (1%79) to be released rapidly from human dipleid fibroblasts treated
with 8-lysin. It is conceivable then that the pores could cocalesce when
present in a large encugh numwber, permitting the escape of higher molecular
weight markers and finally disrupting the membrane integrity (Freer et
al., 1984) (IFig. 3}.

An alternative mode of action for §-lysin was suggested by Shier
(1979} who proposed that self-destruction of the target wembrane was a
mechanism of action of several cytolytic toxins including ¢ -lysin and
melittin. Activation of endogencus phospholipase & dJdue to the membrane
perturbing action of &-lysin at the plasma membrane Coild iead to wembrane
destructiorr by (1) a direct breakdown of structurally important membrans
phospholipids and (2) the production of lysolecilhin which in itself exerts
a detergent action on the membrane. These cbservalions were supported by
those of Umezawa et _al. (1980) who found that €-lysin at concentrations
of 1-10 uy mlu] {nc cytolytic effect) rapidly inhibited the binding of
epidermal growth factor (EGF) to its cell surface receptors in rat embryo
fibroblast and in Hela cells and induced arachidonic acid (hydrolysis of
lecithin leads to the production of arachidonic acid and lysolecithin)

rclease.

C.PROTEIN SECRETION ACROSS MEMBRANE

a.Historical Inilroduction

The basic principles and details of protein synthesis have long been
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Figuxe 3. Hypothaticai Scheme for Mechanism of Membrane

Pertubation by 8-Lysin*

i

LOwW HIGH
CONCENTRATION CONCENTRATION
OF PEPTIDE OF PEPTIDE

< LUV

|
%i::

hydrophilic
face

* Reproduccd with permission of J.H.Freer and J.E.alouf. In

Bacterial Protein Toxins {1984) p188. Academic Press, T.ondon.
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established and in recent years there has bcen increasing interest in  the
mechanism of protein secretion. This began with the discovery (Palade,
1955%) that animal cells contain membranc-bhound ribosomes as well as
ribosomes free in the c¢ytoplasm. Subsequently, various secretory proteins
were shown to be synthesized on the bhound ribosomes and various cytoplasmic
proteins on the unbound ribosomes (reviewed by Palade, 1975). This
distribution suggested that secreted protcins might cross membranes asg
growing chains rather that after completion of synthesis. Such a
mechanism was supported by the observation of Redman and Sabatini (1966)
that even inccmplete polypeptide chains were not located on the cytoplasmic
side of the membrane. Sabatini and Blobel (1970) showed that microsomes
protected nascent chains of secretory but not of cytoplasmic protein from
proteolytic degradation and the concept that the growing pelypeptide chain
is translocated througl: the nembrane of the endoplasmic reticulum during
polypeptide synthesis was then recognized. “hese authors also suggested
that the mRNA codes for a special sequence near the beginning of the
polypeptide chain which might be recognised by a membrane-khinding facter;
the chain would then be secreted whilst still grewing {Blobel and Sabatini,
1971).

The attachment of bound polysomes {0 membranes via the amino—terminal
region of the growing polypeptide chain was first shown by Milstein et
al. 19%72} in their studies on the translaticn of immunoglobulin lighi
chain wRNA in a cell-free system. They showed that a larger precursor
containing extra amino acids at the NH -terminus was synthesized in the

2
rabbit: reticulocyte lysate but not in the presence of microsomal membranes.
This finding was later confirmed by Mach et al. (1973} and extendcd by
Schechter (1973) who presented the first data on the amino acid sequence of

the NH -terminal segement. Milstein eL al. (1972) had already used the
2
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term "signal" for this region and speculated about its possible role in
binding polysomes to the endoplasmic reticulum shortly after the onset of
protein synthesis. Thus, these assumptions were raised to the status of a
widely  accepted scientific ﬁheory through the work of Blobkel and
Dobberstein (1975a,b} who presented the decisive experimental data which
led te the formulation of the signal hypothesis with the following
predictions : (1) secretory polypeptides contain an amino-terminal signal
peptide that binds to the endoplasmic reticulum and initiales vectorial
discharge (transmembrane Lkranslocation) of the growing polypeptide chain;
(2} this transport must start early, before the chain reaches a certain
length, and be strictly coupled to protein synthesis (co~translational
secretion], and (3) signal peptides are transient entities that are cleaved
before chain termination. Cotranslational secretion, although widespread,
is not the only mechanism for protein export. rater studies on the
biosynthesis of some eukaryotic nuclear DNA-specified proteins destined for
localization in mitochondria (Neupert and Schatz, 1981; Schatz and Butow,
1983), chloroplasts (Dobberstein et al, 1977) and peroxisomes (Robbi and
Lazarow, 1%78; Goldman and Blobel, 1878), led to the conclusion that
transfer acrogss membranes can also occur after completion of polypeptide
chains by post-Lranslational mechanism (post-translational secretion).
bespite the fact that bacleria are generally considered to be simple
organisms, investigators working with eukaryotic systems have led the field
with raspect to biochemical studies. Nevertheless, both cotranslational
and post-translational secretion have been directly demonstréted in
pacteria (Davis and Tai, 1980). Eukaryoltes and prokaryoles appears to
share some common mechanism of protein export as shown when the gene for a

eukaryotic secreted protein, preproinsulin, was introduced into E. coli.




3B

The eukaryotic signal sequence of preproinsulin pramotes transfer of the
polypeptide across prokaryotic cytoplasmic membrane (Talmadge et al.,
1980b) and the signal peplide is cleaved at the correct position to yield
proinsulin (Talmadge et al., 1980a}. Ovalbumin may alsou be secreted by
%. celi (Fraser and Bruce, 197B). In the reverse situation, when the
gene for a prokaryotic R-lactamase was introduced into yeast cells, the g~
lactamase was also correctly processed (Randall et al., 1978). The use
of bacterial systems has allowed new approaches to the study of protein
secretion based on the accessibility of the relevant bacterial memhrane
surface and the isolation of bacterial mutants altered in secretion.
Knowledge of signal sequences for secretion has important practical
applications and ta incrcase the production of insulin in recombinant
bacteria, tnhe insuvlin gene was fused with the gene for the E. coli
periplasmic Bf-lactamase (Villa-Komaroff et al., 1978}. More recently,
Netzer (1983} suggested that further work on protein export will lead to
new methods of immunization by placing a functional enzyme or funectional
fragment of an enzyme onto the surface of E. coli and develop a

"biocatalytic bed".

b.Models for Protein Export

Various models for the mechanism of protein export have been presented
(Blobel and Dobberstein, 1975a,b; DiRienzo el al., 1978; Von Heijne and
Blomberg, 1979; Wickner, 1879), but it is unlikely that a single model
will be applicable to the export of all bacterial proteins. Recording  to
the signal hypothesis (Blobel and Dobberstein, 1975a,b), a protein
destinated to be secreted from cells is synthesized initially as a larger
precursor with 15 to 30 additicnal amino acids at the NH -terminal end of

2
the molecules; this peptide extension {signal sequence) iniliates binding
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ofi the translation complex to the membrans, resulting in the formation of a

transient pore through which the nascent peptide chain passes as synthesis
proceeds. At some point the signal sequence is cleaved off, and the mature
protein ultimately folds ocutside the cell (Fig. 4). Further, the

existence of "stop-transfer" seqguences interrupting the translocation

process has been postulated for transmembrane proteins (Blokel, 1980). a ﬁ
very different model which does not require an ordered wectorial export
process nor any special cellular export machinery has been proposed by

Wickner (19279). This ‘"membrane Lrigger" hypothesis emphasixes the role of

self-assembly of proteins in mediating their own transport. It allows for
synthesis of a complete protein molecule hefore its export begins. The
basic function of the signal sequence is to promote the folding of the

newly made precursor into a conformation that is soluble and competent for

export. Upon reaching the membrane the protein is "triggered® into a new
conformation that allows it to spontaneously inserxt into or through the
phospholipid bilayer unaided by any sort of pore. Cleavage of the signal
sequence would facilitate this conformational change and render it é
irreversible. Whereas the loop model of DiRenzo et al. (1978) and the

direct transfer model of Von Heiljne and Blomberg (1979) arc different from
the original signal hypothesis, it boil down Lo the question of whether the
nascent chain does or does not encounter a non-polar (hydrophobic)

environment during its passage through the wmembranc.

¢, Structure and Function of Signal Sequence o

1.Demonsgtration of Precursor Proteins

Since the precursor form of an exported protein contains extra amino #
acids at the amino terminus, 1its molecular weight is greater than that of

the corresponding mature protein. Thus, precursor species can be detected
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Figure 4. A Schematic Illustration of Signal Hypothesis
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by SDS-PAGE, which separates proteins according to size. In general, four
methods have been used in bacterial systems to demonstrate precursor forms
of exported proteins {Table 13). In eukaryotic system, ovalbumin, the
major secretory protein of hen oviduct, is the only well-characterized
secretory protein to be synthesized and secreted without a transient signal
seguence {Pélmitcr et al., 1978) and an internal signal-like sequence may
be located within the molecule (Tingappa et _al., 197%; Meek et al.,
1982). 1In L. colij, colicin El colicin ®3 and colicin E3 immunity protein
are reportedly secreted in the form in which they arc synthesized (Jakes
and Model, 1979; Yamada et al., 19B2) and Yamada and Nakazawa (1984)
showed that celicin EV contain internal signal-like sequence near the COOQII-
. terminus.

Almost all characterized periplasmic and outer membrane proteins of
. coli contain an Nuzwterminal signal sequence that is removed during
the export process (Michaelis and Beckwith, 1982; Silhavy et al., 1984).
In contrast, inner membrane protcins present a more complicated picture
with respect to NH -terminal signal sequence. The major and minor f1

2

(ML3) coat proteins (Schaller et al., 1978; Sugimoto et al., 1977),
penicillin~binding proteins PB5 and PB6 {Pratt et al., 1981) and inncr
membrane protein Tsr (Boyd et al., 1983) are apparently made in precursor
form. However, the lactose permease {(Bhring et al., 1980) and two
subunits (b and c¢) of the Fo complex of ATPase (Nielsen gt al., 1981) are
not made in precursor form.

2.8tructure of Signal Sequences

Signal peplides vary considerably in hoth length and structure {Kreil,
1981) but when the degree of polarity is considered there is a striking
similarity among all signal peptides. Garnier et al (1980}, in an

analysis of the amino acid sequences of 22 signal peptides, found all

e E o S
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Table V3. Methods Used in Bacterial System to Demonstrate Precursor Morms

of Exported prroteins*

Method Proteint Refercnce
A. In vivo pulse-labelling A receptor protein. Josefsson & Randall
. (1981a)
Maltose-binding Josefsscn & Randall
protein {1981} ’
TEM-1 B-lactamase Koshland & Botstezn(1982)|
Enterotoxin B of Tweten & Iandolo{1983) e
S.aureus

B, InNitro synyhesizing

systen
1. transducing ¢ or plasmid Alkaline phosphatase Lnouye & Beckwith(1977) 31
containing the cloned Penicillinase of Sarvas ot al.{(1978) i
structure gene B.licheniformis i
2. membrane—-bound polysome Maltose-binding Randall et al.(1978)
protein
Arabinose-binding Randall et al.(1978)
protein e
3. RNA extracts Diphtheria toxin of Smith(1980) s
C.diphtheriae :
C. Mini or maxicells system TEM-1 f-lactamase Koshland & Botdtc1n(1989)|
Protein H Oudega et al.{1984)
D. Inhibitors 4
1. agents altering membranec: B
fluidity |
i. etbhanol Bxotoxin A of Loxry et al. (1983}
P.aeryginosa v
ii. phenethyl alcohol Matrix protein Halegoua & Incuye(i1979) ,ﬂ
iii. procaine filkaline phosphatase Lazdunski et al.(137%) .-
iv. growth of a fatly acid Tol G DiRienzo & Inouye(1979) ﬂ
auxotroph in the i
presence of eliadate g
2. energy uncouplers: G-Lysin of S.aureus Tweten et al.(1983) 54
{such as carbonyl cyanide Leucine-specific Daniels et al.(1981) Y
n-chloro-phenylhydrazone binding protein ’ﬂ
or dinitrophenol) B~lactamase Daniels et al.(1981) ’
Coat protein of Mi3 Date et al.(1980) K
coliphage -
B subunit of heat- Palva et al.(1981)

labile enterotoxin s

* This listing is not intending to be cxhausive for precursor forms
of exported proteins lisLed in the method used.

1 E.celi proteins unless otherwise stated
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signal peptides to contain a central region of hydrophobic rcsidues with a
minimal length of ahout 9 residues. A sample of 34 hydrophobic core-
segments from known signal peptides have been analysed by Von Heijne (1982)
with Iregard to the mean hydrophobiciky at each position in the segﬁent.
These nore-segments were not uniformly hydrophobic: instead, the more
hydrophobic residues were concentrated around the midpoints of the
segments. A similar analysis of 12 membrane-spanning segments from
transmembrane proteins indicated that the hydrophobic residues were much
more evenly distributed along the segment (Von Heijne, 1982). A decrease
in hydrophobicity, achieved by replacing leucine with B-hydroxyleucine in
. the in_ witro translational system, resulted in an inhibition of
translocation and processing of the growing polypeptide chain {(Hortin and
Boime, 1880). Also, Emr ct al. (1980) identified a series of mutations
within the signal peptide of the phage A receptor, wialch prevented the
export. of 1Lhe protein and led to accumulation of the precursor in the
cytoplasm. Sequence analysis revealed that most of these mutations
resulted from single amino acid substitutions, usually the exchange of a
hydrophobic residue for a charged one. Similar results were obtained from
the maltose binding protein (Bedouelle et al., 1980), ;nderlining the
importance of extended regions of uncharged residues in initiating membrane
penetration.

Most signal peptides also contain, besides the qt-amino group, at least
one or wmere charged residve(s) near the end, frequently an arginine or
lysine. Moreover, the last residue before the cleavage site always has a
short side chain (glycine, serine, alanine, cysteine or threonine) {Inouye
and Halegoua, 1980). The common features in primary structure of signal

peptides are shown in Pig. 5.




Fiqure 5. A Schematic Illustration of the Common Structural
Featureg of Signal Sequences
4 SIGNAL SEQUCNCE (15-30 aa} —_——
cleavage
Lsite
[ I I ] ANANORTRRNEN
T mature protein
2-8 positively highly non-polar a4 with short
charged residues central part, side chain

10-15 residues gly, ser, ala,
cys, thr.
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Attempts have also been made to look for comuon elements in  the
secondary structure of signal peptides and some similarities emerged Ffor
the study of 22 signal peptides by Garnier et al. (1980}, who claimed
that the signal peptides exhibited a high potential for making ®-helix and,
to a lessér degree, extended or P-sheet conformation. Rosenblatt et al.
{1980) alsc proposed that the signal pért is entirely @-helical except for
a B-turn near the carboxyl end. Several conclusions can be drawn from the
similarities of predicted secondary structures. Firstly, it is likely
that the cleavage site is governed by the secondary structure of the signal
sequencea. Secondiy, at the time that cleavage takes place folding of the
amino-terminal portion of the nascent chain has already taken place.
lastly, the potential of the central residues for adopting OG- or B-
structure may be important in the way that interaction with the membranc
oceurs.

3.Interaction bhatween Mcmbrane and Signal Peptide

Several models have bcen proposed Lo relate the structure of the
signal peptide to its function. One of these, the lcop model of Inouye
and Halegoua (1980), proposes that the basic, positively-charged amino-
terminal region of this peptide allows attachment of nascent precursor to
the negatively-charged inner surface of the cytoplasmic membrane by ionic
interactiocn. Subsequently, the hydrophobic core region can insert into
the hydrophobic interior of the bilayer, forming a loop structure that
initiates the export process. Other investigators (Bretscher, 1973;
Wickner, 1979; Engelman and Steitz, 1981; Von Heiljne and Blomberg,1979;
Garnier et al., 1980; Steiner ct al., 1980} alsc postulated a primary
interaction of the signal sequence (due to its hydrophobic nature) with the
lipid bilayer rather than with specific protein receptors, although it may

rely an the participation of proteins. More recently, Hall and Schwartz
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{1982) described a unique mutation affecting the hydrophilic segment of the
xreceplor signal sequence and suggested that the hydrophilic poriion of

the signal sequence wediates the initial interaction between a nascent.

secreted protein and the membrane. In addition, they proposed the
existence of a so-called "stop transiation" sequence early in the
precursor that extends past the signal sequence. Once synthesized, it

binds to the ribosome and prevents further translation unless export is
initiated. The role of this segquence is to stop translation in order to
allow sufficient time for the hydrophilic portion of the signal seguence to
initiate export by interaclting with the membrane.

The allernative view requires the existence of specific protein
assemblies within the 1ipid bilayer which are responsible for initial
binding of signal peptide and for facilitating the motion of protein across
the membrane during protein synthesis (Blobel and Dobberstein, 1975 a,b;
Blobel, 1980). Prehn et _al {1980) have shown ihat preproinsulin, but
not proinsulin, bind to stripped membranes of the rough endoplasmic
reticulum and that this binding can be abolished by pretreatment of
nembranes with protease. This agrees with earlicr observations made by
Warren and Dobberstein (1978} and Walter et al. (1979) thal translocation
is highly susceptible to protease treatment and/or high salt washes.
Furthermore, competition experiments {lingappa et al., 1978) have shoun
that different sccretory proteins compete for the translocation machinery
of endoplasmic reticulum. In 1980, Walter and Blobel purified an 11§
protein complex from dog pancreas microsomal membrane. This complex,
called signal-recognition protein (SRP, later renamed the signal-
recognition particle; Walter and Blobel, 1982) has been shown Lo function

by binding to the signal sequence as it emerges from the ribosome and
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halting futher translation (Walter and Blobel, 1981 a,b; Walter et al.,
1981). This translational block is relieved when the complex (riboscmal,
SRP and nascent polypeptide chain) interacts with the membrane-associated
docking protein at the export site (Meyer et al., 1982). They claimed
that the initjial events leading to translocation and providing its

specificity do not involve protein-lipid interaction {(signal sequence -

lipid bilayer), but protein-protein interactions (signal sequence -
ribosome - SRP ~ docking protein) (see Fig.4). Very recently, Kumamota .
et al. (1984) speculated upen the occurrence of an SRP-like model in i

bacteria.

. d.Ribosome Binding and Export Machinery

The binding of ribosomes to the membrane of the endoplasmic reticulum
throuynh their large subunits is well documented (Palade, 1975; Unwin,

1979), As depicted in the signal hypothesis, rihosome binding would occur

shortly after interaction of the membrane with the signal peptide. Two
proteins, ribophorins I and II have been invoked as being responsible for ﬂ

ribosome binding and arc only present in the rough endoplasmic reticulum L

(Xreibich et al., 1978a,b). A functional attachment was also suggested
by the finding that the mewbrane-bound polysome fraction of E. coli
produces more of a secretory protein (alkaline phosphatase) than does the 'J
free fraction (Cancedda and Schlessinger, 1974). Similarly, Randall and 'ﬁ
llardy (1977} prepared wmembrane-polysome fractions whose products were

enriched in several secreted or incorporated proteins, while containing ;i
very little cytoplasmic protein. Recently, Hall and Schwartz (1982)
proposed that the ribosome was simultaneously pulled towards the membrane
after the initial contact of the hydrophilic portion of signal sequence

‘3__
with the membrane receptor, and that the hydrophobic region of the signal J
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sequence begins melting into the hydrophobic environment of the membrane.
The chemical nature of the pore or tunnel through which the growing
polypeptide emerges is also a matter of conjecture. Blobel and his
collaborators clearly favour a t@nnel formed through the assemply of
membrane prokeins, envisaging that binding of signal peptide and ribosome
somehow favours interaction among mewbrane proteins, which leads to the
formation of a hele (Bleobel and Dobberstein, 1975a,b). An alternative
view, on purely theoretical grounds, has been presented by Von Heijne and
Blombery (1979}, Based on thermodynamic considerations, they calculated
that it is energetically feasible for proteins to go directly through the
bilayer without a proteinaceous pore. For this direct transfer to be
acconplishad, it was hypothesized that energy for the process is supplied
by interaction between ribosomes and a membrane protein. Experimental
results obtained by Wickner (1979) favoured this model. In 1%81, Enyelman
and Steitz proposed an even simpler theoretical schewe in which proteins
pass directly through the membrane withoul the participation of ribosome or
membrane proteins. tiowever, recent biochemical and genetic data point to
an important role both for ribosomes and for membrane compenents in
mediating the export of many E. coli proteins (Michaelis and BReckwith,

1982).

e.S8ignal Sequence Processing

The signal peptide is cleaved prior to polypeptide chain completion in
a cotranslational reaction taking place on thie growing polypeptide chain
(Blobel and Dobberstein, 197%a,b}. This signal peptidase, ag proposed by
Blobel and Dobberstein (1975a,b), 1is an integral membrane protein, closely
associated with the pore in the membrane or forming an integral part of the

pore, and their premise was based on the fact that cleavage by signal

.....
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pepltidase is intimately linked to chain transit and occurs on nascent but
not on completed chains. Moreover, Palmiter et al. (1977) cstimated
that the cleavage of prelysozyme to lysozyme occurs at a chain length of
only about 60 residues; this would indicate that bindihg of the signal
peptide and the ribosome to the membrane, formation of the pore, and
cleavage of the signal peptide all take place very early in the synthesis
of a secretory polypeptide. Howcver, in an elegant study, Josefsson and
Randall (198la,b) have shown that some proteins are processed both co-
tranglationally and post-translationally in  wvivo. For all +these
proteins, removal of the signal peptide is a relatively late event
occurring after these polypeptides have been elongated to at least 80% of
their final length, revealing a great complexity in the export process.

The precise cellular location of signal peptidase is not clear.
Genetic studies reviewed by Silhavy et al. (1983) demonstrate that the
processing activity is located outsidc the cyltoplasmic membrane. Signal

peptidase has been solubilized from the membrane by detergent treatment

{Jackson and Blobkel, 1977; Kreil et al., 1980) and then reconstituted
into vesicles. Some inhibitors of protease were found to have no effect
on the enzyme (Strauss et al., 1980). Tha detection of signal peptides

after theixr cleavage from the polypeptide chain has been attempted in
several eukaryotic systems, but no clear results were obtained {(Jackson and
Blobel, 1977; Patzelt et al., 1978; Habener et al., 1979}, suggesting
that cleaved signal peptides wust be very short lived in vivo and in
vitro and must be rapidly hydrolysed. This rapid degradation could be
important, since the hydrophobic nature of signal peptides might otherwise
have an adverse influence on the properties of the membrane. However,

also varying amounts of the cleaved signal peptide. Such results have not




yet been achieved for any eukaryotic sysiem. Passibly, further hydrolysis
of bacterial signal peptides by "signal peptide hydrolase" proceeds at a
slower rate. Bennett et al (1980) suggested thalt bacterial factors, which
stimulate neutrophils during inflammatory resPGnse, may be derived from
signal peptides released during synthesis of extracytoplasmic polypeptides.
As they suggested, signal peptides would be excellent candidates for the
natural bacterial chemotactic factors as they contain predominantly
hydrophokic amino acids with an N-terminal f-Met. The released peptides
wonld form a heterogenous population due to further proteclysis.

Zwizinski and Wickner (1980) reported a 6000-fold purification of E.

. coli signal peptidasc. The endopeptidase algo processes the precursor
forms of several other exported proteins in vitro (Wolfe et al., 1982;
Zwizinski et al., 1981). Recent structural studies have shown that this

protein spans the membrane with a small N-terminal domain exposed on the
cytoplasmic surface and a large C-terminal domain exposed to the periplasm
(Wolfe et al., 1983). Studies of the biogencsis of this signal
peptidase 1in vivo revealed that the peptidasce is made without a cleaved
signal peptide (Wolfe and Wickner, 1984}. Based on a sample of 78
eurkaryotic signal sequences, Von Heijne (1983) suggested that the region

=5 to -1 of the signal seguence conferred processing specificity, and the

proposcd signal-sequence—protease structure is shown in Fig. 6.

f.Post—translational Modifications

Most eukaryotic proteins exported from the cytoplasm thraough the
Palade pathway (Jamieson and Palade, 1967a,b) are glycoproteins (Silhavy
et al., 1983) and they are usually modified post—translocationally by
acylation [(Schlesinger, 1984) of some amino acid residues with palmitic

{and possibly other fatty } acid(s). Similar post~translational
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Figure 6. A _Schematic Representation of the Proposed

Signal Sequence-Protease Complex*

mature

profein

* Reproduced with permission of G.vVon Heijne.

Eur. J. Biochem. 133 (1983) »20.

The signal sequence spans Lhe mcmbrane as a "helix + sheet"
structure. The small, neutral residues in position -1 and -3
fit intc a pocket in the protease, thereby defining the

cleavage site between position -1 and +1.
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modifications have alsc been reported in prokaryotic system. Perhaps the
most cxtensively modified protein in E. celi is the outer membrane

lipoprotein {Inouye and Halegoua, 1979). To the WN-terminal cysteine
residue ,a diglyceride is atftached by a thioether linkage and a fatty acid
is attached by an awide linkage. The C-terminal 1lysine residue is
covalently li%éd by the e-amino group to peptideglycan to form the bound
form of the protein. E. coll also produces several other proteins

localived in the inner and outer membrane that are wmedified in a similar

manner (Ichihara et al., 1981).

Amongst gram-positive organism, the penicillinases of B.

licheniformis, B. cereus and S. aureus are related in structure and

cellular leocalization by retaining a substantial proportion as hydrophobic
membrane-bound  forms. Recently, Nielsen et al (1981) showed that for

the membrane-bound form of B. licheniformis penicillinase, attachment was

achieved through a glyceride Lhioether modification igentical to that found

in several gram~pegative ouler membrane proteins. "Yhat the membrane
penicillinases of 8. aureus and B. cereus also possess such
modification was also reported by Nielsen and Lampen {1982}, The complcte
event of such modification has been proposed by Chang et al. (1982). By

comparing the modification-susceptible signal sequences of gram-positive
penicillinases and ol gram-rnegalive outer mewbrane proteins with those of
non-modificd gram-negative penicillinases, Nielsen and Lampen (1982)
described a possible structure reguirement within the signal sequence for

the addition of the glyccride modification.




OBJBECT OF RESKEARCH

Although the physicochemical properties of both G-lysin and S~lysin
have been thoroughly investigated, the modes of secretion ha%e received
relatively little attention. Many secretory and membrane proteins are
initially synthesized as precursor molecules in which an extra hydrophobic
peptide segment precedes the N-terminus of the mature protein. The
primary objective of this research was to investigate the export of these
lysins.

The specific objectives of this investigation were :

1. to investigate the relationship betwcen 5~lysin production and growth
phase in the superproducing strain of §. aureus (strain NCTC 10345)
and the metabolism of §-lysin mRNA in vivo.

2. fto obtain in_ vitro synthesized §-lysin by +ranslation of total
cellular RNA of S. aureus MNCTC 10345 in the E. c¢oli 5-30 extract
and compare it with the native 8-lysin in SDS-PAGE.

3. to study the effect of a membrane pexturbing agent, phenethyl alcohol
(P¥a) on the production of exoproteins of §. aureus Wood 46.

4. to detect any precursor of G-lysin in the membrane of PkA-treated S.

aureus Wood 46.




MATERIALS AND METHODS




A.ORGANISEMSE

Staphylococcus aureus strain NCTC 7121 (Wood 46} was used in work which

involved @-lysin and S. aurcus strain NCTC 10345 was used for work with

§-lysin.

B.MEDIA
A yeast extract enriched medium modified from that of Bernheimer and
Schwartz (1963), and known as B.S. Medium (See Appendix I), was used

throughout for the growth and lysin production of staphylococci.

C.MAINTENANCE OF CULTURES

The organisms, which were originally taken from freeze-dried ampoules,
were reconstituted din sterile saline before plating on to bloed agar.
Cultures were maintained by passage on freshly prepared nutrient agar
{Oxoid Lid., London, U.K.) slopes at monthly intervals with routine gram

staining to confirm culture purity.

D.CULTURAL CONDITIONS

It was essential to subculture both strains on 10% (v/v) horse blood agar
(Oxoid Blood Agar Base No. 2, Oxoid Ltd., Loandon, U.K.) plates bhefore

cultivation in broth. Plates were inoculated from a loopful of stock
o
culture, and incubated overnight at 37 C. After incubation, 50ml of B.S.

Medium in a 250 ml flanged Erlenmeyer flask was inoculated as a starter

culture from an isolated colony which showed good haemolytic activity.

After incubation overnight at BTOC on an orbital shaker operalting at 150
-1

cycles min , the stacrter culture was added as a 5% {v/v) inoculum to

aligquots of pre-warmed B.S. Mediuw and incubation was continued at 37OC.




E.MEASUREMENT OF BACTERIAL GROWTH

Growth was estimated by measuring the A of samples of culture
650 nm
withdrawn at 1 h intervals; where I exceeded 0.40 the culture was
. 650 nm
diluted with B.5. Medium to bring the absorption value to within the range

of 0.00 - 0.40. Absorptidn values werc measured on a MSE Spectro-Plus

spectrophotometer. Uninoculated B.S. Medium served as a blank.

F.BIOCHEMICAL ASSAYS

a.pssays of Haemolytic Activity

1.Haemolytic Assay Buffers

a-lysin : PBS {Dulbecco A, Oxoid Ltd., London,U.K.) pH 7.3 (Appendix II).
§-lysin : CDS containing 12.5% (v/v) DMSO {sce Appendix II).

2.5tandard Erykthrocyte Suépensions

Rabbit or cod erythrocytes were washed in the appropriate buffer {PBS and
12.5% DMSO in CDS vrespectively) 4 times and the packed celi vclume
determined by centrifugation in graduated conical centrifuge tubes (MSE
Scientific Instruments, Crawley, U.K.) at 540 g for 10 min at room
temperature (MSE Super Minox). From the packed cell volume the
erythrocytes were resuspended to a [inal concentration of 1% (v/v) in the
appropriate buffer.

3.Doubling Dilution Yitration

The hacmolytic titres of lysin samples were determined by making serial
doubling dilutions of lysin in 0.1 ml amounts of buffer in wells of WHO
hacmagglutination trays, and addition of 0.1 ml of standard erythrocyte
suspensions to each well. Wells without lysin served as controls. The

o
trays were incubated for 30 min at 37 C (rabbit blood) or at room
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temperature (cod blood). The dilution of lysin give 50% haemolysis was
estimated visually and this amount of lysin was defined as constituting one

haemolytic unit (HT ).
50

I.Protein lstimation

Protein estimations were carried out by the method of BRradford (1976)
with BSAR (Fraction V, Sigma London Chemical Co. TItd.,Poole, Dorset.U.K.)
as a standard. The protein content in the total cellular RNA extract was
monitored by measuring A using a Pye Unicam 8P 8-100 ultraviolet

280nm
spectrophotometer. Distilled water served as a blank.

c.Assay for Staphylococcal Extracellular Protease

The method used was modified from that of Charney and Tomarelli (1947)

and Tomarelli et al. (1949). Azocasein (Sigma) was dissolved in PBS at
-1
a concentration of 25 mg ml .The standard protease used for reference was

subtilisin (EC 3.2.21.14, Type VII from Bacillus amyloliquifaciens,Sigma)
-1
which was diluted in PBS over the range 5-25Hg ml . To 0.3 ml of

substrate (azocasein) was added 0.3 ml standard protease or test samples.
The assay mixtures were incubated at 37OC for 30 min and the reaction was
then stopped by addition of 2.4 ml chilled 5% (w/v) TCA. The unhydrolysed
substrate was collected by centrifugation (860 g , 10 min at room

temperature) and 2 ml of the supernatant fluid was removed and added to 2
ml 0.58 sodium hydroxide. The A was measured against a PBS blank

440 nm

using an MSE Gpectro-Plus spectrophctometer. A standard curve was drawn of
A against standard protease concentration,from which the protease

440 nm
content of the samples was estimated.

d.RNA Estimation

RNA estimations werc carried out hy the method of Albaum and Umbreit




57

(1947) as modified by Ogur and Rosen {1950Q). Samples were adjusted to 3

ml with distilled water, equal volumes of FeCl reagent (0.1l% {(w/v) FeCl
3 3
in conec. HCl} and orcinol reagent (l0% (v/v) orcinol in 95% (v/v) ethanol)

were added and the samples heated in a boiling water bath for 50 min. The
standard RNA used for reference was yeast RNA (Type III from bakers yeaét,

-1
Sigma) which was diluted in distilled water over the range 52009 wl .

The A was read against a distilled water blank using an MSE Specliro-
670 nm
Plus speclrophotometer. A standard curve was contructed of A against
670 nm
reference RNA, from which the RNA in the samples was estimated. The RNA

content in the total cellular RNA extract was monitorcd by measuring 2
260 nm
using a Pye Unicam SP 8-10C ultravioclet spectrophotometer, in which

distilled water served as a blank.

G.PREPARATION OF PUR1FIED LYSINS

a.lysin
G-lysin, purified according to a modification of the method of Cassidy
and Harshman (1876a) from a 15 h culturce supernate of 5. aureus Wood

46 ,was a gift from Dr.J.H.Freer.

b.d-1lysin
This was based on the mcthod of Kreger et al. (1971). 'he 7 h culture
supernates of S. aureus NCI'C 10345 were stirred for 48 h with

O
hydroxylapatite (200 y pex 3000 ml}) at 4 C and unadsorbed material removed

after centrifugation (300 g for 10 min). The lysin/hydroxylapatite
mixture was washed 5 times with 400 ml of 0.0l M phosphate buffer pH 6.8
and then washed 5 times with 500 ml of 0.4 M phosphate buffer pH 6.8, ‘The
mixture was stirred for 30 min each time and then centrifuged at 300 g

for 10 min to separate hydroxylapatite from the supernatant fliuid, o -

*

3
i
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lysin was recovered from the hydroxylapatite by washing for 30 min with 200
ml of 1 M phosphate buffer pH 7.4. Five such washes were carried out
after which the supernates {containing the elulked &-1lysin) were bulked and
centrifuged (12,000 g for 10 min) to remove traces of hydroxylapatite.

Following overnight dialysis against running water, lysin was recovercd
from the dilute solution by lyophilisation. The freeze-dried preparation
was redissolved in approx. 250 ml distilled water and dialysed for a
further 72 h against distilled water with frequent changes of the water.
At this stage, any insoluble material was removed by centrifugation at
47,000 y for 20 min. The supernates, containing purified soluble §-

lysin, were lyophilized.

H.SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF PROTEINS

a.pPreparation and Elect.rophoresis of Polyacrylamide Gels

l.Preparation of Slab Gels

The method used was based on those described by Laemmli (1970) and Ames
(1974) with a vertical slab gel tank which was constructed in the
laboratory wovkshop (Fig. 7} (Studier,t973). The list of stock solutions
and the recipe for gel preparation are shown in Appendix III. The gel
was formed between two glass plates (17 cm x 19 cm x 0.3 cm) with a spacer
{0.1% em thick) vrunning down each vertical side of the sandwich.
Separating (lower) and stacking (upper) gels contained 15% (w/v) and 4.5%
{(w/v) acrylamide respectively.

2.8ample Preparation

-1
Purified a-lysin and d6-lysin were adjusted to 0.5 - 1,0 mg ml protein,

as determined by the method of Bradford (1976}, whereas culture supernates,

reaction mixtures of cell-free translation system and 8SD& extracts of
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membrane fractions were used neat. Each sample was added to an equal
a)
volume of soclubilising buffer (Appendix III) and was heated at 100 C for 3

min prior to the addition of 30 yl of sample to the gel.

3.Electrophoresis

Rlectrophoresis was performed in a cold room at a constant current of 35
mA per gel until the tracking dye has reached the bottom of the gel.
Power was provided by a Vokam SAE 2761 power pack (Shandon Southern

Instruments Ltd., Camberley, U.K.).

b.Analysis of Gels Following Electrophoresis

1.Protein Staining

Staining and destaining of the gels was done by the method of Weber and
Osborn (1969). Coomassie blue R-250 (BDH Chemicals Ltd., Poole, Dorset,
U.K.) alt 0.1% {(w/v) in water:methanol:glacial acetic acid (5:5:2, v/v/v)
was used as the dye for protein staining. Gel slabs were staincd
overnight at room temperature and destained the fellowing day. Destaining
involved several changes of destaining solution (Appendix III). The gel
was picked up on 3 MM filter paper and dried on a Savant slab gel dryer for
1 h. Best results were obtained if the gel was soaked overnight in 30%
(v/v) methancl, 3% (v/v) glycerol solution prior to drying.

2.Molecular Weight Estimation

i.Principie

The methoed used was based on thouse of Ornstein (1964} and Weber and
Osborn (1969). When denatured by heating in the presence of excess 8DS
and a thicl reagent (usually 2-mercaptoethanol or dithiothreitol), most
polypeptides bind SDS in a constant weight ratio such that they have
egsentially identical charge densities and migrate in polyacrylamide gels

of the correct porosity according to polypeptide size. Under these
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conditions , a plot of log polypeptide molecular weight versus relative
10
mobility (R ) reveals a straight—-line relationship. The relative mobility
£
refers to the mobility of the protein of interest measured with reference

to a marker protein or to a tracking dyve where :

distance migrated by protein

distance migrated by dye

The approach was therefore to electrophoresc a sct of marker polypeptide of
known moleccular weight and use the distance migrated by each to construct a
standard curve from which the molecular weight of the sample polypeptides
can be calculated based on their mobility under the same electrophoretic
conditions.

iiMolecular Weilght. Markers

Whenever analytical SD5-PAGE was used, a mixture of polypeptides of known
molecular weight was also included. The molecular weight marker set, Dalton
Mark VI(:){Siqma) was cmployed for non-radicactive gels, It contained a
mixture of following six proteins :-—

Lysozyme (M.W. 14,300}

B-ractoglobulin (M.W. 18,400)

Trypsinogen, PMSF treated (M.W. 24,000)

Pepsin (M.W. 34,700)

Alpbumin, Fgg (M.W. 45,000)

Albumin, Rovine (M.W. 66,000)

14

For radicactive gels. [ <1 methylated protein mixture { Amersham
International Ltd., Buck, U.K.) was used. It contained a mixture of the
following six protsins :-

14
{ Cl Methylated TLsozyme (M.W. 14,3C0)
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[lQC] Methylated Carbonic Anhydrase (M.W. 30,000)
[l4C] Methylated Ovalbumin (M.W. 46,000}

[14C] Methylated Bovine Serum Albumin (M.W. 69,000)
[14C] Methylated Phosphorylase b (M.W. 392,500)

14

[ C) Methylated Myosin (M.W. 200,000)

3.Detection of Radivaclive Proteins

i.Fluorography

After separating proteins by electrophoresis in an acrylamide gel, the
gel was placed in a polyethylens tray containing fixer solution (10% (w/v)
TCA, 10% (v/v) glacial acetic acid, 30% (v/v) methanol) and gently agitated
overnight. After fixing proteins in the gel, the gel was gently agitated

0

for L h in three times the gel volumc of EN3HANCE1M (New kngland Nuclear,
Southampton, U.K.). The [luer in the gel was then precipitated by gentle
agitation in c¢old water for a further 1 h. When precipitation was
complete, the gel was picked up on 3 MM filter paper and dried on a Savant
slab gel drycer for 1 h. The gel was placed against Kodak X-OMAT AR TIilm

o]
at =70 C until the desired visualization level was achieved after which the

film developed according to the manufacturer' s instructions.

ii.Gel Slicing and Counting

Slicing of the gyel and scintillation counting of the golubilised
fractions is the most widespread method of guantitaticn of labelled protein
components following polyacrylamide gel electrophoresis. The amount of
radiocactive oO-lysin separated aftcr electrophoresis was therectore measured
by counting the gel slice which contained radiocactive @-lysin from +the
stained gel. The location of the radiocactive o-lysin was determined by
addition of non-radicactive purified o-lysin (which produced an approx. 1
mm  wide band on a Coomassie blue stained gel) to the samples prior to

eleclropheresis and by running a track of purified o-lysin parallel to
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samples on the slab gel. Bach gel slice (1 mm) was swollen by soaking in
0.5 ml of 90% (v/v) NCS (Amersham International Ltd., Buck,U.K.) for 2 h at
650C, followed by addition of & ml OCS (Awmersham International Ltd., Buck,
U.K.). The radioacyivity of the gel slice was counted in a Packard Tri-

Carb liquid scintillation spectrometer.

4. Inmunological Identification of Proteins

i.Protein Blotting onto Nitrocelluloase Membranes

Electroblotting was carried ocut by the method of Towbin et al. (1879)
in the Bio-Rad Trans-RBlot transfer apparatus. The physical assewbly usesd
is shown diagrammatically in Fig. 8. The assembly was put into an

electrophoretic transfer chamber containing 2.5 1 of pre-cooled transfer
" buffer (Appendix II) wilkh the Millipore HBHY 0.4% ym nitrccellulose
membrane filter facing the cathode. Electrophoretic transfer was
accomplished at 225 mA in 3 h using a Shanden S0V/1A power unit supply at
4OC. For direct visualization of unlabelled proteins, the nitrocellulose
sheet was stained for 5 min in a solution containing 0.2% (w/v) Coomassie
blue R-250 (BDH Chemicals Ltd., Poole, U.K.}, 40% (v/v) methancl, and 10%
(v/v) glacial acetic acid. Rapid destaining was accomplished in 90% (v/v)
methanol and 2% (v/v} glacial acetic acid.

3
ii.Labelling of Protein A with [ H] NSP

3
This was based on the wmethod of Muller (1980). [ H] NSP reacts

specifically with free amino groups and reacts in an analogous manncr to
the Bolton and Hunter reagent (Bolton and Huntesx, 1973). It has the
advantage of being a smkaller molecule than the Bolton and Hunter reagent
and hecnce causes less alteration to Lhe protein structure. The labelled
product has been found to have a biclogical activity comparable with that
of the native protein.

{a}Preparation of Reagents

I T
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Figure 8. A Bchematic Representative of the Protein

. . oo
Blotting Sandwich Used in Contact~Diffusion

and Electroblotting Experiments*

POROUS SUPPORT SCREEN
+ FILTER PAPER

e < TRANSFER PAPER/FILTER
— POLYACRYLAMIDE GEL
fefectroblottiag enly) S STRSRrs - TRANSTER PAPER / FILTER
S e 2 ) O 3 r__.xxm'rfn PAPER

PORDUS SHPPORT STREEN ]

ELECTRODES

* Reproduced with permission of J.M.Walker and W.Gaastra. In

Technigues in Molecular Biology. (1983) pS52. Croom Helm, London.

+ In contact-diffusion blotting experiments protein migration
is bidirectional and two transfer filters are required.

Protein transfer is unidirectional in electroblotting

experiments and a single transfer filter is used.




(1) PBS (Dulbecce A , Oxoid Ltd., London, U.K.) adjusted to pH 8 using
sodium hydroxide.

(2) 0.05 M glycine in PBS pH B.

(3) 0.1% (w/v) BSA (Fraction V¥, Sigma) in PBS pH 8.

(4} Protein A (P8l43, Sigma) was reconstituted in PBS pH 8 (20 mg in

(S )

ml) dispensed in O.1 ml (400 g of Protein A} aliquots in 1.5 ml
o)
microfuge tube and stored at -20 C.

{b)Column Packing and Equilibration

Sephadex G25 (Pharmacia Fine Chemicals, London, U.K.) was allowed to
swell in PBS, pH 8 overnight al room temperabure and then packed into a
Bio~Rad Becono-Column (1.5 cm x 15 <m) to give a bed height of & cm. The
packed column malterial was then equilibrated with 25 ml of 0.l% (w/v) BSA
solution.

(c)Sample Preparation

-1 3 -1
(1} a 1 mCi mi solution of | H] NSP (1.85 TBg mmol ., Amersham

tnternational Ltd. ,Buck, U.K.) was dispersed into a 1.5 ml
microfuge tube and toluenc was removed by directing a gentle steam of
nitrogen gas onto the surface of the solution. (evaporation of I ml
toluene tock 20 min at 2OOC).

(2) 0.1 ml of protein A solution was added to the microfuge tube
containing {3H] NGP. The tube which contained the protein A was
rinsed with a further 0.4ml PBS . pH 8 and Lhis was added to the
microfuge tube containing [BH} NS,

3

(3) The microfuge tube containing [ BINSP and protein A was placed in an
ice bath with occasional vortexing to mix the reactants.

{(4) Afiter 30 min, 40 pl of 0.05 M glycine solution was added to terminate

A . , , 8
the reaction and the tube was left for another 20 min with occ351oq}

vortex mixing.

P S
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{d)sample Application and Elution

0.5 ml of tritiated protein A was applied to the Sephadex G25 colww and
-1 o
eluted at flow rate of 10 ml h at 4 C. After sample application,

elution was continued with 10 ml of 0.1% (w/v) BSA solution. 20 fractions
-1
of 0.5 ml fraction vere collected and the radiocactivity in each fraction
was measured by adding 10 pl of each fraction to a scintillation vial
containing 1 ml of water; 5 ml of Triton X-1l00 scintillation cocktail
(Aé;ndix V) was Lhen added and the samplies counted in a Packard Tri-Carb
liquid scintillation spectrometer. The [3H | ~protein A fractions were
Q

pooled and stored at -20 C.

iii.Immunclogical Betection of Protein on Nitrocellulose

Immediately following transfer, the nilrocellulose sheet was immersed in
wash buffer {(Appendix II} containing 3% (w/v) BSA (Fraction Vv, Sigma), and
incubated at QOOC for 45 min on a rocking platform. The sheet was
transferred to a fresh 0.3% {(w/v) BSA solution in wash buffer containing
0.5 ml of anti-g-lysin antiserum and pul in the cold room (400) for about
24 h. The nitrocellulose was then washed with rocking for 10 min in 200
ml of wash buffer, Ffor 20 min in two changes of 200 ml each of wash buffer
containing ©.05% {v/v) Nonidet P-40 (NP-40), &and again in 200 ml of wash
buffer overnight at room temperature. The nitrocellulose was then
immersed in fresh 0.33% (w/v) BSA containing 200 uyl of [3H] -protein A (1 x

9 -1
10 cpm ml ). Binding of [3H] -protein A was allowed to occur for 5 h
with rocking at room temperaturc. The nitrocellulose sheet was removed
and washed as described above. It was then briefly blotted with filter
paper sheets and left ko dry in a laminar flow cabinet for 30 min. The

3 o

sheet was exposed to LKB Ultrofilm H for 2 weeks at =70 C and +the film

developed according to the manufacturer's instructions.
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I.PREPARATION O SDS EXTRACIS OF MEMBRANES AND WHOLE CELLS

a.8D§ Extract of Staphylococcal Cytoplasmic Membranes

Cytoplasmic membranes were isolated by a modified method based on the

procedure of Theodore et al. (1971). S. aureus Wood 46 was grown to
O .
late-exponential phase at 37 C and cells were collected by centrifugation
o)
at 4 C at 16.000 ¢g for 10 min, washed twice in hypotonic buffer (0.05 M

Tris~-HCl,pd 7.5, 0.015 M MgS0O ), and suspended in hypertonic buffer (0.05 M
4

Tris-HCl, pH 7.5, 0.015 M MgSQ , 3.45% M NaCl). Routinely, 1.5 g (wet
weight} of exponential-phase chls was suspended in 1.5 ml of hypertonic
buffer and allowed to equilibrate on ice for 20 min. Then, 0.1 ml of
‘lysostaphin soluticn (300 yg of lysostaphin (Sigma} in 1 ml of hypotonic
buffer} was added and left overnight at 4OC. On the following morning, an
additional 0.1 ml of lysostaphin sclution and C.1 ml of DNase solution (200
Ug of DNase-I (EC 3.1.4.5, Type I [rom Bovine pancreas, Sigma) in 1 ml of
hypotonic buffer) were added. The mixture was incubated at 370C for 15
min and the osmotically sensitized cells werc centrifuged at 10,000 g

for 30 min at 4OC. The pellet was suspended with vortex blending in 10 ml
of hypotonic buffer, and Lhen stirred on ice for 20 min. 0.1 ml of DNase-
I solution and 0.1 ml of RNase {300 wug of RNase (EC 3.1.4.22, Type III-A
from Bovine pancreas, Sigma )) were added, and the mixture was shaken
gently in a B?OC water bath for 10 min. The mixture was centrifuged at
2,000 g for 1O min, and the supernate containing the membrane fraction

was retained and subjected to a further, similar centrifugation slep. All
subsequent steps were conducted at doc, and the membrane suspensions wcre
kept on ice during manipulations. The supernates were c¢ollectaed by

centrifugation at 35,000 g for 40 min, the membrane precipitate was

washed five times with hypotonic buffer, and resuspended in 0.5 mnl of
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solubilisation buffer {(0.05 M Tris-HCl, pH 7.%, and 2% (v/v) 8SDS) to
solubilise the wmembrane proteins. The remaining insoluble debris was
removed by centrifugation and the supernate which contained solubilised

, o)
membrane proteins was stored in small fractions at -20 C.

b.SDS Extract of Sfaphylocoqcal Whole Cells

Samples of §. aureus Wood 46 culture (1 ml) were withdrawn and cells
were collected by centrifugation in an MSE microfuge for 15 min, washed
twice in hypotonic buffer (0.05 M Tris-IlCl, pH 7.5, ©.015 M MgsSO ),the cell

4
pellets resuspended in 0.5 ml of 10% (v/v) TCA and left lovernj.ght.
Precipitates were collected by centrifugation for 15 min in an MSE
"microfuge and washed twice with ethancl-ether (1:1, v/v) to remove residual
TCA. After washing with =thanol-ether, TCA precipitales were dissolved in
0.1 ml of sclubilising buffer (Appendix I1I) and heated at IOOQC For 3 min

followed by brief centrifugation to remove insoluble debris prior teo gel

electrophoresis.

J.EXTRACTION OF TOTAL CELTUTLAR RNA

Prewarmed B.S5. Mcdium was inoculated with 5% (v/v) of a starter culture

of 5. aureus NCTC 10345. Cells were grown to late-exponential phase and
growth was terminated by rapidly cecoling to DOC in an acetone/CO bath.
Cells were collected by centrifugation at 4°C at 16,000 g for lg min
and washed at OUC with standard buffer (0.03 M Tris-HCl, pH 7.8, 0.04 M

(CH CO0) Mg, ©0.04 M NH Cl, 0.006 M 2-mercaptoethanol, and C.002 M IDTA).

3 2 4 »

After resuspension in standard buffer containing 0.02 M BGTA and 1 mg ml

of heparin, cells were disrupted in a pre-chilled X-press (LKB Instruments
-1

Ltd., South Croydon, Surrey, U.K.) at 130C kg cm . Electrophoretically

purc DNase (Miles TLaboratories Ltd., 5Slough, U.K.}) was added to a
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~1
concentration of 3 mg ml and after 15 min, the cell debris was separated

from the suspension by centrifugation at 12,000 g for 3 min. The

supernatant fraction, containing most of the polysomes, was carefully
aspirated with a Pasteur pipette and the pellet of cell debris, c¢ontaining
large amounts of trapped polysones, was resuspended in buffer and
centrifuged for 3 min at 12,000 g - The supernate was retained along

with the crude polysomal fraction and RNA was obtained from the crude
poocled polysomal £raction using chloroform-phenol-SDS as deproteinising

agents based on the methods of Perry et al. (1972) and Palmiter (1974}.

SDS was first added to 5% (w/v}), the mixture was shaken for 5 sec and an
egual volume of phenol buffer (80% (v/v) phenol : B8 hydroxyquinoline : m~
cresol; 15 : 0.05 : 7; v/w/v) then added. The mixture was again shaken

vigorously at room temperature for 5 sec and shaken again 3 min later.
Half the volume of chloroform was then added and the mixture was again
shaken at 250C for 5 sec and centrifuged at 15,000 g for 2 min. The

agqueous phase was collected and re~extracted wiih chloroform wuntil the

interphase disappeared. RNA was precipiated from the agqueous phase by

addition of two volumes of 95% {v/v) ethanol and collected by

centrifugation at 15,000 g for 10 min; GLrace amounis of ethanol were
removed by lyophilisation. The RNA was redissolved in sterile deionised
o

distilled water and stored in small fractions at -70 C.

K.PREPARATION OF CELL-FREE IXTRACT

An  5-30 extract was prepared from E. c¢oli strain MRE 600 based on the
method of Nirenberg and Matthaei (1961). Prewarmed L-medium (see Appendix
I}, was inoculated with 1% {(v/v) of a fresh stationary phase culture of E.

coli and growth was terminated rapidly at mid-logarithmic phase by rapid
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o
cooling to O C. The cells were harvested and washed twice with cold buffer

containing 0.0l M Tris—-ECl, pH 6.8, 0.06 M NH €1, 0.0l M (CH COQ} Mg, and
4 3 2
0.006 M 2-mercaptoethancl before disruption by EDTA-lysozyme treatment (see

Appendix  1IV) based on the method of Godson and Sinsheimer (1967}. After

complete lysis, NH C1 and Z-mercaptosthancl were added to final
4
concentrations of ©.06 M and 0.006 M respectively and, electrophoretically

pure DNase (Miles Laboratories Ltd., 8lough, U.K.) was added to a
-1
concentration of 3 mg ml . After thorough mixing, the extract was
. o
clarified by centrifugation for 30 min at 3C,000 g at 4 C, dialysed

against 500 volumes of buffer for 5 h and again clarified by centrifugaltion
at 30,000 g for 20 min at 4 C? Since an S$-30 extract should never be
"frozen and thawed wmore than once, it was divided into small portions,
quickly frozen in a CO /acetone mixture, and stored in liguid nitrogen.
Coﬁ%rcial dialysis iubing is normally quite dirty. It was therefore
cleaned before use. This was accomplished by boiling it in water, in 0.1 M
NaHCO , twice wmore in water, once in 1 mM EDTA (30 min each time), and

3
finally washing it with water. It was stored in 1 mM EDTA before use.

L.CELL-FREL SYST'EM FOR PROTELN SYNTHESIS

a.Preparation of Stock Reagents

Unless otherwise indicated the reagents were stable in solution for
relatively long periods of time when stored frozen. The following
solutions were prepared :

1. 2M Tris-IIC1 (adjusted to pH 7.8).
2. 3M NH ClL (no refrigeration required}.
4

3. 1M Z2-mercaptoethanocl.

4. 5mM {each) 21 amino acids (Sigma) minus methionine. This was most
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easily prepared from 0.1 M stock solutions of the amino acids, mixing

1 wvolume of each of the 20 plus 20 volumes of sterile deionised
distilled H O.
2
5. 2mM Mcthionine.
35 -3 :
6. [ 8] Methionine (48.1 TBgq mmol , Amersham International Ltd.,

Buck, U.K.).

7. 1 nl of "Energy" solution, viz a sclution containing :~
10mM  ATP-Tris (Sigma),50mM Phospho({encl)pyruvate {PEP) (Tri-
(cyclohexylammonium} salt, Sigma), Q.5mM Guanosine 5' -triphosphate

(CTp) {(Tris salt, Type VI, Sigma), and 400 Jg Pyruvate kinase (PK)

(EC 2.7.1.40, Type III from rabbit muscle, Sigma).

b.Precparation of Reaction Mixture

Table 14 shows the composition of a 35-ul1 reactien  mixture ror
incorporating awmino acids with 5-30 extract and crude RNA extract frow S.
aunreus NCTC 10345. The volume of the reaction mixture varied with the
experiments performed. A 35-11 reaction mixture was prepared by mixing

the following reagents in a sterilized 1.5 ml polypropylene microfuge tube
(o]

kept at 0 C
1. 20 Kl preincubated S-30 extract (i5-30). As the B8-30 extract is
saturated with endogenous RNA, additional mRNA will only be translated
toe the extent that it competes wilth the endogenous mRNA. The &~30
extract was therefore incubated, Jjust before its addition +to the
o

reaction mixture,for 35 min at 34 C to deplete its content of

endogenous RNA (see Fig. 16}.

2. 5 {l "rranslation cocktail". The "cocktail" was proepared by mixing :
51 of 1M 2-mercaptoethanol, 5 ul of 2! amino acids minus methionine,
315 ~1
Sul of 2ZmM methionine, 20 pl of | S Jmethionine (48.1 TBg mmul ),
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Tabhle 14. Components of an Amino Acid-Incorporating

Mixlure Directed

by Total Cellular RNA of

5. aureus.

%
Coumiponent Concentration
Tris-HCL {(pH 7.8) 3.2 mM
NH4Cl 61.0 mM
(CH3COO)2M9 5.7 mM
2-Mercaptoethanol 6.5 mM
- ATP-Tris 0. 65mM
GTP 0.03mM
PEP 3.25mM
. -1
PK 261g ml
35 .. . . -1 - . lh1
{"78] Methionine (L300 Curies mmol ) 390 uCi m
20 other amino acids .03 mM
Total cellular RNA SuL
is-30 20Ul

*
For 35-ul reaction mixture
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50 U1 of "Energy" solution, and 25 yl of concentrated salts solution
24 +
{the concentration of both Mg and NH ions significantly affected
4
the protein synthesizing ability of the mRNA. Therefore, the
2+ +
concentration of Mg and NH  necessary for optimal activity was
4
first established experimentally (see Figs. 17 and 18). The 1 ml

solution of concentrated salts was then prepared by mixing : ¢.28

ml of 3M NH Cl, 0.5ml of 2M Tris—BCl, and Q.22ml of sterile

4
deionised &istilled H O).
2
3. 5 Ul otal cellular RNA; A /B = 2.04. Addition of increasing

260 280
amount o¢f mRNA to a fixed incubation mixture (iS-30 and " translation

cocktail' ) results in increasing incorporation of the radiocactive amino

acid into protein until satnration is reached. To avoid wastage of

MRNA, the optimal concentration was determined by plotting a dose
rasponse curve (see Fig. 19).

q. 5 M1 Sterile deionised distilled U O or other additions whose

influence on the reaction were to be ditermined.
A background control was prepared simultansously by mixing 20 jyl of iS-
30, SHL of "translation cocktail" and 10 Ul of sterile deiconised distilled

H 0.
2

c.Incubation

The tubes were kept in an ice hath to prevent degradation of 1lahile
components and to that ensure protcin synthesis did not commence before all
componcnts were added. The contents of the tubes were then briefly vortex
mixed and centrifuged 1in a MSE microfuge to ensure that the complete
mixture was at the bottom of each tubec. This step was important because
small droplets of reaction solution might otherwisc stay on the wall of the

O
tube and never enter the reaction. Assay tubes were then placed in a 37 C
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water bath for 25 min.

d.Bnalysis of Translation Products

l.Measurement of Total Incorporation into Protein

The reaction was terminéted by chilling the tubes in an ice-water bath
and Syl samples of the reaction mixture were withdrawn, spotted on to 2 cm2
pieces of Whatman 3 MM paper and dropped intc a beaker of 10% (w/v} TCAh.
'fhe TCA solution was then brought to a rolling boil for 10 min in a fume
hood to hydreolyse amincacy) tRNA (Ranwk and London, 1979), <crushed ice was
added and the TCA discarded. rapers were rinsed twice with water, elhanol
and acetone, before air-drying and counting in a pPackard *Tri-Carb

. spectrometer with 5 ml of Triton X-100 scintillation cocktail (Appendix V}.

2.Imnunological Techniques

i.lmmuncprecipitation

Immunoprecipitation was performed inmwediately after translation. The
tranglation products tend to aggregate when frozen and thawed. The
procedure was that described by Koessler (1975) as modified by 1Ivarie and
Jones (1979}. To 100JUl samples containing 0.5% (v/v} NP-40 was added 10ul

of heat-killed, formalin-fixed, heat-inactivated S. aureus Cowan Type 1

—_——

(SAaC). After 5 min at room temperature, SAC was rewmoved by centrifugation
at 10,000 ug for 9 min. 10pl of anti-6~lysin antiserum was added to

o
the supernate and the mixture incubated for 20 min at O C. 20pul of sacC

was then added to bind the antigen/antibody complexes and after 15 min at

room temperature SAC was collected and washed five times with PBS/NP-40

{Dulbecco PBS-A containing lmM EDTA and 0.25% (v/¢) NP-4Q). The SAC-

antigen/antibody complexes wecre dissolved in SDS-sample buffer (0'tarrell,
o

1975), heated to 100 C for 3 min, and SAC was removed by centrifugation

(10,000 g for 5 min). The supernate was prepared for SDS-PAGE .
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ii.Immunoabsorption

A glutaraldehyde-polymerised immunosorbent, prepared from anti-§-lysin
antigserum by the method of Avrameas and Ternynck (1969), was resuspended in
a small volume of PBS/NP+40 and incubated with an equal volume of cell-free
transilation mixture for 1 h at room temperature. The supernate,
containing unadscrbed proteins, was collected after centrifugation at

10,000 g for % min and was analysed by SDS-PAGE.




RESULLS
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A.PRODUCTION OF &LYSIN BY S.AUREUS NCTC 10345

The relationship between €-lysin production and growth phase was
Q

studied in shake flask cultures of 100 ml 13.8.Medium of 37 C. Aliquots (6
ml) were withdrawn at intervals and ammonium sulphate concentrates of the
supernatants were analysed by SDS-PAGE and assayed for G-lysin activity.
The results (Fig. 9) showed that §-lysin was first detected at the mid~

vexponential phase of growth, that production of §-lysin appeared to obey
exponential kinetics and production continued well into the stationary
phase of growth. When supernatant proteins were separated by SDS~PAGE in

a 15% gel, d&-lysin appeared as a very diffuse band just behind the dye

front with an apparent molecular weight of less than 10 kdal (Fig. 10}.

B.STUDIES IN VIVO QF S.AUREUS S—LYSIN IMRNA METABOLISM

a.Effect of Rifampicin on RNA Synthesis

@]
This was studied in shaken cultures of 50 ml of B.S. Medium at 37 C.
3 3
25 UCi of [5- B] uridine solution (25 Wi [5- H] uridine plus 1.25 mg

-1
uniabelled carrier per ml) and rifampicin (final concentration 200 Hg ml )
were added simultaneously to an early stationary phase culture (5 h) of
S. aureus. ¥Fig L1A shows that the uptake of | H? uridine into the TCA-
precipitable fraction in the prescnce of 200Ug ml—1 rifampicin ceased
within 5 min. RNA synthesis was inhibited very rapidly and in Fig. 11B,
the time course of residual RNA synthesis shows that two types of RNA were
found. The increase from t = O to t = 2 min represents RNA production by
RNA polymerase molecules involved in chain eleongation at the time of
antibiotic block when turther rounds of transcriptional initiation were

inhihited. The proportion of slable to unstable RNA was determined by

extrapolation to be aboul 50%.
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Figure 9. Production of §-Lysin by S§. aureus NCTC 10345

in Relation to Growth of the Organism.

S. aureus NCTC 10345 was grown in B.S. Medium at 37°C in
. . . . =1
an orbital shaker cperating at 150 cycles min ;3 Growth was

assecssed by A measuvement ( Q) ; The {NH4)2SO4-~

650 nm

concentrated supernatant was assayed for §-lysin activity (A).
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Figure 10. SDS-PAGE Analysis of (NH41?§94:_

Concentrated Supernatants of S. aureus

NCTC 10345.

Supernatants of S. aureus NCTC 1034S obtained at % h
{lane 1) and 7 h (lane 2) were analysed on 15% gel. Proteins

were visualized by Coomassie blue staining.

The lysin band was identified by comparison

with purified §-lysin.
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Figure 11

:9

(B)

. The Effect of Rifampicin on RNA Synthesis in

§.aurcus NCTC 10345

The RNA synthesis of both control (¢ ) and rifampicin-
inhibited (¢ ) cell cultures at various times after
addition of rifampicin (200 pug ml_1 of culture ) to the
test culture of late logarithmic-early stationary growth
phase were determined by measuring the radioactivity in

TCA-precipitable material of culture supernatants.

RNA synthesis % maximum against time; The % maximum RNA
synthesis at time X after addition of rifampicin=

Uptake of [3H] uridine at time X divided by the maximum
uptake of [3H] uridine after addition of rifampicin and

multiplied by 100.
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b.Bffect of Rifampicin on Bacterial Growth

Whereas rifampicin rapidly inhibited RNA synthesis in carly stationary
phasc cultures of $. aureus it would be expected to have a much slower
effect on bacterial growth, and the effect of rifampicin on growth was
studied in shake flask cultures of 150 ml of B.5. Medium of 37OC. At the
mid-logarithmic (2 1/2 h) and early stationary (5 h) phases of growth, %O
ml of culture was withdrawn, transferred to fresh flasks and rifampicin
added (final concentration 200ug ml—1J. Growth was estimated by measuring
the A of samples of culture and the results {Fig. 12) showed that at

650nm

the mid-logarithmic phase of culture, growth of bacteria ceased within 1 h
of the addition of rifampicin. Addition of rifampicin to the early

stationary phase culture had less effect and growth of bacteria ceased

after 2 h.

c.Functional Hailf-Life of 5—Lysin MRNA

The stability in vive of mRNA for §-lysin was assessed by measuring
the residual synthesis of &-lysin after blockage of further RNA synthesis
by addition of rifampicin. Delta-lysin was quantified by precipitation of
radiolabelled 1lysin with rabbit anti-S&-lysin and staphylococcal protein A
in the form of 8. aureus Cowan Type 1 cells (SAC). This reguired
titration of the anti-8-lysin antiserum and the SAC for optimal recovery of
§-1lysin.

1.Immunotitration of 6-Lysin  with Anti-6-Lysin Antiserum  Using SAC

Precipitation

To titrate the amount of anti-g§-lysin antiserum required to remove §-
lysin from sclution gquantitatively by the bacterial absorbent, varying

amounts of anti-8-lysin antiserum were reacted at room temperature for §

|
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Figure 12. The Effect of Rifampicin on Growth of S.aureus

NCTC 10345

Rifampicin ( ¢ } at 200 g rrll—1 of culture was added at mid-
logarithmic phase (2 12 h) or at late logarithmic-early stationary
phase ( 5 h ), and growth of the culture was measured spectrophoto—

metrically at 650nm ( A Y. Control culture { ¢ ). The arrow

650 nm

indicates the point at which rifampicin was added.
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min with 100pi of (NH ) SO -~ concentrated supernatant fraction containing
4 2 4
128 gy 8-1lysin after which time 10 H1l of SAC was added. After removing
50
SAC by centrifugation, the amount of §-lysin activity remaining in the

supcrnate was ass@yed. The data are shown in Fig. 13. It can be seen
that at slight antibody excess 100 M1 gf anti—5~1ysin antiserum
gquantitatively bound 124 HU of G—lysin to SAC (28% of the original
amount). Increasing the volumesgf SAC (up to 20H 1) did not further enhance

the efficiency of precipitation.

2.pssessment  of  d-Lysin mRNA  Functional Half-Life  Using _ SAC

Immunoprecipitaticn

he functional half-life of §-lysin mRNA at early stationary phasc
culture was assessed by measuring the residual 5—lysin synthesis from
remaining preformed mRNA after inhibition of RNA synthesis with rifampicin.
The residual § -lysin synthesis was measured by [3551 methionine
incorporation with SAC immunoprecipitation of the rifampicin-inhibited
(NH } 80 - ccncentrated samples collected at intervals after the addition

4 2 4
rifampicin. In Pig. L4, the decline in the rate of incorporation of

=

of
labelled amino acid into 8§-lysin after 60 min incubation in a rifampicin-

inhibited culture was attributed to the loss of functional activity in the

§-lysin mRNA pool. The plateau, taken as the total capacity of the

inhibited culture for &lysin synthesis, was reached 60 min after rifampicin
addition. A semi-logarithmic plot of the rasidual capacity of 5~lysin

synthesis (the difference bhetween the incorporation at time X and the total

capacity for 8-1lysin synthesis) against time after inhibition of

transcriptional initiation produced a linear relationship (Fig. 15}, the

slope of wihich was taken as an assessment of the functional half~life of

the §~lysin mRNA pool. In early stationary phase cells of S.aureus NCTC

10345, the wumRNA of 6-lysin was characterised by a remarkable longevity,
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Figure 13. Immunotitration of d-Lysin with aAnti-8-Lysin

Antiserum and S. aureus Cowan Type 1 cells (SAC)

The amount of anti-&-lysin antiserum required to remove

quantitatively 128 HU

determined by addition
absorbent (SAC). The
in the supernatce was

lytic activity.

50

concentrated 5. aureus

ml”™' S-lysin in 10041 of (N, ) 80, ~
NCTC 10345 supernate fraction was
of antiserum and the bacterial

amount of §-lysin activity remaining

assayed by titration of $é-lysin haemo-
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Figure 14 The Effect of Rifampicin on §-Lysin Synthesis

in S.aureus NCTC 10345

Rifampicin ( 200 ug ml'-‘| of culture) and 10 UCi of [BSS]
methionine were added simultaneocusly to a late logarithmic-early
stationary phase culture of S.aureus. The residual §-lysin synthesis
was measured by [3551 methionine incorporation with SAC immuno—

precipitation of the rifampicin-inhibited ( NH )280 ~cancentrated

4 4

samples collected at intervals after the addition of rifampicin.
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Figure 15. Semi-Logarithmic Plot of the Residual Capacity

of '6-Lysin Synthesis Against Time

The % of the residual capacity of §-lysin synthesis at time
X after addition of rifampicin { 200 ug ml_1 of culture ) = The
difference between the incorporation of time X and the total capacity
for O&-lysin synthesis divided by the total capacity for §-lysin
synthesis multiplied by 100. The total capacity of the rifampicin-
inhibited culture for 8-lysin synthesis was reached after 60 min

of rifampicin addition (Fig.14).
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with a half-life of approximately 20 min and it was therefore decided to

extract RNA From such cells for in vitro translation.

C.EXTRACTION OF TOTAL CELLULAR 'RNA FROM S.AURKUS NCTC 10345

Extraction of total cellular RNA from §. aureus was carried out'with
late exponential - early stationary phase cultures to maximize the amount
of available &lysin mRNA. Cells were disrupted in a pre-chilled X-press
in the presence of RNase inhibitors (heparin and EGTA} and protein
contaminants were removed from the crude polysomal extract by chloroform-
phenol.~SDS treatment. Chloroform-phenol-sDS provided an effective

_deproteinization mixture removing almost 98% of prolein with recovery of
96% of RNA (Table 15). The total cellular RNA preparation  contained
approximately 1.6% protein {expressed as a percentage of the total nucleic
acid + protein) and the ratio of Absorption at 260 nm to 280 nm (A )

260/280
was 2.04.

D.PREPARATION QOF BE. COLI S5-30 EXTRACT

a.Characterization of S-30 Extract

The dialysed and clarified S$-~30 extract prepared from mid-logarithmic
phase cultures of E. c¢oli strain MRE 60C (as described in Methods
section) had an amber-yellowish colour without apparent turbidity. It

-1

contained approximately 2.4 mg of ribosocmes and 3 mg protein ml extract.

A small amount of protease (0.06% of the total protein) was also debtected

-1
in the extract. Ribosome content of £-30 extract (mg ml ') = A, 6onm = 0.04

b.Studies on the Degradation vf Endogencus REA

As the S$-30 extract is saturated with endogenous RNA {3.65 mg ml ),
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Table 15. Estimation of RNA and Profein Before and

After Chloroform~Phenol-SDS Treatmenti

87

Sample Protein Content RNa Content
-1 -1
(Bg ml ) {(Ug md )

1. Before treatment 3550 3800
2. After treatment 60 3650
Amount of protein rewmoved (%) 98 -
hmount of RNA recovered [%) - 96

P

RNA Estimation : The standard RNA used for reference was

yeast RNA (Type III from hakers yeast}

+ , . . . .
Protein Bstimation : The standard protein used for reference

was BSA (fraction V).
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additional heterologous mRNA will only be translated to the extent that it
competes with the endogenous mRNA. The activity of endogenous mRNA of

E. coli MRK 600 which remained after incubaticn at 34°C for various

35
times was measured by the degree of incorperation of [  S] methionine at
37OC over a 25 min period. As shown in Fig. 1G, preincubation of the $-30
extract for 15 min at 340C reduced the endogenous mMRNA activity by 70% and

it was further reduced more slowly {approximately 20%) by further

incubation.

E.IN VITRO PROTEIN SYNTHESTS DIRECTED BY STAPHYLOCOCCAL mRNA

a.Optimization of Ion Concentration

In vitro protein synthesis is very sensitive to cation concentration

and the types of cation in the system. The concentrations ol monovalent
+ 2+

{NH ) and divalent {Mg )} cations werc thercfore adjusted to the optimum
4

concentrations for translation of the optimal amounl of RNA extract of

5. aureus.
2+
1.Determination of Optimum Concentration of Mg
2+
The effect of Mg concentration on <transliation efficiency was
35
determined by measuring the incorporation of | 8] methionine into protein
2+ +
at different Mg concantrations. No extra NH was added Lo the reaction
4
mixtures and the RNA (A = 2.04) concentration was 14% {(v/v) of the
260/280
reaction mixture. All incorporations were carried out at 37°C for 25 min

and measured on 5 Yl of reaction mixture. As shown in TFig. 17, optimal
2+
translation occurred with no further addition of Mg ions. The final
2+
concentration of Mg ion in the 35-M1 reaction mixture was approximately

5.7 mM.

2.Determination of Optimum Concentration of NH

4
+
The effect of NE concentration on translation was determined by
4

(]
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Figure 16, Degradation of Bndogenous mRNA in an B. coli

$-30 Extract by Incubation at 34°C.

Residual activity of endogencus RNA of E. coli MRE 600
in an 8-30 extract after incubation at 3400 for various times

was measured by the ability to incorporate [3581 methionine at

370C for 25 min.
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Figure 17. The Effect of Mg2+ Concentration on In Vitro

Translation of Staphylococcal mRNA.

. 5 . . . . .
Incorpuoration of [3 S} methionine into TCA-insoluble protein
at different Mg2+ concentration was measured with no extra NH4+
added to the 35-}l reaction mixtures which contained 14% (v/v)

staphylococcal RNA (A = 2.04). All incorporations were

260,280

carried out at 37°C for 25 min and measured on 5-Jl1 of reaction

mixture.
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35
measuring the incorporation of { S] methionine inte protein for the 5-30
+ 2+
translation system with a range of NH concentrations with an optimum Mg
4
concentration. The RNA c¢oncentration was 14% {v/v) of the reaction
- o
mixture. A1l incorporationg were carried out at 37 C For 25 min and
+
measured on 5 ul of reaction mixture. Fig. 18 shows that the optimal NH
4
ion concentration was approximately 60 wM of which 27mM was added to the

reaction mixture.

b.Determination of Optimum RNA Concentration

Additiorn of increasing amounts of mRNA to a reaction mixture will
result in  inereasing incorporation of the radicactive amine acid until
‘saturation is reached. To avoid wastage of wmRNA or use of an excess of
mRNA, which  may actually inhibit protein synthesis, the optimal
concentration was determined by incorporation of varicus concentrations of
RNA in the translalion mixture. The dose responsc curve {Fig. 19) showed
that under the assay conditions used the optimal RNA concentration for
cell-free protein synthesis in E. coli i5-30 extract was 14% (v/v) of
S. aureus NCTC 10345 total cellular RNA (A = 2.04) in 35-p1 of

260/280
reaction mixture.

c.Time Course of Protein Synthesis In vVitro

The time course of protein synthesis in vitro directed by mRNA of
S. aureus in an E. coli i$-3Q extract was studied by determining the

35
[ 5§} methionine incorporation into 5-11 volumes of reaction mixture (at

o)
37 ¢) withdrawn al various times. Fig. 20 shows that the rate of amino

acid incorpecration was linear for 15 min. After this time, the rate

decreased such that by 25 min, the reaction was completed.

d.Analysis of Protein Products of In_Vitro Translation
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Figure 18. The BEffect of NH4+ Concentration on In Vitro

Translation of Staphylococcal mRNA

Incorporation of [3551 methionine into protein at different

+ .
NH4 concentratian. No extra Mg2+ was added to the 35~pl reaction
13 = 4
mixtures and staphylococcal RNA {A260/280 2.04) was 14% (v/v) of
the reaction mixture. All incorporations were carried out at 37°¢C

for 25 min and measured on 5-pl of reaction mixture.




92

8] Incorporated kdpm

[35

Conc. add :-
Total conc.
in 35PL- 34 44 54 64 74 B
reaction

mixture -

10 20 30 40 50

+ .
NH4 Concentration (mM)
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Figure 19. The Effect of RMA Concentration on In Vitro

Translation of Staphylococcal mRNA

Incorporation of [3581 methionine into protein directed
by different concentrations of staphylococcal RNA (A260/280 = 2.04)
at optimal ion concentrations is shown. All incorporations were
carried out at 37°C for 25 min and measured on 5-ul of reaction

mixture.
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Figure 20. Time Course of In Vitro Protein Synthesis

Directed by ‘f'otal Cellular RNA of 5. aureus

NCTC 10345.

Protein synthesis directed by total ccllular RNA of §. aureus
NCTC 10345 (4 ) and the residual endoyenocus RNA of E. coli MRE 600
(A) at 37°C, was measurcd as {3581 methionine incorporated per

5-1l reaction mixture.
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When total cellular RNA of §. aureus was added to E. coli i5-30
extract, the staphylococcal mRNA stimulated the incorporation of | =
methionine into hot-TCA-insoluble material to a level approximately 20 £old
above the background {minus RNA} (Tahle 16}. This protein synthesis was
almost completely abolished by chloramphenicol {50 Ug ml_i), was dependent
on an exogenous energy source (MNP, GTP, PEP} and was barely affected by

-1
the protease inhibitor, PMSF (1 my wl ) or the RNase inhibitor, heparin (1

-1

mg ml ). The producls of cell-free synthesis were scparated by SDS-PAGE ;

several polypeptides were synthesized in the iS-30 extrack, directed by
mRNA of S. aureus, including a polypeptide of the same %j value as native
‘G—lysin. This polypeptide was the only one to be immun&precipitated by
anti-§-lysin antiserum {Fig. 21) and the only polypeptide to be removed
from the mixture by an imuunosorbent prepared from anti—5-lysin antiserum
(Fig. 22}. In vitro synthesized ¢§-lysin also appeared as a very diffuse
band similar to its native form when analysed on the SDS-PAGE. However,a
putative precursoxr of § ~lysin was not detected in the initial translation
product of the gene of §-lysin translated in this c¢cll-~free protein
synthesizing system.

Thus, §-lysin does not seem to require an N-terminal signal sequence
for its transmembrane translocation or to be a signal sequence Fur other
secretory proteins. It could be of interest to know whether this is general
for other membrane-active staphylococecal lysins {such as g —~lysin] or only
restricted to &-lysin. The approach used for §-lysin was applied to @ -
lysin of S.aureus Weod 46; this did not yield promising results as there
was little incorporation of radiolabel stimulated by Weod 46 mRKA.
Therefore, attempts were made to demonstrate a presursor to O -lysin

directly in the membrane fractions of S.aureug Wood 46.




Table 16. Activity of E. coli i5-30 gxtracts with Endogenous and

Exogenous (Total Cellular RRA of 8. aureus NCIC 10345)miiNA.

96

Reaction Mixture [355] Incorporated

‘ {dpm 35111".1
Complete” (preincubated*after storage) 37,522
Complete (preincubated+before storage) 30,000
Complete - Exogenous RNA 2,262
Complete - Exogenous Fnergy (ATP, GTP and PEP) 2,500
Complete + Chloramphenicol (50Ug w1y 825
Complote + PMSF (1 mg ml ) 37,658
Complete + Heparin {1 mg mlwq) 36,989

R

Complete reaction mixture consists of 20pl is-30,

cocktail”, 5Ul exogencus RNA, and S5l sterilized delonized distilled

50Ut "translation
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Figure 21. SDS-PAGE Analysis of In Vitro Synthesized Proteins

by Total Cellular RNA of §. aureus NCTC 10345

Lanes 1 and 4 are LKB ultrascan densitometer traces of
lane 5 to 8 respectively. Lane ; 5, autoradiograph of S-30
background translation products; 6, autoradiograph of $-30
translation products from §. aureus NCITC 10345 RNA;
7, autoradiograph of S-30 translation products from S. aureus
RNA immunoprecipitated with anti-§-lysin antiserum; 8, 35uUg
of purified d-lysin, Coomassie blue stained. The direction

of migration is from right to left.

The arrow marks an arteflact on the photographic negative.
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Figure 22. Densitometer Traces of Autoradiographs of the In Vitro

Ssynthesized Protein Separatced by SDS5-PAGE.

Lancs 3 1, §-30 translation of S. aureus total cellular RNA ;
2, supernatant fraction of the above translation mixture after
immunoabsorption with a polymer prepared from the immunoglobulin
fraction of an anti~§-lysin antiserum; 3, supernatant fraction of
the above translation mixture after imununcabscrption (as a control)
with a polymer prepared from an immunoglobulin fraction of an anti-
ovalbunin antiserum. The direction of migration is from right to

left.

The apparent reduction in the material to the right of the
S-lysin peak (lane 2) did not represent significant absorption of

protein.
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F.IMMUNOLOGICAL DETECTION OF g-LYSIN IN THE MEMBRANE OF S.AUREUS WOOD 46
Initially, attempis were made to demonstrate a precurscr to o -lysin
directly in the membrane fractions of S. aurcus Wood 46. Membrane
samples were isolated from both X-press-disrupted and lysostaphin-disrupted
cells from late-logarithmic phase cultures of 5. aureus. o -lysin and
antigenically related éroteins, in the membrane prcparations and culture
supernatants were demonstrated immunologically by fractionation of
polypeptides by SDS-PAGE, electrotransfer to nitrocellulose paper and
reacticon with anti-@-lysin antiserumnm. Antibody—antigen reactions that
took place on nitrocellulose paper were visualized using [3H ] -protein A
and autoradiography (see Fig. 23A}. Two types of band were visualized on
the autoradiograph (Fig. 234, lane 5 and 6); the 34 kdal-molecular weight
bands c¢orresponded to the purifieda-lysin as dctermined by Coomassie blue
staining of a parallel gel (Fig. 23R). The 27kdal-molecular weight bands
were only seen with membrane samples where lysostaphin was employed to
disrupt the cells (¥ig. 237, lane S and 6) and were not found in membrane
samples where an X-press was used to disrupt the cells (Fig. 23a, lane 1
and 2). Membrane~associated a-lysin remained firmly bound in the membrane
alfter washing the membrane preparations five times with 1M NaCl prior to
fractionation in gels (Fig. 23A, lane 2 and 6). A larger precursor of ¢ -

lysin could not ke detected in this case.

G.E[PECT OF PUENETHYL ALCOHOL (PEA) ON GROWTH OF S.AUREUS WOOD 46.

Failure to detect a precursor to G-lysin in the membrane indicated
that the processing of & ~lysin during the transmembrane translocation may
he a very rapid process. To facilitate the detection of a precursor tog -
lysin, phenethyl alcohol, a membrane perturbing agent, was employed to

disturb the normal processing of the precursox. The effect of PBEA on
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Figure 23. Tmnunodetection of o-Lysin (Mature and Degraded Form)

from Membranes of 5. aureus Wood 46.

Immunodetection of & lysin in membrane of 5. aureus Wood 46.
(A) Nitrocellulose blot analysis of membrane proteins from
S. aureus Wood 46 at late-logarithmic phase of growth separated by
SDS~PAGE and reacted with anti-&lysin antiserum and [3H] protein A.
The positions of mature o-lysin (N) and its degraded form (Nd) are
shown on the autoradicgraph. Lanes 1 and 2, S. aureus membrane samples
prepared from X~press-disrupted cells; Lane 3, purified G-lysin;
Lane 4, culture supernatant obtained at late-logarithmic phase of growth;
Lane 5 and 6, 8. aureus membrane samples preparad from lysostaphin-
disrupted cells. Membrane samples in Lanes 2 and 6 received 5 washes

with 1M NaCl solution prior to separation on the gel.

{B) Coomassie blue stained of SDS-PAGE of Lane 3 to 6 of (A).
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growth of a late-logarithmic phase culture of S,aurcus Wood 46 was
Q
studied 1in shake flask cultures of 500 ml of B.S. Medium at 37 C. At

late-logarithmic phase, +the original culture was divided inte 50 mi-

cultures in 250 ml flanged Erlienmeyer flasks which contained different

amounts of DIEA. Growth was followed by measuring A of the cultures.
650nm
The effect of graded concentrations of PEA on the final growth density
O

{(after 2 h of incubation at 37 C) of S. aurecus is shown in Fig. 24 and
growth of late-logarithmic phase culture of 8. aureus was not affected by

~1
up to ©.3% {(v/v) of PEA (1 mg ml ).

H.EFFECT OF PFA AT SUBINHIBITORY CONCENTRATION ON EXTRACELLULAR PROTEINS

PRODUCTION BY S.AUREUS WOOD 46

The coeffect of PEA at maximum subinhibitory concentration (MSC} on the
production of several extracellular proteins of S. aurcus Wood 46 was
studied in shake flask cultures of 50 ml of B.S. Medium at 3700 when PEA
{0.3% (v/v)) was added to late-logarithmic phase cultures. Aliguots (1
ml) were withdrawn at iLntervals anrd the supernatant, after centrifugation
in a MSE microfuge for 15 min, was assayed for @ -lysin, 6-lysin and
exoprotease production. IFig. 25 shows that, at the MSC of PrA, the
production of a-lysin and exoprotease were preferentially suppressed with
production of $-Lysin being unaffected. The treatment had no effect on
biochemical activity of the proteins and no cryptic activity was released
after disruption of the PEA~treated cells. The protein profiles on SD5-
PAGE of both contral and PEA-treated culture supernatant are shown in Fig.

26.
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Figure 24.

Late-logarithmic phase cell cultures were incubated
concentrations of PEA at 37°C.

was estimated by measuring A

The Effect of Graded Concentration of PEA on

Final Growth of §. aureus Wood 46.

650nm’

After 2 h, final growth

The arrow indicates

initial cell density of the late-logarithmic cultures of

Wood 46.

with graded
density
the

S. aureus
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Figure 25. The Bffect of PEA at Maximum Subinhibitory

Concentration on Production of Staphylococcal G- and

§-Lysins and Exoprotease by S. aureus Wood 46.

Supernatants obtained from both control and PEA-treatced cell
cultures were assayed for (i) o-lysin (A, control and A, PEA-treated),
fii} 8-lysin (¢, control and ¢ , PEA-treated), and (iii) exoprotease‘
(MW, contrel and [J , PEA-treated}. The growth of the cultures was

cstimated by measuring A650nm (@, control and © , PEA-treated) and the

arrow indicates the point at which PEA was added to the test culture

(final concentration 0.3% (v/v).

*

Protease activity is expressed as AtMOnm {see Matecrials and:

Methods, pg. 56 - for details).
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Figure 26. SDS-PAGE Analysis of Culture Supernatants of

Contrcl and PEA-treated Cell Cultures of

S. aureus Wood 46.

Supernatants obtained from both control {Lane 1, 2 and 3) and
PEA~-treated (Lanc 4, 5 and 6) cell cultures at 1, 2 and 3 h intervals
after addition of PEA to the test culture (final concentration 0.3%
{(v/v)) were analysed on the 15% gel. Supernatant obtained just

before the addition of PEA {Lane 0) was alsc analysed.
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As PEA at maximum subinhibitory concentration, preferentially
suppressed production o0f certain exoproLeiﬁs {such as @-lysin and
exoprotease), it would be of interest to know its effect on total protein
synthesis and total exoprotein production. This was studied in shake
flask cultures of 10 ml of B.S. Medium at 370C; 16uCi of [3H]methionine
and PEA (0.3% v/v final concentration) were added simultanecusly to a late-
lpgarithmic phase culture, samples of lml were withdrawn at wvarious
intervals and radioactivity in TCA-precipitable material of whole cell

culture and culture supernatant were determined. Fig. 27 shows thalt the
total protcin synthesis, as measured by [SH] methionine incorporation into
proteins, was unaffected for at least 90 min after addition of PEA,
However, exoprotein production, as measured by | 3H ] methionine
incorporation into exoproteins in the culture supernatant, were inhibited

by nearly 50% after 90 min incubation. The resulls also imply that there

is an increased protein level inside the PEA-treated cells.

J.EFVECT OF PEA AT SUBINHIBITORY CONCENTRATICON CN TNE LEVEL OF CELLULAR

O ~-LYSIN IN S. AUREUS WOOD 46

The higher level of protein in the PEA-treated cells may be due to
accouwaulation of exoproteins inside the cells and/or increased production of
cellular protein after cessation of exoprotein synthesis. To differentiate
between these possibilities, the effect of PFA at MSC on the level of
celiular o ~lysin was studied in shake flask cultures of 20 ml of B.S.

o 35

Medium at 37 C in which 15uCi of { S ] methionine was added to the wmid-

logarithmic cultures of S. aureus Wood 46 and after 2 h, PEA (0.3% {(v/v)
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Figure 27. The Effect of PEA at Maximum Subinhibitory Concentration

on Total Protein Synthesis and Total Exoprotein Production

of S. aurcus Wood 46.

The total protein synthesis/exoprotein production of both
control (¢ /A ) and PEA-treated (/A ) cell cultures at various
times after addition of PEA to Lhetest culture were determined by
measuring the radicactivity in TCA-precipitable material of culture

supernatants/supernatants.
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final concentration) was added to the test culture. At variocus intervals,
samples of 1-ml were withdrawn, centrifuged for 15 min in MSE aicrofuge,
the cells from each sample washed once with prewarmed B.S. Medium and
resuspended in an equal volume (1 ml) of fresh prewarmed  B.S., Medium
containing chloramphenicol (l0Opg m1“1} and unlabelled methiénine (50 ng
m1M1). After 1 h at 37DC, cells were removed by centrifugation and each
culture supernate was analysed by SDS-FAGE and the quantity of
radiolébelled ¢ ~lysin in each sample was measured by excising the g-lysin
band from the gel and scintillation counting of the solubilised fraction.
A transient accumulation of cellular g-lysin occurred within 15 min of
addition of PEA and the level of cellular g-lysin slowly decreased with

further incubation (Fig. 28} probably due to cessation of ¢ -~lysin

synthesis and proteolytic cleavage of existing cellular g -lysin.

This was studicd in shake flask cultures of 20 ml of B.S. Medium at
37OC in which PEA (0.3% (v/v) final concentration) was added to a late-
logarithmic phase culture. After 1 h of incubation, both the control and
PEA-treated c¢ells were harvested by centrifugation and washed with
prewarmed B.S. Mediuom. They were then transferred to 20 ml fresh B.S.
Medium devoid of PEA and growth was allowed to continue at 37OC.
Supernatant fractions obtained at various intervals were assayed forq -
lysin and analysed hy SDS-PAGE. Fig. 29 shows that when PEA was removed
from the medium, production of active g -lysin was resumed to normal levels,

showing that the drug reversibly inhibited g-lysin production and that the

capacity for g -lysin production was not affected.
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Figure 28. The Effect of PEA at Maximum Subinhibitory

Concentration on the Level of Cellular Q-Lysin

in S. aureus Wood 46.

5. aureus was grown for 2 h in medium containing [3581
methionine before addition of PEA to test culture. The amounts
of éellular ¢-lysin in control (¢ ) and PEA-treated (¢ ) cells at
varicus times after addition of PEA to the testculture were
determined after release of radiolabelled cellular O-lysin

into fresh medium (See Materials and Methods, secticn H-b-3-ii).
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Figure 29. SDS-PAGE Analysis of Supernatants cf Control

and PEA-treated Cells Growth in Fresh Medium

bDevoid of PEA.

Supernatants were cobtained at G, 1 and 2 h (Lane 4 to 6,
respectively) from control cells and (Lane 1 to 3, respectively)
from PEA-treated cells, after resuspendéﬂing in fresh medium devoid

of PEA at 37°C.
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1L.DEFECTION OI' & ~LYSIN PRECURSOR IN PEA-TREATED SYSTEM

Membrane fractions were prepared from lLate-logarithmic phase <cultures
of 5. aureus Wood 46 treated with 0.3% (v/v) PEA for 20 min, and SRDS-
extracted membrane proteins were separated by SD8~PAGE and
electrotransferred to nitrocellulose paper. Antibody-antigen reactions
that took place an nitrocellulose paper following treatment with anti-g-
lysin antiserum were visualized using [BH] -protein A and autoradiography
(Fig. 30). Two proteins were visualized on the autoradiograph {(Fig. 30,
lane 3). The larger protein (P} had a molecular weight of 37 kdal,
whereas the smaller protein (Nd) had a molecular weight of 27 kdal (Fig.
31); No mature lysin (N} was detected. However, when samples of 8SDS

“extract of PRA-treated whole cells were analysed, +two proteins were
visualized on the autoradiograph (Fig. 32), the larger protein (P) and the
mature o-lysin (N} being detected. The 27 kdal-protein (Nd) was not
detected in this preparation. Pig. 32 also shows the accumulation of g -
lysin precursor with time in Lhe presence of PEA, whereas levels of mature
O-lysin did not substantially increase but decreased when cells were

treated for 45 min.
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Figure 30. Immunodetection of G-Lysin (Mature, Precursor

and Degraded form) from Membrane of PEA-treated

S. aureus Wood 46.

Nitrocellulose blot analysis of membrane proteins from PEA-
treated 5. aureus Wood 46 separated by SDS5-PAGE. The positions
of mature a-lysin (N). its precursor (P) and the degradation
product of maturc lysin (Nd) as immunodetected with anti-G&-lysin
antiserum, [3H}-protein 2 and autoradioygraphy are marked on the
autoradiograph. Lane 1, [14C] methylated protein molecular

weight markers; ZLane 2, purified mature ¢-lysin; and Lane 3,
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Figure 31. Plet of Relative Mobility of Standard Protein

Markers Against Logarithm of their Molecular

Weight.

Molecular weight plot of proteins from autoradiograph shown
in Pig. 30. From left to right, the (A) indicate the following
markers; [14C] rethylated lysozyme (14.3 kdal), [14C] methylated
carbonic anhydrase {30 kdal) and [14C] methylated ovalbumin (46 kdal).

The position of precursor of G-lysin (1), mature G-lysin (M) and

degraded form of a-lysin (@®) were also indicated.
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Figure 32. Immunodetection of Mature Q-Lysin and Precursor

0-Lysin from PEA-treated S. aureus Wood 46

¥Whole Cells.

Nitrocellulose blot analysis of proteins from PEA-treated
staphylococcal whole cells separated by SDS-PAGE. The positions of
mature G~lysin (N} and its precursor {(P) as immunodetected with anti-
G~lysin antiserum, [3H],protein A and autoradiography are marked on the
autoradicgraph. Samples were taken at 0, 15, 30 and 45 min (Lanes 2 to

5, respectively) after the addition of PEA. Lane 1, purified o-lysin.
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A.STUDIES IN VIVO OF &-LYSIN mRkNA METABOLISM

a.Effect of Rifampicin on RNA Synthesis

Rifampicin, a potent inhibitor of bacterial DNA-dependent RNA
polymerase (Wehgli et al., 1968) rapidly blocked the incorporation of
[3H] uridine into staphylococcal RNA. As rifampicin inhibits only
further rounds of transcriptional initiation and does not affect the
synthesis of those mRNA chains already begun {Sippel and Hartmann, 1968}
all RNAs initiated are synthesized to completion. This residual RNA
synthesis (2 min) represents RNA production by RNA polymerase wmolecules
involved 1in chain elongation at the time of the antibiotic block. This
delay 1is a typical rifampicin-specific effect and has been described by
other workers wit other cxperimental systems (Schlessinger et _al., 1977;
Kennell and Talkad, 1976; Pedersen and Reeh, 1978; Xaluza and Hennecke,
1981). The length of the delay is reported to be influenced hy the
concentration of rifampicin (Reid and Speyer, 1970).

One noticeable feature of Lhe curve of residual RNA synthesis after
addilion of rifampicin (fig. 11) is the appearance of label in an unstable
as well as stable RNA fraction. The RNA population within the bhacterium
can be divided into two major groups with respect to in vivo decay rate:
stable and unstable RNA. The former is fairly permanent once synthesized
and accounts for around 50% of total RNA synkhesized at late logarithamic-
early statiorary phase of §. aureus. Similar observations were made by
Kennell (1968) who suggested that the RNA synthesized in E. coli is
about half wessenger and half stable. This classification is useful for a
functional approach to cellular RNA, as stable RNA consists mainly of rRNA

and tRNA species, whereas unstable KNA is mRNA. The latter represents

only around 3% of the total RNA mass because it is unstable. Such




differences in lability may arise becausc the stable RNA is either present

as a ribonucleoprotein complex or has pronounced seccondary structure,
properties that shield the 5'-terminus or suscepiible internal targets from

attack by endogecnous ribonucleases (see below).

b.Effect of Rifampicin on Bacterial Growth

The same concentration of rifampicin required a considerably longer

peried of time to cease ccll growth at the late logarithmic-early

stationary phase than the wmid-expanential phase culture (Fig. 12). It is
possible that during the onset of the stationary phase, due te lack of
exogenous carbon substrate or utilizable nitrogen source, there is no net
_synthesis of RNA and protein and new protein is made from existing
materials (hydrolysis of inessential RNA and proteins). Thus, inhibition
of R’NA synthesis at this stage will take a considerable time +to affect
bacterial growth in comparison to cells in the logarithmic phase of growth
where cell growth primarily depends upon the active' synthesis of the
protein forming system (mainly rRNA and tRNA; Nierlich, 1978). Such an
explanation is also supported by the following points : (1) in the
transition to a lower growth rate the decrease in the rate of synthesis is
immediate and marked for RNA but more gradual for protein and for DHNA
(Neidhardt and Magasanik, 1960} (2) in an "upshift" and "downshift"
experiment, it has been suggcested that cells growing at the faster rate are
richer in RNA, therefore during the shift-up, small cells which are
relatively pecor in RNA acquire the character of fast~growing cells. The
rate of RN& synthesis accelcrates almost inmediately, and is followed by an

increase in the rate of protein synthesis and, later, by an increase in the

rate of DNA synthesis. Conversely, after shift-down, c¢ell division and

DNA synthesis continue for some time, extensive turnover of RNA takes place
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and net protein and RNA synthesis are only reswmed gradually (Xjeldyaard,
1%67}. (3) rifampicin enters bhacteria in a purely passive wmannery and
stationary phase c¢elis solely hecause the émount of DNA-dependent RNA
polymerase in a cell varies during the growth cycle (White and Lancini,

1971},

c.Stability of Staphylococcal §~Lysin mRNA

The stability of specific mRNA is genrerally expressed either by
measuring the degradation of pulse-labelled RNA in the presence of an
inhibitor of RNA synthesis (chemical half-life or dJdecay rate) or by
observing the time required for protein synthesis Lo cecase after
adwinistering the iphibitor of RNA synthesis {(functional half-~-life).
Functional inactivation and chemical degradation both occur at exponential
rates and the rates are markedly differenil: from each other (Schwartz et
al., 1970). little or no information is available in the litcrature

regarding the stability of mRNA in S. aureus. fhe fact that the half-~
life for chemical decay of total mRNA of S. aunreus agrees with that for
E. coli ({Kennell, 1968) suggests that the bulk, if not all of mRNA
species in bacteria have similar chemical bhalf-lives. However, by
measuring the residual 8-1lysin synthesis in rifampicin-inhibited cultures,
the functional half-life of § -lysin mRNA in late logarithmic-early
stationary phase was found to be arcund 20 min. Usually, in bacterial
systems, mRNA half-lives of the order of 1 to 3 min have been found
(Blundell ct al., 1972 ; lLeive and Kollin, 1967 ; Leive, 1965 ; Schwartz
et 2i.,1970) but more recent studies have indicated mucn longer half-
lives of up to 20 min for some MRNA species (Csanyi et al., 1971; Kaluza

and Hennecke, 1981l; Pedersen and Reeh, 1%78; Hirashima and Inocuye, 1973).
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The stability of each.mRNA is unigque and independent of its size,
function or level of synthesis (Blundell et al.., 1972; Pedersen and
Reeh, 1978). The stability of mRNA may be viewed as the resultant between
degradation processes in the exo- and endonucleases and the protection
given to mRNA by ribosomes (Smith, 1979). To account for the observation
that ﬁRNAs have different half-lives, a number of explanations have bsen
proposed by Pedersen and Reseh (1978) and these include (1) secondary mRNA
structure, ({2) restricted accessibility of ribonucleases to particular
classes of polysomes by reascn of cellular loecation, (3) the number of
ribosomes per unit of mRNA.

The functicnal inactivation of ¢§-lysin mRNA appear to obey exponcential
kinetics in agreement with the findings of Schwartz et al. (1970) and
Apirion (1973). Exponential inactivation implies random inactivation for
MRNA molecules irrespective of age, rather than a fixed life span or fixed

numpber of cycles of utilization.

B.IN VITRO SYNLTHESIS OF STAPHYLOCOCCAL {§-LYSIN

a.RNA Extraction

protein synthesis in §. aureus is controlled such that extensive
synthesis of structural proteins and constitutive enzymes occurs during the
exponential phase of growth, but the numerous exoproteins, including §-
lysin, are secreted at a high rate after the end of exponential growth
(Abbas-Ali and Coleman, 13877 a,b). The mechanisms regulating exoprotein
synthesis in 8. aureus are not known but could include competition at the
level of transcription resulting in the accumulation of cxoprotein mRNA
(Coleman et al., 1975}. Therefore, extraction of total celtlular RNA

from §. aureus was done with late exponential-early stationary phase

Az
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cultures to maximize the amount of available §-lysin mRNA. Another
advantage of using late exponential-early stalionary phase cultures is that
a greater funciional stability of the mRNA pool may occur at lower growth
rates {(sSmith, 1979).

Denaturation and bhreakdown of RNA is most likely to occur during the
initial stages of extraction when precise control of the ionic composition
and strength of the extract is impossible, and bpefore contaminating
nucleases have been removed. mnzymic degradation was minimized by
performing all operations bhetween OOC~40C, and by the use of RNase
inhibitors, namely heparin and EGTA. Heparin, a sulphated polysaccharide
which inhibits the aclivity of RNase by competitive binding (Zollner and
- rFellig, 1953) is reported to decrease RNase activity by more than 25% at
3700 (Palmiter et al., 1970; Palmiter, 1574). On the other hand, EGTA

2+ 2+ 2+
is a chelator of divalent metal cations such as Ca , Cu and Zn (Marhol

and Cheng, 13%70), which may act as cofactor for RNase (Hiramaru et al.,

2+
1969) but to prevent possible chelation of Mg by EGTA, extraction of RNA
2+
was done in the presencc of excess Mg ions as suggested by Kaufer and
coworkers (1981). The chlorofonn-phencl-SDS mixture was an effective

deproteinizing reagent, removing 98% of protein with recovery of 96% of
RNA. SDS was included in the extraction medium as a dissociating agent to
free RNA from protein and lipoprotein camplexes and it also partially
inhibits RNase action (Moll and Stutz, 1968). Unlike SDS, phenol is a
very efficient protein denaturant (Kirby, 1956) and was employed together
with chloroform as deproteinizing agent. Chloroform has several advantages
over phenol; these include (1} rendering the organic phase sufficiently
dense that it always remains at the bottom, thereby allowing more rapid
separation of the agueous and organic phases as well as permitting easy

removal of the aqueous phase, (2) phenol alone retains 10-15% of the

BT




agueous phase at each extraction; chloroform prevents this water retention
and thus improves the RNA vyield, and (3) mRNA, especially poly(BA)-
containing aRNA, preferentially fractionates into the phencl phase under
certain conditions but this is prevented by chloroform {(Perry ct al.,
1872). Addition of 8-hydroxyquinoline to the phenol providas several
advantages. It prevents oxidation of phenol, partially inhibits
ribonuclease aclivity and chelates metal ions involved in binding RNA to
proteins (Kirby, 1962). Also, addition of 10% m-crescl not only improves
the ability of +he mixture to deproteinize extract but alsc lower the
freezing point of the phenol-8-hydroxyquinoline mixture (Kirby, 1965).

The ratic of A to A of the extracted total cellular RNA of §S.

260 280
aureus was within the acceptable range (1.9 to 2.1) suggested by Goldstein

(1971) for <*he clean RNA extract. Lower ratios indicate proctein

contamination and higher ratios may indicate Che presence of phenol.

h.In Vitro System of Protein Synthesis

Many functional protein-synthesising systems have been prepared from
extracts of a variety of animals, plants and microorganisms (Shafritz,
1977; Legault-Demarc and Chambliss, 1974; Hofbauer et al., 1982).
These extracts vary widely in Lheir degree of fractionation of protein
synthesis components, their level of bhackground amino acid incorporation
(endogencus messenger activity) and their responsivenass to individual mRNA
species. The E. coli $-30 ecxtract, originally reported by Nirenberg and
Mattlhaei (1961) 1is one of the earliest and most widely used gystems for
cell-free translation of prokaryotic exogenous mRNA. The Ffidelity of
translation achieved by this system directed with excgerous RNA is
exemplified by the synthesis of active enzymesy (Shafritz, 1977) and by

early termination at a nonsense mutation and suppression withi appropriate

NEN




120

geneltic suppressors (Webster et _al., 1967; Engelhardt et al., 1967;
Lodish and Roberton, 1969).

Since the $-30Q extract is saturaled with endogcnous RNA, additiocnal
exogenous mRNA will only be translated to the exteﬁt that it competes with
the endoganaus mRNA, The §-30 extract was therefore preincubated to
deplete its content of endogenous messenger; this was done before the
dialysis step in the original procedure of Nirenberg and Matthaei (1961}
during the preparation of E. c¢oli $-30 extract but in ocur laboratory,
postponing preincubation until just hefore use (Capecchi, 1966; Webster
et al., 1967}, resulted in increased activity (Table 16}.

Protein synthesis dirccted by bolLh residual endogenous and exogenous
RNA was completely sensitié to chloramphenicol and only rittie
incorporation occurred when exogenous energy was omitted. This 1is
consistent with incorporation heing due to ribosowal action and largely
dependenlt on exogenous supplies of energy. Addition of both a protease
inhibitor (PMSF) and an RNase inhibitor (heparin} to the translation system
did not stimulate the incorporation (Table 16) showing that no significant

amount of protease and RNase contamination.

c.In Vitro Synthesized &-Lysin

Translation of mRNA species for eukaryotic secretory proteins in cell-~
free systems in the absence of microsomal membranes resulted in the
synthesis of larger forms still containing the signal peptide (Inouye and
Halegoua, 1980). A simllar approach has demonstrated in vitrg synthesis

of proteins larger than their mature size for Escherichia coli (Michaelis

and Beckwith, 1982), Bacililus licheniformis (Chang et al., 1982) and

Corynebacterium diphtheriae (Smith, 1980). In vivo, most of the

precursor proteins are rapidly processed to their fipal size and it is

AN ey
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therefore very difficult to detect the unprocessed molecules existing in
thc cell at any given time. In general, in vitrc translation systems do
nol. contain the necessory enzyme(s) for processing, as most are membrane-
bound, and the precursor forms aré therefore stable and dctectable. In
vitro synthesized 5~lysin seems not to be larger than the mature,
secreted form by analysis on the SDS-PAGE. {t is unlikely that the c¢ell-
free system processed the lysin as such processing has never been reported

in E. coli S-30 extract.

C.TRANSMEMBRANE TRANSPORTATION OF $-LYSIN

Many secretory and membrane proteins are initially synthesized as
precursor molecules in which an extra hydrophobic peptide segment precedes
the N-terminus of the mature protein. The finding that 8-lysin sccms not
to have a transient, hydrophohic signal sequence raises important quesilions
about the mechanism of §-lysin secrection. lowever, in some instances,
proteins may be synthesized and secreted without cleavaye of hydrophobic
signal peptide (Wickner, 1980; Michaelis and Beckwith, 1982)}. Ovalbumin,
the major secretory protein of the hen oviduet, is the only well-
characterized secretory prot=in to be synthesized and secreted without a
transient signal sequence (Palmitcr et al., 1978}. Tt was later
suggested that the signal sequence is located within the molecule (l.ingappa
et al., 1979), and more recent studies have shown that the functional
signal for membrane translocation of ovalbumin lies between residue 25 and
45 and becowmes accessible when the nascenl chain is 50 to 60 residues long.
This hydrophobic sequence folds back on the preceding residues to form an
amphipathic hairpin structure which is the signal recognized by the

menbrane (Meek et al., 1982). This discovery also indicated that
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proteolytic processing is not nacessary for protein translocalion, agrecing
with the observation of Lin et al., (1978) who found +that muLational
change leading te the replacemcnt of a glycine residuc by an aspartic acid
residue in the signal sequence of bacterial prelipoprotein prevénted
proteolytic cleavage cof the signal, vet the precursor forwm was secreted.
In E. coli, colicin Kl, colicin E3 and colicin E3 immunity protein are
reportedly secreted in the form in which they are synthesized. They
appear to leave the ceclls where they are made long after their synthesis by
& non-specific mechanism which results in increased permeability or actual
lysis of the producing cells (Jakes and Model, 1979). However, more
recent studics indicate that colicin El is exported with the aid of a
product of the downstream gene and that the COOH-terminal portion, perxhaps
functioning as an internal signai~liké sequence, 1% necessary fol the
export (Yamada and HNakazawa, 1984).

Turning to §-lysin, from the published amino acid sequence (Fitton
et al., 1980;19%984), there appears to be no long sequence of hydrophobic
residues in one region of the molecule. As such, it is unlikely that &-
lysin possess an internal scguence or itself act as a signal seguence for
other secreted proteins. We have also no evidence that 8-lysin leaves the
cells long after their synthesis by a non-specific mechanism as does the
colicin of E. coli because d&lysin was never detected in significant
amounts in the cytoplasm at any stage of bacterial growth. However, € -
lysin contains 14 hydrophobic residues and a high percentage of non-
ionizable side-chain amino acid. The periodic distribution of the charged
residues in ¢ -lysin suggests that it may adopt an @-helical structure,
resulting in a laterally amphipathic rod with separate hydrophobic and
hydrophilic faces (Freer and Birkbeck, 1982), This strongly surface-~

active amphiphilic molecule nway represent a new class of secrctory proteins




in the prokaryotic system that initiates translocation directly without the
need for a cleavable N-terminal signal sequence in molecule. However, tha
precise mechanism of translocation of §-lysin is nob clear. é-lysin is
most likely synlhesized by the membrane-hound polysomes and translocated
immediately after or during its synthesis to prevent aggregation of such
hydrophobic molecules inside the cells. Purified §-lysin has bcen shown
to be soluble in both organic solvents and agueous solution (Heatley,
1971).

Althouyh monomeric §-lysin has not been observed in aqueous solution,
it is likely that this is the active form in the membrane or in solvents of
Jow dielectric constant as has been suggested by Fitten et al., (1981).
Highly purified {§-lysin has also been shown Lo dinsert inte a lipid
monolayer with a concomitant increase in the surface pressure {(Bhakoo et
al., 1982) and is cyteclytic towards a wide variety of membrane, including
bacterial protoplasts (Kreger et al., 1971); these data suggest a
detergent-like veptide  with the capacity to  assune alternative
conformations and wupon meeting a cell membrane or liposome, the newly
synthesized ¢&-lysin may be triggered to insert into +the lipid bilayer
withoul Yvopographic catalysis" (Wickner, 1980) and thus be conducted

directly through the bilayer.

D.EFFIICT OF PEA ON THE PRODUCTION OF STAPHYLOCOCCAL & -LYSIN

The view that the cytoplasmic membrane has a specific role in the
production of Dbacterial exoproteins and thcrefore is expacted to be
susceptible to alterations in membrane structure (membrane cowposition or
physical statec of membrane) was supported by works on  staphylococcal

exteroloxin A (Berkeley et al., 1978), oxterotoxin B and C (Altenbern,

-.‘,\*‘_f;._-?.;'r_-'_' L




124

1977}, da-lysin (Yoshikawa et al., 1974; Fishman et al., 1980; Saleh
and Freer, 1984), outer membrane proteins (Halegova and Inouye, 1979;
DiRienzo and Inouye, 1979) and periplasmic proteins (Pages et al., 1978;

lazdunski et al., 1979; Pages and Lazdunski, 1981; Kimura and Izui,

1976) of E. coli, and exotoxin A in P. aeruginosa (lory et al.,
1983).

Phenethyl alcohol (PEA), a membrane perturbing agent (Papahadjopoulos,
1972; Eiiasz et al., 1976 ), at maximum subinhibitory concentration
selectively suppressed production of O-lysin and exoproteases of late-
logarithmic phase cultures of $. aureus Wood 46 but production of d-lysin
was not affected. Such a differcntial cffect in the presence of PEA was
also observed in the synthesis and assembly of major outer membrane

5. coli (Halegoua and Incuyc, 1979;
pages and Lazdunski, 1981). The possible explanations might be that (1)
the sites of processing or the enzymes of processing, of QG-lysin and
exoprotease are different [rom that of G-lysin; (2) different levels of
membrane potential are needed for a given protein to be effectively
processed and secreted (hLandick et al., 1983), and {3)Q-lysin and ¢ -
lysin are secreted by entirely different process as §-lysin does not seem
to required a signal sequence (see above).

The mechanism by which PEA exerts its inhibitory effect has not been
established, but it has heen suggested that the primary action of PEA is on
the c¢ell membrane resulting in reversible breakdown of the permeability
barrier of the cell (Silver and Wendt, 1967). Absorption of PEA may aller
the conformatien of the wmembrane, thereby affecting its structure
integrity with the membrane returning to its original configuration when
PEA is removed. More recently, it has been shown that the inhibition of

phospholipid synthesis by this compound is not a sccondary effect leading




to the perturbation of the above cellular processes (Nunn and Tropp., 1972).
Results of the incorporation experiments of aminu acid precursor into total
proteins suggest that PEA at MSC did not inhibit de novo protein

synthesis. However, the reduction of exoprotcin production and transient
accumulation of cellular O-lysin suggest that PEA coxerts its effect on the
physicul state of membrane lipids by its ability to perturb wembrane
structure and aliter the fluidity (Halegoua and Inouye, 1979) and membrane
potential (Landick et al, 1983). This might subsequently influence one

or several cvents zrequired for the productiorn o©of certain excproteins,
including the direct interaction between membrane-bound polysomes or the
mechanism of translocation of the protein across the cytoplasmic membrane.
Such a conclusion 1is also supported by the finding that production of

active O-lysin was resumed to normal levels after removal of PEA.

E.DETECTION OF G -LYSIN PRECURSOR

An earlier study showed cell-associated G-lysin in S. aureus Wood 46
by use of ferritin-labelled antibody (Coulter and Mukherjee, 1971).
Although this analysis yielded information on antigenic similarity, it
failed to distinguish a truc moembrane—-bound protein from contaminating
extracellular Q-lysin.

When membranes of late-logarithmic phasce cultures of 5. aursus Wood
46 were analysed by SDS-PAGK and nritrocellulose blotting, no larger
precursor Lo O-lysin was detected, an observation supported by those of
Tweten et al., (1983}, Mare interestingly, the appearance of the 27
kdal component of ©G-lysin (Nd) in membrane samples but not in culture
supernatant or membrane samples where an X-press was used to disrupt the

cells, indicated that this cowmponent might be a product of in  vitro
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deyradation (N ——) Nd) of membrane-bound ¢-lysin (N) due to lysostaphin
treatment or contaminaticn of lysostaphin with protease. Mature @-lysin
was detected in the SDS extract of whole cell but not in the SDS extract of
the membrane suggesting that in vitreo degradation {(N—3PNd) only occurred
during lysostaphin treatwent. Dalen (1976) reported that d-lysin from
Strain Wood 46 consisted of 27.5 kdal and 39 kdal-molecular-weight
components that were antigenically identical and suggested that
autodigestion, resulting from inherent proteolytic activity with U-1ysin
was responsible for formation of the 27.5 kdal component. However, the
observed changes could also have resulied from interaction of the 1lysin
with extraneous proteases.

Alteration of membrane fluidity by agents such as PEA (Halegouva and
Inouye, 1979) or procaine (Lazdunski et al., 1979), ethanol (Lory et
al., 1983) oxr yrowth of a fatty acid auxotroph in the presence of
cliadate (DiRienzo and Inouye, 1979; Pages et al., 1981) have been used
to inhibit the processing of precursors of exported proleins and facilitate
the detection of precursors. A larger precursor to w-lysin was detected
in the 8D5 extracts of both membrane and whole cell prepared from PREA-
treated late-logarithmic phase culture of 5. aureus Wood 46, The
molecular weight of the precursor was approximately 37 kdal, whersas that
of mature o-lysin is 34 kdal. This corresponds to a molecular weight
difference of about 3,000 or a peptide elongation of about 20 to 30 amino
acids. Qur results are considerably different to those of Tweten et
al., {1983) who detected two larger precursors of g-lysin with peptide
extension of 1,850 and 1,100 respectively in the cell memgbrane of
dinitrophenol-inhibited S. aureus S6. Such variations in molecular
weight might be due to strain differences but our rosults are supported py

work on DNA sequencing which shows the N-terminal region of mature O-lysin
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to be preceded by a 26 amino acids signal sequence (Gray and Kehoe,!1984).
The mechanism by which PEA inhibits the cleavages of precursor form is
unknown . Several hypotheses can be considered : (1) the signal peptidase
might be directly inhibited by PBEA, (2) PEA, a membrane perturbing agent,
might alter the electrochemical gradicents acrass the cytoplasmic membrane.
Studies o©n E, c¢oli have led to the suggestion that clectrochemical
potentials across the moembrane wmay be an important Zfactor 1n protein
secretion (Eneguist et al., 1981; Daniels et al., 1981; Date et
al., 1980). The principal role of the membrane potential is to orient
the precursor within the membrane so that it will be accessible to the
signal peptidase, (3) PEBA, by addition to its own bulk to the lipid
molecules of the membrane, drastically increased the wembrane fluidity
(Halegoua and Inocuye, 1979). Fluidity of the membrane is reguired for
processing o©f the precursor forms of exported protein but the detailed
mechanism by which this occurs is not clear (Pages ¢t al., 1978;
DiRienzo and Inouye, 1979). This limited alteration is probably small
enough to avoid inhibitions of membrane-associated respiratory functions,

but sufficient to prevent the processing of precursors to occur.

F.PROTEIN TRANSPORTATION OF S. AUREUS : GENERAL DISCUSSION AND  PURTHIER

RESEARCH
S.aureus soecretes several exlracellular proteins, many of which have
been characterized in terms of their physicochemical properties and
biological effects (Rogoulsky, 1979; Frecr and Arbuthnott, 1983). The study
of the transmembrane transport of these extracrellular protein has been
largely neglected and only recently has work on the mode of secretion of

staphylococcal penicillinase (Nielsen and Lampen, 1982 a,b), enterotoxin B
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(Bltenbern, 1977, 1978; Tweten and Iandolo, 1981, 1982), O-lysin (Saleh
and Freer 1984; Tweten et al., 1983) and S-lysin (Lee and Birkbeck,

1984) been reportod. The information obtained is far from compléte and

indicates "that different modes of secretion may ke involved for dizferent.

proteins of 5. aureus. Secretion of ¢-lysin is different from that of

penicillinase (McLaughlin et al., 1981), enterotoxin B {Tweten and

Iandolo, 1981} and G-lysin (Tweten et al., 1983) as a putative precursor

of 5—lysin was not detected in the initial translation preoducl. of the gene
of G-lysin in the cell-free protein synthesizing system reported here.
However, failure to detect a precursor form for &lysin in this system does
not constitule full proof that it is not made in precursor form, as there
is the possibility of co-migration of mature and precursor proteins in the
cannot be totally excluded. Considerable work therefore remains to be
done before the nature of §-lysin secretion can be conclusively elucidated.
One possible approach would be to study in detail the structure of the
genetic determinant which encodes for 8-lysin by employing recombinant DNA
techniques to construct a hybrid plasmid expressing &-lysin. The DNA
sequence  of such a cloned G-lysin gene could be used to infer indirectly
the initial product of translation of €-lysin gene to avoid the possibility
of co-migration and in vitro processing in the cell-free protein

synthesizing system. Systems such as plasmid-containing mini-cells or
phage infection of uv-irradiated cells can also be constructed to reveal
the initial product of translation (sce review by Silhavy et al., 1983).

Additional information can also be chtained by introducing the cloned lysin

determinank into different bacteria, such as E. coli or HB. subtili= to

reveal the localization of protein in different systems. A similar

approach to the suggested for ¢&lysin has begun For O-lysin of §. aureus
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{Kehoe et al., 1983; PFairweather et al., 19B83; Gray and Kehoe, 1984).
Earlier studies on the secretion of staphylococcal cnterotoxin B and
&lysin using cerulenin and protease inhibitors (Saleh and Freer, 1984;

Altenbern, 1977, 1978) suggested that they were transported by a lipid

intermediate/proteolytic-releasing mechanism  similar to that of
penicillinase {Nielsen and Lampen, 1982a}. The membrane-bound
penicillinase of S. aureus carries the same glyceride thiocether

medification as B. licheniformis membrane penicillinase (Nielsen and

Lampen, 1982k} and by comparing the modification-susceptible signal
sequence of gram-positive penicillinase and of .gram-negative ocuter membrane
proteins with those of nonmedified gram~negative penicillinases, MNielsen
and Lampen (1982a) proposed that a conserved sequence of Leu-Ala~-Gly-Cys—X-
Ser-Asn (where X designatcs a neutral or non-polar residue) in the sgignal
sequence is required both for the modification to occur and for correct
signal peptidase removal of segment preceding the glyceride thioether.
More recently, Bocquet-Pages et al., (198l1) showed that cerulenin

inhihits the synthesis or assembly of the E. coli outer membrane proteins

OmpaA, OmpC and OmpF (none of which is a lipoprotein}. Thus, the
inhibiting activity of cerulenin could bhe indirect and does not necessarxily
indicate the presence of a 1lipid intermediate in the transport of
enterotoxin B and O-lysin. This view is supported by examinatien of the
amine acid sequence of the signal peptide of O-lysin (Gray and Kehoe, 1984)
which does not possess the proposed conserved sequance of WNielsen and
Lampen (1982a). As an amine acid sequence of the signal peptide of
enteroctoxin B 1is not available , predictions of the involvement of
glyceride thioether modification during its secretion becomes impossible.

llowever evidence could be obtained by studying the effects of the peptide




130

antibiotic globomycin on their production and by in vivo radicisotopic
lakelling with palmitate or glycerol, similar to work of Nielsen et al.

(1981) on penicillinase of B. licheniformis.
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