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CHAPTER I 

INTRODUCTION 

General consideration 
The inhibition of growth of one bacterial strain by another was observed 

for the first time in 1877 by Pasteur and Joubert (1) Later on many investigators 
(2) observed antagonism between bacterial strains of many species Jacob et 
al (3) defined the group of antagonistic, bactericidal substances of high-molecular 
weight, produced by bacteria and active against bacteria, as bactenocins These 
substances are distinct from lytic enzymes and phages, and were classified on 
basis of the specificity of their action (4, 5, 6) Extensive studies on bactenocins, 
especially those produced by bschenchia coli, have revealed many intriguing 
features, which may contribute to the elucidation of various biochemical proces
ses such as active transport, protein synthesis, membrane synthesis and DNA-
replication 

The present introduction will focus on two aspects of bactenocm studies, 
namely, mode of action and genetics Various aspects of bactenocins are 
reviewed (7, 8, 9, 10) and monographed (11, 12) previously 

MODE OF ACTION 
The mode of action of a bactenocm, namely 

colicin El, which is produced by Escherichia 
coli ML, was studied for the first time by Jacob 
et al (13) Later on this study was extended 
by Nomura (14, 15) and Luna (16) Since that 
time studies on the mode of action of various 
bactenocins have revealed that quite different 
biochemical effects are exerted on sensitive bac
teria In Table I the general effects exerted by 
the three mam types of bactenocins are summa
rized 

What is the primary target of the bacteriocins? 

Bacteriocins of type I The general characteris
tics of their mode of action given m Table I 
indicate that bactenocins of type I affect proba
bly the energy metabolism and/or transport phe
nomena How are these processes influenced 
by these bactenocins'' 

An effect on the energy metabolism was obvi
ous from the observed decrease of the cellular 
ATP level which was supposed to be caused 
by an activation of membrane-bound A FPase 
by colicin E1 (43) However in cells treated with 
colicin El in the presence of dicyclohexylcarbo-
dnmide, an inhibitor of this ATPase, the ATP 
level did not decrease, while the inhibition of 
macromolecular syntheses and leakage of potas
sium ions still occurred (43) So, the fall of the 

ATP level m colicin El treated cells seems to 
be a secondary effect 

Since cells οι Escherichia coli are resistant 
to cohcins El and К under strict anaeiobic con
ditions (16, 19), it was suggested that the electron 
transport chain and/or oxydative phosphoryla
tion are primarily affected This assumption can 
explain why the transports of amino auds and 
of methylthio B-D-gal^ictoside are inhibited by 
these bactenocins, but not that of a-
methyl-D-glucoside ( 18, 44) The latter is media
ted by a phosphoenolpyruvate-dependent 
phosphotransferase system in Eschene hia coli 
while recent studies (45) show that the former 
transport systems may be energized by a proton 
gradient and/or electrical potential built up by 
the electron transport chain or internal ATP 
These bactenocins may act like some uncoup-
lers, such as 1,2-dinitrophenol, by fostering pro
ton permeability what results in the collapse of 
the proton gradient However, cohcins A and 
El do not promote proton permeability (22, 43) 
Alternatively, these bactenocins cause dissipa
tion of the electrical potential as a result of the 
development of lonpermeabihtics other than that 
of protons However, the knowledge of the ef
fect on ion-permeabilities is rather scarce The 
type I bactenocins cause a rapid efflux of potas
sium or rubidium ions accumulated in the cells 
(46, 47) and recently Lusk and Nelson (48) 
showed that cohcins El and К cause also an 
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Table I General effects exerted by the three mam 
types of bac tenaci ns 

Type 

I 

II 

III 

Bactenocin 

Colicin El 
Colicin A 
Colicin В 
Colicin Ia 
Colicin Ib 
Colicin К 
Colicin S8 
Marcescin JF 246 
Pyocin 

Megacin Cx 
Staphylococcin 1580 

Cohcin E2 
Pesticin PI 
Vibnocin 

Megacin С 

Cohcin E3 
Cohcin D 
Cloacin DF 13 

Producing strain 

Gram negative 
Escherichia coli ML 
Citrobacter freundu CA3I 
Salmonella typhtmurium LT2 
Escherichia coli CA53 
Escherichia colt 
Escherichia coli K235 
Shigella sonnei 
Serratia marcescens 
Pseudomonas aeruginosa 
Gram-positive 
Bacillus megaterium KM 
Staphylococcus epidermidis 
1580 

Gram-negative 
Escherichia coli К12 
Pasteurella pestis 
Vibrio comma 
Gram-positive 
Bacillus megaterium 

Gram-negative 
Escherichia coli К12 
Escherichia coli К12 
Enterobacter cloacae DF13 

Ref 

13, 14, 15, 16, 17, 18, 19 
20, 21, 22,23 
24 
25 
25 
14, 17, 18, 19,26 
27 
28 
29, 30 

31 

22, 23, 32 

14,15,17,33,34,35,36 
37 
38 

39,40 

14,15,17 
41 
42 

General characteristics 
of mode of action 

a) Simultaneous inhibition 
of DNA, RNA and protein 
syntheses 

b) No extensive degradation 
of nucleic acids 

c) Inhibition of active 
transport 

d) No direct cell lysis 
e) No or limited effect on 

respiration 
f) Decrease of cellular 

ATP level 
g) Inhibition of motility 
h) Phage replication 

inhibited 

a) Rapid inhibition of DNA 
and RNA syntheses 

b) Inhibition of protein 
synthesis after a lag period 

c) Extensive degradation 
of DNA but limited effect 
on RNA 

d) Induction of prophages 
in lysogenic strains 

e) No effect on oxydative 
phosphorylation, active 
transport and respiration 

a) Immediate inhibition of 
protein synthesis 

b) DNA and RNA syntheses 
continue for a long time 

c) No effect on respiration 
and active transport 



increased efflux of magnesium ions but these 
actions seem to be secondary ones 

Although type I bactenocins uncouple active 
transport from energy supply, the exact mecha
nism of action is yet unknown A direct interac
tion between components of the membrane and 
the bactenocins may induce conformational 
changes (49) and/or alterations of membrane 
composition (50) and affect the transport sys
tems in such a way 

Bacteriocins of type II. Colicin E2 appears to 
affect primarily chromosomal DNA causing its 
extensive degradation (Table I) This degrada
tion can be distinguished into three stages invol
ving single-strand cleavage of the DNA-duplex, 
degradation of DNA into double-stranded frag
ments and further degradation of these frag
ments by exonucleolytic action (51, 52, 53, 54) 

Since colicin E2 itself has no nucleolytic acti
vity (55, 56) two mechanisms are proposed to 
explain DNA degradation Either colicin E2 acti
vates directly one or more nucleases or it interfe
res with DNA or the DNA-membrane complex 
rendering them susceptible to nucleases present 
in the cell (52) Evidence for the first possibility 
was brought about by Almendinger and Hager 
(55) who showed that colicin E2 initiates the 
movement of репріаышс endonuclease I to the 
membrane or into the cytoplasm Otherwise, 
Beppu and Anma showed that colicin E2 causes 
dissociation of DNA-membrane complexes (57, 
58) without degrading DNA (59) Furthermore, 
addition of colicin E2 to DNA resulted in a decre
ase of DNA melting temperature (60) All results 
may be interpreted as a direct physicochemical 
reaction of colicin E2 with DNA causing distor
tion of the DNA molecule (59, 60) However, 
the interaction of colicin E2 with DNA may also 
be an aspecific effect like the action of nbonucle-
ase on DNA (61) 

Both mechanisms mentioned above suppose 
the involvement of nucleases in the DNA degra
dation Obinata and Mizuno (51) concluded that 
endonuclease I was not involved, since colicin 
E2-induced breakdown proceeded normally in 
an endonuclease I-negativc mutant in contrast 
to the results of Saxe and LUR1A (62) and 
Almendinger and Hager (55) The involvement 
of endonuclease III was also suggested (52) since 
no degradation occurs in the presence of DNP, 
however, in endonuclease Ill-negative mutants 
degradation proceeded normally (53) 

Recent results with a new class of mutants, 
which lost their colony-forming ability upon coli

cin E2 treatment without degrading DNA or inhi
bition of DNA synthesis, revealed that colicin 
E2 probably affects primarily cell division and 
not DNA synthesis (63) 

Bacteriocins of type III The general characte
ristics of the mode of action indicate that colicin 
E3 inhibits specifically protein synthesis (Table 
I) How does colicin E3 affect protein synthesis ' 
Treatment of sensitive cells of Escherichia coli 
renders inactive nbosomes which still can bind 
mRNA but have a markedly reduced binding 
of tRNA (64, 65, 66) Experiments with hybrid 
nbosomes, reconstituted of subumts obtained 
from treated and untreated cells, revealed that 
the defect resides in the 30 S subunit Polyacryla
mide gel electrophoiesis and microdensitometer 
profiles of proteins from untreated and colicin 
E3-treated nbosomal subumts were identical 
(67, 68), and reconstitution of the 30 S subumts 
from 16 S rRNA's and nbosomal proteins indica
ted that the defect is located in the 16 S rRNA 
This defect was also demonstrated by a reduced 
sedimentation coefficient of the 16 S rRNA from 
nbosomes of treated cells (designated as E3-16 
S rRNA) with respect to the control 16 S rRNA 
(67) Upon Polyacrylamide gel electrophoresis 
the E3-16 S rRNA moved faster than the control 
16 S rRNA (68) Furthermore, a small RNA frag
ment (designated as E3-fragment rRNA) could 
be detected that was absent in the untreated pre
paration These results indicate that colicin E3 
causes cleavage of the 16 S rRNA Fingerprint 
analyses of the 16 S, E3-J6 S, and E3-fragment 
rRNA revealed that the E3-fragment is detached 
from the 16 S rRNA at a position near the 3'-
termmus and contains about 50 nucleotides (67, 
68) 

Colicin E3 can cleave the 16 S rRNA only 
when this rRNA is an integral part of the 70 
S nbosome This suggests that this bactenocin 
requires a specific nbosome conformation in or
der to be active (69, 70, 71, 72) Three mecha
nisms were proposed (73) to explain the cleavage 
reaction, a) colicin E3 activates a nbonuclease 
which is bound to the nbosome, b) colicin E3 
itself is a nbonuclease, c) colicin E3 becomes 
a nbonuclease in conjunction with nbosomal 
proteins Recent studies of Meyhack et al (73) 
showed that RNAses I and II are not involved 
in colicin F3 action and they concluded that coli
cin E3 itself is or becomes a nbonuclease when 
attached to nbosomes This interpretation may 
explain the low specificity of colicin E3 action 
since nbosomes of an Azotobacler species and 
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of Bacillus \tearothermophiliti are also indctiva-
ted by cohcin E3 (74) 

Like cohcin E3, cloacin DF 13 inhibits protein 
synthesis specifically Ribosomes from cloacin-
treated cells were unable to support protein syn
thesis in a cell-free system under direction of 
phage MS2-RNAbut appear unable to bind fMet-
tRNAíMet (75). 

Adsorption and penetration 
After several authors (76, 77, 78, 79) had 

shown that bactenocins, like bacteriophages, 
are adsorbed to specific receptor sites on the 
cell surface of bacteria, the question arose whe
ther bactenocins penetrate into the cytoplasm 
after adsorption or remain at the receptor site 
Until recently it was generally believed that bac
tenocins do not penetrate into the cytoplasm 
This idea was mainly based on the observation 
that trypsin can rescue cells long after they had 
adsorbed bactenocins This holds for cohcins 
К (26), El (80, 81) and cohcins E2 and E3 (56, 
80, 82) According to a general model derived 
from these results (14, 15, 56), the bactenocin 
stays at the receptor site and affects the target 
indirectly by a specific stimulus mediated by a 
specific transmission system probably located 
in the membrane Changeux and Theiry (83) pro
posed that the transmission system involves con
formational transitions of the membrane, which 
are induced by bactenocins 

Recent studies indicate that some bactenocins 
penetrate into the cytoplasm Cohcin E3 enters 
the cell after adsorption and affects ribosomes 
(69, 70) Ringrose (60) concluded that cohcin 
E2 penetrates into the cytoplasm and binds to 
DNA The bactenocins of type I, which act di
rectly on the membrane, may not enter the cell, 
but no compelling evidence exists for or against 
it 

Identity of the receptor. Several authors (84, 
85, 86, 87) suggested that the receptor sites re
side in the lipopolysacchande layer (LPS layer) 
of the cell envelope, since LPS isolated from 
sensitive cells inhibited the activity of cohcins 
E l , К, В and E2 However, no correlation was 
observed between cohunsensitivity or -
resistance of cells and the cohcin-binding activi
ty of the I PS layer isolated from these cells. 
so, this binding activity seems to be an aspeufic 
one On the basis of their studies Weltzien and 
Jesaitis (88), and Sabet and Schnaitman (89) lo
cated the receptor in the cell wall rather than 
in the cytoplasmic membrane or in the LPS lay

er However, various other studies indicate that 
the receptor is located in the cytoplasmic mem
brane Arguments in favor hereof are that cohcin 
El (44) inhibits amino acid uptake into mem
brane vesicles and cohcin E2 dissociates isolated 
DNA-membrane complexes (57) Furthermore, 
Smarda showed that stable L-forms are often 
more sensitive to cohcins El , E2 and E3 than 
complete cells (90,91,92) These results indicate 
that receptors located in the cell wall are not 
essential for action of these bactenocins but may 
be auxiliary in the movement of the bactenocin 
to the membrane or into the cytoplasm Recently 
Takagakii/ al (93) isolated mutants, which were 
devoid of cell wall receptors but were never
theless sensitive to cohcin К The knowledge 
on the nature of the receptors of type I bacteno
cins is very scarce These bactenocins act 
directly on the membrane and the receptor may 
be simultaneously the biochemical target In 
case of bactenocins, which penetrate into the 
cytoplasm, the receptor may be involved m the 
transport of the bactenocin through the membra
ne 

Resistance and tolerance. Nomura (56) disco
vered two kinds of cohcin-insensitivc mutants 
Mutants, which can no longer adsorb bacteno
cins to receptor sites, were called resistant mu
tants, whereas mutants which still adsorb bacte
nocins but were insensitive to its action were 
called tolerant mutants by Nomura (94) and Na
gel de /waig (95) or refractory mutants by Hill 
and Holland (96) Later on Bhattacharyya et al 
(44) called the cohcin-insensitive mutants resis
tant and tolerant, when their spheroplasts were 
cohcin-sensitive and -insensitive, respectively 
On the basis of their tolerance to cohcins E l , 
E2, E3, К and A the tolerant mutants of Escheri
chia coll were divided into eight major groups 
called Tol I to Tol VIII by Nomura (94) and 
Nagel de Zwaig (95) and Ref I to Ref VIII by 
Hill and Holland (96) Further classification was 
based on the map location of the mutation and 
the physiological properties of the mutants The 
main tolerant and resistant mutants are given 
in Table II 

The nature of tolerance and resistance. Many 
tolerant mutants exhibited a broad spectrum of 
phenotypic changes as a consequence of one 
single mutation, such as high sensitivity to de-
oxycholate, ethylenediaminetetraacetatc, sodi
um dodecyl sulfate, vancomycin bacitracin and 
novobiocin, indicating that the cell envelope is 
altered (94, 95 96,98,108) This was confii med 
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Tabel ¡I Some properties of the main to lerant and resistant mutans of Escherichia coli. 

Class 

Tolerant 
Tol I 
Ref III 
Tol II 
Tol IIa 
Ref VI 
Tol III 
Ref V 
Ref VII 
Tol IV 
Tol IV 
Ref IV 
Tol ІІІД 
Tol V 
Tol VI 
Tol VII 
Ref II 
Tol VIII 
Ref I 
Resistant 
T,r Col Kr 
Bfer 

Sensitivity 
El 

s 
s 
t 

Pt 
s* 
s 
s 
s 
s 
s 
s 
s 
t 
t 
s 
s 
s* 
t 

s 
г 

E2 

s 
s 
t 

pt 

s* 

t* 
t* 

s 
s 

s 
г 

to a 
E3 

s 
s* 
t 

pt 
t 
t 
t 

s · 
t 
s» 
t 
t 
t 
s 
s 
s 
s 
s 

s 
r 

к 

pt 

s 
s 
s 

s 
s 
s 
s 
s 
s 

г 

A 

t 

pt 
t 
t 

s 

s 

B F 2 3 

s 
s 
s 
s 
s 

s 

s 

s 
s 
s 

г 

т. 

s 
s 

s 

s 

г 

Map 
tion 

gai 

gai 
gai 
gai 
gai 
his; 
gal 
gal 

— 

b loca-
near 

gal 

his-arg 
руг. 
gal 

— 
thr 
thr 
thy 
thy 

arg-

D 

thi 

Termi-
nationb 

Toi A 
Tol Ρ 

Tol В 

Tol D 

Cet В; 
Tol С 

bfec 

Ref. 

94, 93 
96 
94, 95, 97 
95, 97, 98 
96 
94, 95, 98 
96 
96 
94 
94 
96 
99 
94 
94 
94 

Cet С 96, 100, 101, 102, 103, 104 
95, 97, 105 
96, 105 

93 
106, 107 

a s, г, t and pt means sensitive, resistant, tolerant and partially tolerant, respectively, to colicins or 
phages (BF 23, Te) at 30 С and 40 C; s* means sensitive at 30 С but tolerant at 40 C, and t* means 
tolerant at 30 С but sensitive at 40 С 
Ь Gives the designation of the locus of the mutation on the map of Escherichia coli К 12. 
с Refers to mutants resistant to phage BF 23 and colicins El, E2 and E3. 

by Samson and Holland (109), who observed 
changes in the envelope protein composition of 
Tol VII mutants, and Rolfe and Onodera (110). 
who observed an alteration of membrane protein 
composition of Tol Vili mutants, probably due 
to loss of a protein. 

Difference between tolerance and resistance 
is not quite explicit. Recent studies of Takagaki 
et al. (93) showed that spheroplasts of Tol I mu
tants were sensitive to colicin K; probably tole
rance of this mutant is due to a barrier which 
permits adsorption to the cell wall receptors but 
prevents colicin К to reach the cytoplasmic 
membrane. 

The resistant mutants had often lost concomi
tantly the ability to adsorb specific phages. Re
sistant mutants of Escherichia coli К 12 were 
isolated which were unable to adsorb both phage 
BF 23 and colicins El , E2 and F3 (106, 107): 
colicin K-resistant mutants had lost simultane
ously the ability to adsorb phage T 6 (93). Resis
tance involves a mutation of the lipopoly saccha
rides or cell wall components, in such a way 

that the bacteriocin can no longer adsorb to the 
cytoplasmic membrane and the cell wall receptor 
(44, 93). 

Immunity 
Bacteria are generally not susceptible to the 

bacteriocin they produce, although they retain 
the ability to adsorb it (40, 82). This phenome
non, called immunity, is a consequence of the 
presence of a bacleriocinogenic factor, a plas-
mid. This can be transferred to nonbactenoci-
nogenic strains rendering them immune (13. 
111). Recent studies of Bowman et al. (70) and 
Boon (71) showed that the immunity against coli
cin F3 was due to the production of immunity 
substances. These compounds seem to be no 
simple pi oteases and do not inactivate the bacte
riocin iireversibly. Washed ribosomes from im
mune cells are just as sensitive to colicin E3 
action as ribosomes from sensitive cells (69), 
but ribosomes in crude extracts (S-30 lysates) 
obtained from immune cells were much less sen
sitive, indicating that the immunity substance 
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Tabel III Characteristics of various Col-factors. 

Col-factora 

V-K94 
V-K30 
VB-K260 
B-CA18 
B-K77 
B-K166 
B-K98 
Ib-P9 
Ia-CA53 
Eia 
V-CA7 
E1-K30 
E2-P9 
E2-K317 
E3-CA38 
K-K49 
K-K235 
A-CA31 
Ref. 

Synonym 

V2 
V3 

Bl 
B2 
B3 
B4 

VI 
El 
E2 

E3 

Integration 
into chromo
some 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

— 
— 

— 

134, 135, 
136, 137 

Self-
transfer 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
— 
— 
— 
— 
— 
— 
— 

138, 
139 

Transfer of 
other 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

— 
— 
— 

138, 
139 

DNA 
Pilus > 
type 

F 
F 
F 
F 
F 
F 
F 
I 
I 
I 

140, 
141 

Curable by 
acridine 
orange 

+ 
+ 

— 
+ 

— 
— 
— 
— 
— 
— 
— 
142 

Repression 
of 
fertility 
— 
— 

+ 

+ 
+ 
+ 
+ 

143, 144 

Compatible 
with F 

— 
— 

+ 
+ 
+ 
+ 
+ 
+ 
— 
+ 
+ 

+ 
+ 
+ 
124 

Ref. 

114, 
117, 
119, 
121 
122, 
123 
121, 
125, 
128 
129, 
117, 
114, 
129, 
128, 
133 
129 
129 

115, 
118 
120 

123 

123, 
126, 

130 
130, 
119, 
133 
129 

né, 

124, 
127 

131 
132, 

117 

133 

a The Col-factors are named to the bacterial strain and the produced colicin. 

so 



is a cytoplasmic factor and probably binds to 
colicin E3 to form an inactive complex (71) It 
is known that colicmogenic cells are sensitive 
to high concentrations of the respective colicin 
(25, 111) This phenomenon, called immunity 
breakdown, may be explained by the adsorption 
or penetration of more colicin E3 molecules than 
can be bound by the amount of immunity sub
stance present 

GENETICS 
The potentiality of a bacterial strain to pro

duce a bactenocin is a heritable character and 
due to genetic determinants called bactenoci-
nogenic factors, in case of colicin production 
called C- or Col-factors The Col-factors appear 
to be extrachromosomal elements of which some 
could be integrated into the chromosome and 
were called episomes, while other could not be 
integrated and were called plasmids (112, 113) 
Further distinction of Col-factors could be made 
on basis of the fertility Some Col-factors are 
able to initiate conjugation by the formation of 
sex pili and to promote its own transfer and in 
some instances transfer of chromosomal mar
kers and other plasmid DNA in the absence of 
the F-factor They are called transmissible fac
tors, and can be divided on basis of the sex 
pill induced by them The colicin production and 
fertility expressed by some Col-factors are so
metimes repressed by a cytoplasmic repressor 

Some plasmids cannot stably maintained toge
ther in the same cell On the basis of this pheno
menon, called incompatibility, the Col-factors 
can be further distinguished 

in Table HI some characteristics of various 
Col-factors are summarized 
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CHAPTER II 

CHARACTERIZATION AND EXTRACHROMOSOMAL 

CONTROL OF BACTERIOCIN PRODUCTION 

IN STAPHYLOCOCCUS AUREUS 

About 6% of the tested strains of Staphylococcus aureus produced antagonistic 
substances against staphylococcal indicator strains The production was low 
in liquid cultures and could not be induced by ultraviolet irradiation or by treat
ment with mitomycin С The antagonistic substances could be classified into 
at least five groups on basis of their properties and cross-resistance pattern 
One group consisted of lytic enzymes, the four others of staphylococcins of 
which one type was active against S aureus only and the three other types 
had a broader inhibitory spectrum against gram-positive organisms but not against 
gram-negative bacteria A relationship was found between some groups of produ
cing strains and their phage type The ability to produce staphylococcins was 
eliminated spontaneously upon storage and more rapidly by treatment with ethidi-
um bromide, acnflavine, acndine orange, sodium dodecyl sulfate, and growth 
at 42 С The resistance to several inorganic salts was co-eliminated No co-
ehmination of penicillinase production was observed Selective effects during 
elimination were ruled out and the results suggest that the genes for staphylococ-
cin production are plasmid borne determinants 

Antagonism between staphylococci was first 
observed by Cornil and Babes (5) Later many 
authors demonstrated various antagonistic ac
tions among staphylococci (7, 13, 15, 21) The 
bactericidal substances, produced by certain 
bacterial strains and active against the same or 
related species, are named bactenocins Analog
ically, Fredenquc (12), Hamon and Peron (16), 
and Lachowicz (22) defined staphylococcins as 
bactericidal substances of staphylococcal origin, 
inhibitory m the growth of staphylococci and 
other gram-positive bacteria, and with a high 
molecular weight with respect to the classical" 
antibiotics Most staphylococcins exert a much 
broader inhibitory spectrum than bactenocins 
from gram negative bacteria Recent studies on 
the mode of action of two staphylococcins (6, 
19, 20) showed, that the membrane plays an im
portant role in its mode of action 

Bactenocin production and sensitivity pat
terns have become useful criteria in differentia
tion of Pseudomonas aeruginosa (10), Serratia 
marcescens (9), and Escherichia coll (34) strains 
Some bactenocins have found application as the

rapeutic agents staphylococcin A in the treat
ment of staphylococcal infections (31), and pyo-
cin 78-C 2 in the treatment of Pseudomonas ae
ruginosa infections in mice (25) 

Little is known about the genetic regulation 
of staphylococcin production The genes for 
staphylococcin production have been identified 
as unstable determinants (7, 13 22, 10) Bai ber 
(2) observed that penicillinase production was 
spontaneously and irreversibly lost and it has 
been established that the genes controlling the 
synthesis of this enzyme are born on a plasmid 
in most strains of S aniens (27, 28) 

This report deals with the properties of some 
bactenocins produced by a number of 270 fresh
ly isolated staphylococci and the genetic regula
tion of the production 

MATERIALS AND METHODS 

Bacterial strains Strains tested for production 
of antagonistic substances were isolated by Dr 
G van der Ploeg (Department of Medical Micro-

11 



biology. University of Nijmegen) from various 
staphylococcal infections Slaph\locate us an 
reus strains NCTC 97І2, Oxford 209 P, NC IС 
8507 were used as indicator strains Stable L-
forms of S шігеіі·, 502 A were obtained from 
Dr В Kagan (Cedars - Sinai Hospital, Los 
Angeles, Calif ), and were maintained on 3 8% 
brain heart infusion, 59i NaCl, and 1 59f agar 
supplemented with 209? unhealed horse serum 
Bifidohactenum bifidum \ai pennsihannus 
and its cell wall preparation were obtained from 
Dr J Veerkamp (Department of Biochemistry, 
University of Nijmegen) All strains were sub-
cultured once a week on Trypticase soy agar 
(TSA) obtained from BBL 

Demonstration of antagonistic activity The 
spontaneous production of antagonistic sub
stances was demonstrated according to Halpert 
et al (15) The strains were inoculated as a spot 
on agar and after 48 hr at 37 C, the indicator 
strain was sprayed over it The production of 
antagonistic substances was obvious by inhibi
tion zones around the colonies 

Cell wall lytic activity Cell walls ot Bifidobac
terium bifidum \ar pennsyl\aniens were sus
pended in 0 05 M potassium phosphate buffer 
(pH 7 0) at a final concentration of 5 mg/ml and 
incubated at 37 С with and without the antagonis
tic substances to be tested lor lytic activity (100 
A U /ml) The optical density at 600 nm was 
followed and the number of reducing and free 
amino groups was determined according to 
Ghuysen and Strominger (14) 

Production. From overnight cultures of the 
producing strains one ml was added to 200 ml 
Trypticase soy broth (TSB) or proteose peptone 
no 3 (PP) medium Incubation was at 37 С in 
a gyratory shaker (New Brunswick) At various 
time intervals samples were withdrawn and cen-
trifuged for 10 mm at 10,000 χ g The supema-
tants were sterilized by filtration on membrane 
filters (0 45 μ pore size, Milhpore Corp ), by 
addition of chloroform or heat-treatment at 55 
С for 20 mm and assayed for activity No effect 
of the sterilization procedure was observed 

Induction. Induction of the production of an
tagonistic substances by ultraviolet irradiation 
and by treatment with mitomycin С was per
formed under the same conditions as described 
previously (21) 

Assay. The assay of the antagonistic sub
stances was described previously (21) The acti
vity was expressed as arbitrary units (A U ) per 
ml (21) 
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Elimination by chemical agents. From an over
night culture 0 1 ml was added to 25 ml nutrient 
broth (pH 7 6) containing per ml 1 to 5 pg acnfla-
vine, 0 5 to 2 0 Mg ethidium bromide or 5 to 
20 Mg acridine orange, or to 25 ml TSB contain
ing per ml 5 to 50 Mg sodium dodecyl sulfate 
After 16 hr at 37 С suitably diluted amounts 
of 0 2 ml were spread onto TSB- or PP-agar 
and single colonies were tested for the produc
tion of antagonistic substance and phage type 
Metal ion lesistance of the colonies was tested 
by replicative scoring on TSA containing 7x10-5 
M CdS0 4 or 10-3 M Na 2 HAs0 4 Penicillin re
sistance was tested by replicative scoring on 
TSA containing I unit of penicillin per ml 

High temperature elimination. The producing 
strains were grown for 18 hr at 37 С in nutrient 
broth The cultures were diluted 500-fold with 
nutrient broth and then aerated for 1 hr at 37 
С Samples of 25 ml were intubated further at 
37 С or 42 С After 18 hr of growth suitably 
diluted amounts of 0 2 ml were spread on PP-
agar and single colonies were tested for bacteno-
cin production, phage type, metal-ion resistance 
and penicillinase production 

Phage-typing. The phage-typing was carried 
out by the National Institute of Health (Utrecht, 
The Netherlands) according to Blair and Wil
liams (4) with the International Basic Set of ty
ping phages Single colonies of freshly cultured 
bacteria were used 

Extracellular products. Lecithmase (egg yolk 
factor) and caseinase were tested according to 
Mc Clung and Toabe (24), deoxynbonuclease 
according to Jeffries et al (18), and gelatinase 
according to Bentley et al (3) Coagulase was 
tested by addition of bacterial cultures to human 
plasma Hemolysis was tested on sheep blood 
agar, and catalase by flooding 3% hydrogen per
oxide on colonies 

Penicillinase production. Penicillinase was 
preinduced with 0 5 Mg of methicillin per ml 
in a fresh culture with an optical density of 0 05 
at 600 nm At an optical density interval of 0 5 
to 0 7 the penicillinase activity was measured 
by the micro-iodometric assay (26) 

Carbohydrate utilization. An inoculum of 10 
bacteria per ml was seeded onto Bacto Sanders 
Enrichment agar (Difco) The production of acid 
from sugars was determined with differentiation 
disks (Difco) Production of acid from glucose 
was determined by anaerobic incubation in 1 0% 
tryptone, 0 1% yeast extract, 1 0 7c glucose, 
0 0049Î- bromocresol purple, and 0 2% agar cov
ered with liquid paraffin 



Antibiotic sensitivity test. A standardized inoc
ulum of 105 bacteria per ml was seeded onto 
Diagnostic Sensitivity Test agar (Oxoid). The 
antibiotic sensitivity was determined with the 
multodisks (Oxoid). 

Resistance to inorganic salts. The resistance 
to sodium arsenate, cadmium sulfate, zinc sul
fate, mercuric nitrate and lead nitrate was deter
mined according to Novick and Roth (29). 

Chemicals. Mitomycin С and ethidium bro
mide were purchased from Sigma Chemical Co., 
St. Louis, Mo. Acridine orange was obtained 
from Merck, Darmstadt, Germany. Acriflavine 
was purchased from Fluka, Buchs, Switzerland. 
Diaflo ultrafiltration membranes PM 10 were 
purchased from Amicon Co., Lexington, Mass. 

RESULTS 

Production. The production of antagonistic 
substances was demonstrated by a modified pro
cedure of Halpert et al. described in Materials 
and Methods. The strains reacting positively in 
this test exhibited an inhibition zone (Fig. 1), 
and are designated S -strains in this study. 
About 270 strains of Staphylococcus aureus 
were tested against three arbitrarily chosen indi
cator strains: S. aureus NCTC 9752, Oxford 209 
P, and NCTC 8507. Seventeen strains (6.3%) 
from various origins produced an inhibition zone 
(Table 1). The size of the inhibition zone depen
ded on the indicator strain chosen and the medi
um used, especially for strains 289, D-14, 80, 
104, and 5612. The production of antagonistic 
substances by all strains, except 289 and D-14, 
in fluid proteose peptone no. 3, nutrient broth, 
Trypticase soy broth, and brain heart infusion 
media was very low and not reproducible. No 
activity could be detected in the pellets and su-
pernatants from cultures of strain 704, while the 
culture supernatants from strain 289 and D-14 
contained an activity of 5 to 10 arbitrary units 
(A.U.) per ml and from all other strains 0 to 
5 A.U./ml. In none of the S -strains the producti
on could be induced by ultraviolet irradiation 
or by mitomycin С treatment at the various con
ditions and concentrations tested. 

Characteristics of the antagonistic substances. 
The antagonistic substances obtained from liq
uid cultures were examined (Table 1). All were 
sensitive to 15 min incubation with trypsin (200 
Mg/ml) at 37 С and pH 7.5 and were not dialyza

hle through a membrane PM 10 (Amicon) indica
ting that the molecular weights of the substances 

Fig. /. Demonstration of the spontaneous produc
tion of antagonistic substances by S. aureus strains. 
The tested strains were inoculated as a spot. After 
48 hr at 37 С the indicator strain S. aureus NCTC 
8507 was sprayed over it. A. S. aureus Oxford 209 
P: B. S. aureus 704: С S. aureus 89: D. S. aureus 
289: E. S. aureus 97. 

u. ΙΛ -

30 60 

TIME(min) 

Fig. 2. Hydrolysis of cell walls of Bifidobacterium 
bifidum var. pennsylvanicus by the lytic enzyme pro
duced by S. aureus 289. The cell walls (5 mglml) were 
suspended in 0.05 M phosphate buffer (pH 7.0) and 
incubated at 37 С with (open symbols) and without 
lytic enzyme of strain 289 (closed symbols). The decre
ase of absorbance (triangles), and the increase of re
ducing groups (circles) were determined as a function 
of time. 
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Table 1 Characteristics of the various antagonistic substances 

Inhibition zone (mm) 

Lytic » Heat Ь Inhibition « Group 
activity stability L-forms 

NCTC 9752 NCTC Oxford 
Sf-strain S^-ongm 8507 209 Ρ 

289 
D-14 

80 
104 

5612 
97 
37 
34 
55 
61 
82 
89 
32 
96 

238 
918 
704 

Throat 
Skin 
Throat 
Pus 
Nose 
Pus 
Pus 
Bladder-fistula 
Pus 
Nose 
Jaw-absces 
Skin 
Pus 
Jaw-absces 
Skin 
Throat 
Pus 

Blood 
agar 
1 
1 
6 
6 
7 
6 
7 
6 
5 
6 
7 
6 
6 
7 
6 
7 
1 

PP 
agar 
15 
17 
11 
10 
11 

4 
4 
4 
5 
4 
6 
5 
6 
6 
6 
5 
2 

TSA 

0 
0 
0 
0 
0 
5 
4 
5 
5 
4 

11 
10 
10 
11 
11 
11 

0 

PP 
agar 
15 
14 
7 
6 
6 
3 
2 
3 
2 
3 
6 
7 
6 
6 
6 
7 
1 

PP 
agar 
7 
8 
3 
3 
2 
3 
3 
2 
3 
3 
6 
7 
6 
7 

6 
1 

+ 
+ 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
N D 

+ 
+ 
+ 
+ 
+ 
— 
— 
— 
— 
— 
+ 
+ 
+ 
+ 
+ 
+ 
N D 

— 
— 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
N D 

A 
A 
В 
В 
В 
С 
С 
С 
С 
С 
D 
D 
D 
D 
D 
D 
E 

ι + refers to substances exposing lytic activity against cells of S aureus NCTC 9752 The cells were 
incubated with the substance and the optical density at 600 nm was followed. 
b .)- refers to substances stable at 80 С for 15 mm 
< -|- refers to substances inhibiting stable L-forms of S aureus 502A 
N D = Not determined 



Table 2 Phage-lype and Phage-type and drugresistance of the S*-strains 

S+-group 

A 

A 

В 

В 

В 
С 
С 
С 

с 

с 
D 
D 
D 
D 
D 
D 
E 

S+-stram 

289 

D-14 

80 

104 

5612 
37 
34 
97 
55 

61 

82 
89 
32 
96 

238 
918 
704 

Phage-
group 
I, III 

I, III 

I, Ш 

I, III 

III 
II 
II 
I 
I.III 

I, III 

II 
II 
II 
II 
II 
II 
II 

Phage type» 
pattern 
29, 52, 52A, 79, 80, 53, B5, 
77 Ad, 88, 77 
29, 52, 52A, 79, 80, 47, 54, 
83A, 77Ad, 42E, 42D, B5 
29, 52, 52A, 80, 81, N, 7, 47, 53, 
54, 88, 83A, 75, 77, 77Ad, 42E 
29, 52, 52A, 80, 81, 88, 83A, 
77, 42E 
88, 87 
ЗА, 3B, 3C, 55, 71 
ЗА, 3B, 3C, 55 
29, 52 
81, N, 6, 7, 47, 54, 88, 83A, 
42E, 42B, B5 
81, N, 6, 7, 47, 54, 88, 83A, 42E, 
42B, B5 
ЗА, 3B, 3C, 55, 71 
71 
ЗА, 3B, 3C, 55, 71 
ЗА, 3B, 3C, 55, 71 
ЗА, ЗВ, ЗС, 55, 71 
ЗВ, ЗС, 55, 71 
ЗА, ЗС, 55 

Peni
cillin 
(Ю μ| 
S 

S 

s 

s 

s 
s 
s 
s 
R 

R 

R 
R 
R 
R 
R 
R 
S 

Drugresistance 
Tetra
cycline ь 

S) ( io M) 
S 

S 

S 

s 

s 
s 
s 
s 
R 

R 

S 

s 
s 
s 
s 
s 
s 

Erythro
mycin с 
(10 |ig) 
S 

S 

s 

s 

s 
s 
s 
s 
R 

S 

s 
s 
s 
s 
s 
s 
s 

ι Tested at 1000 χ routine test dilution 
b Similar for streptomycin (25 μg), kanamycin (30μg), methicillin (10 μ§), and ampicillin (10 ug) 
< Similar for chloramphenicol (10 μg) 

The signs S and R mean sensitive and resistant, respectively 

are higher than 10,000 All substances, except 
those from strains 97, 37, 34, 55 and 61, were 
heat-stable Strains 289 and D-14 produced a 
substance which caused lysis of cells of 5 au
reus NCTC 9752 These compounds produced 
protoplasts from Bifidobacterium bifid urn lar 
pennsylvamcus and reduced the optical density 
of a cell wall preparation of these bacteria The 
number of reducing groups increased simultane
ously, but no free amino groups were formed 
as a result of the action of this lytic material 
(Fig 2) All other antagonistic substances did 
not lyse bacterial cells and were active against 
stable staphylococcal L-forms, in contrast to the 
lytic enzymes On basis of these results, given 
in Table 1, the S -strains can be divided into 
at least five groups, A to E 

Characterization of S "-strains. The possible 
relationship of the production of the various an
tagonistic substances to other known staphylo
coccal characteristics was examined All S*-
strains produced coagulase, catalase, deoxyn-
bonuclease, caseinase, gelatinase, and exposed 

a positive egg-yolk reaction Moreover, all 
strains produced acid from glucose under anaer
obic conditions and fermented mannitol, dextro
se, maltose, sucrose, and trehalose, while none 
of the S'-strains fermented arabinose, dulcitol, 
inositol, inuline, raffinose, salicme, sorbitol and 
xylose All strains fermented galactose and lac
tose except strains 80 and 104, which did not 
ferment galactose and lactose, and strains 96, 
918 and 704, which did not ferment lactose All 
strains produced hemolysin and pigments except 

Table 3 Cross resistance pattern of the various 
groups of S*-strains 

Group 
indicati 
strains 

A 
В 
С 
D 
E 

of 
эг 

А 
0 
8 
9 
9 
9 

Inhibition ; 
Group 

В 
8 
0 
5 
5 
2 

of 

С 
5 
4 
0 
0 
2 

soné (mm) 
S+ -strains 

D 
5 
5 
0 
0 
2 

E 
1 
1 
1 
1 
0 
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TIME (month) 

Fig. 3. Spontaneous elimination of staphylococcin 
production upon storage. The S'-strains were stored 
onTSA and subcult ured each fortnight andthe number 
of staphylococcin producing cells was determined, o, 
S. aureus 289; · , 5. aureus 89; D, 5. aureus 55. 

ACRIFLAVINE(yg/ml) 
Fig. 4. Dependence of the elimination of the staphy

lococcin production ofS. aureus 89 cells on the con
centration of acriflavine. Cells of an overnight culture 
were inoculated in nutrient broth (pH 7.6) containing 
various concentrations of acriflavine. After 36 hr incu
bation at 37 С in the dark the percentage of S --cells 
(·) and the optical density at 600 nm (o) was determi
ned. 

Table 4. Inhibitory spectrum of the various types of antagonistic substances 

Microorganisms tested 

Gram-positive 
Staphylococcus aureus 
Staphylococcus epidermidis 
Streptococcus faecalis 
Streptococcus allantoicus 
Streptococcus mutans 
Bacillus cereus 
Bacillus megaterium 
Bacillus subtilis 
Bacillus pumilis 
Corynebacterium diphteriae 
Corynebacterium pseudodiphtheriticum 
Bifidobacteruim bifidum 

var. pennsylvanicus 
Gram-negative 

Escherichia coli 
Citrobacter freundii 
Klebsiella pneumoniae 
Proteus morganii 
Serratia marcescens 
Salmonella typhimurium 
Pasteurella pseudotuberculosis 
Agrobacterium tumefaciens 
Pseudomonas aeruginosa 

No. of 
tested 
strains 

32 
9 
2 

6 

A 
Group 

30 
8 
0 
3 
0 
2 
1 
2 
1 
1 
1 

1 

0 
0 
0 
0 
0 
0 
0 
0 
0 

No. of strains senitive 
В С and D 

Group Group 

26 23 
6 6 
2 2 
3 3 
3 3 
2 2 
1 1 
2 2 
1 1 
1 1 
1 1 

1 1 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

to 
E 

Group 

20 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
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5612,97 and 704 Phage-typc and drug-resistance 
are given in Table 2 Among the S'-strains 47% 
was penicillin resistant and 1, 9, 1 and 6 strains 
belonged to groups I, II, III, I and III, respective
ly 

Inhibitory spectrum. On basis of the differen
ces in the cross-resistance pattern (Table 3), the 
division of the 17 S'-strains into groups A to 
E could be further established No difference 
was observed between group С and D None 
of the S '-strains was sensitive to the antagonistic 
substance of its own group Moreover, S аигеич 
704 was only active against S aureus strains 
All other substances had a broader inhibitory 
spectrum, and many other gram-positive bacte
ria were sensitive, but none of the tested gram-
negalive bacteria (Table 4) No correlation was 
found between phage-type and susceptibility to 
the antagonistic substances of the various 
groups fcxeept compound 704, which was not 
tested, all antagonistic substances had no effect 
on red blood cells 

Spontaneous elimination. Most S'-strains lost 
spontaneously their ability to produce the an
tagonistic substances upon subcultivation on 
TSA slabs each fortnight, the inhibition zones 
on agar plates and the peicentages of S -cells 
decreased (Fig 3) Such elimination was obser
ved with all strains except strains 704, 289 and 
D-14 The elimination was not limited to a speci
al phage type 

Inductive elimination. Various physical and 
chemical treatments have been used to increase 
the rate of elimination of plasmid-borne determi
nants in 5 aureu!, (23, 27, 32, 33) We te-ted 
S aureus 89 S in moie detail Growth of this 

strain in the presence of acriflavine caused an 
increase of the elimination rate which appeared 
to be concentration dependent (Fig 4) 89 S ' 
cells surviving acriflavine treatment at high con
centrations (above 2 Pg/ml) were more resistant 

10' 

10u 

10 15 20 

TIME(hr) 

25 

Fig 5 Growth of S aureus 89 S'tn nutrient broth 
(pH 7 6) containing 1 2 Mg of ethidium bromide per 
ml at 37 С At the time interi ah indicated the number 
of colony-forming units fCFU) of totalcells(^),S'C) 
and S (о) cells dem ed from 89 S + nere determined 
The growth cune of itram 89 S-(&) in thepre\ence 
of ethidium bromide is also gi\ en 

Table 5 Elimination by various treatments of the production of antagonistic substances from 
S aureus 89 S* 

Treatment a 

Conlrol 
Fthidium bromide 
Acridine oiange 
Acriflavine 
Sodium dodecyl sulfate 
Growth at 42 С 

Total number 
of colonies 
tested 

988 
245 
191 
260 
129 
283 

— -

Number 
S 

0 
230 

23 
65 

129 
279 

Flimination 

(%) 

0 1 
94 0 
12 1 
25 0 

100 
98 6 

ι The experiments were performed as described in Materials and Methods Concentiations optimal for 
elimination were used for ethidium bromide (1 25 ug ml), acridine orange (15 0 «g ml), acriflavine 
(2 «g'ml), and sodium dodecyl sulfate (30 og/ml) 
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to acriflavme and showed d 50 to 200-fold lower 
elimination late upon a second acriflavme cur
ing Acndine orange, ethidium biomide and so
dium dodec>l sulfate (SDS) exposed a similar 
effect as acriflavme ( I able ">) Cnowth at 41 to 
44 С lesults in a high elimination of the penicilli
nase plasmid ( I 21) Growth of the 89 S stiam 
at 42 С caused a very rapid elimination, while 
at temperatures higher than 41 С the cells were 
killed (Table S) 

To exclude selection of the S"-cells dining 
cuung conditions, cells of strain 89 containing 
0 19i S -cells were incubated in 0 OS M phos
phate butter (pH 7 6) containing various concen
ti ations of acriflavme No increase in the peicen-
tage of S -cells was observed among the survi
ving cells indicating that 89 S and 89 S -cells 
are equally sensitive to acriflavme 
Furthermore, the growth kinetics of 89 S cells 
in the presence of ethidium bromide showed that 
during the initial lag-phase the number of S - -
cells remained constant, but increased very rap
idly when cell multiplication started (big 5) The 
growth curves of the 89 S and 89 S~ strains 
were identical m the presence of ethidium bromi
de (big S) or sodium dodecyl sulfate (10 Mg/ml) 

No elimination was observed in strains 289, 
D-14 and 704 under all conditions used for strain 
89 S , but all other S stidins yielded results 
similar to strain 89 S However, the elimination 
rates were markedly lower at elevated tempera
ture and on tieatment with sodium dodecyl sul
fate foi stiains 5612, 80 104 and 97 

Penicillin and metal-ion resistance. 5 aweus 
strain 89 S is resistant to penicillin and various 
metal-ions These characteristics are located on 
a plasmid in many strains of 5 anrem, and can 
be eliminated under various cuung conditions 
(27, 28) No penicillinase-negative cells weie de
tected in stiain 89 under various curing condi
tions It appeared that the ability to produce 
antagonistic substance and the resistance to the 
inoiganic salts was always eliminated concomi
tantly When I09 cells of strain 89 S" were plated 
on TSA containing 7x10 'M cddmium sulfate, 
a few resistant colonies arose after a few days 
of incubation I hese colonies were only resis
tant to cadmium and did not produce antagonis
tic substances Similar results were found for 
all strains of group D 

Characterization of the S -strains. All S"-
strains remained resistant to the antagonistic 
compound, the oi iginal S -strain produced Fur-
theimoie, the coagulase, catalase hemolysin, 

deoxynbonuclease casemase and gelatmase 
pioduction the fei mentation of the various su
gai s the pigmentation, and the sensitivity to an
tibiotics weie identical foi all the S and corres
ponding S stiains The induced penicillinase 
activities ot 89 S and S strains, and 12 S 
and S stiains weie identical 

The phage susceptibility of several S and S" 
stiains weie compared (Table 6) I he S stiains 
tested weie obtained by vanous curing conditi
ons which revealed similar results All 80 S 
stiains became moie susceptible to phage types 
29. 52 52 A, and 80, while the 97 S - and 89 
S" stiains were all as sensitive as then parent 
S strains Two types of 12 S stiains weie ob
tained, one with the same sensitivity as 32 S 

100 

80 

60 

to 

ZO 

\ 
\ 

-

-

-

—· 

\ 
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\ 

\ 

<r 

\ 

<• . — · — 

Л \ 
\ ' 

\ 

\ 

1 1 \ 

10" 10" l O ^ l O " 5 IO"1, IO" 3 10 
CONCENTRATION ( M l 

1-2 

10 10 10 10 Ί ο 10 " 10 J 10" 

CONCENTRATION ( M ) 

Fig 6 Sur\i\al of S aureus 89 S' (o) and 89 S 
(0) as a function of the concentration of various inor
ganic salts About 10* colon\-forming units per ml 
were spread on TSA containing various concentra
tions of inorganic salts After 30 hr incubation the 
percentage of яиг\поп Has determined A Cadmium 
sulfate В Zinc sulfate С Mercuric nitrate, D So
dium arsenate 
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Table 6. Comparison of the susceptibility of S* and S~ strains to various phages 

Number of plaque forming units 

Strain 29 52 52A 80 81 N 7 47 53 54 88 83A 75 77 77Ad 42E 
(units χ 103) 

97 S+ 15 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
97 S" 14 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
80 S+ 0.04 0.2 0.2 0.2 1.0 0.2 5.4 17 0.3 13 1.2 1.2 24 5.4 5.4 15 
80 S" 5 2.8 4.2 3.0 1.0 0.2 4.5 19 0.3 15 1.2 1.9 19 6.6 4.8 13 

ЗА 3B ЗС 55 71 
(units χ 10») 

89 S+ 0 0 0 0 94 
89 S~ 0 0 0 0 88 
32 S+ 0.12 3.1 37 25 81 
32 Sf 0.01 3.1 38 29 80 
32 S2- 0.10 3.1 38 34 87 

strains and one with a lower sensitivity to phage 
type 3 A. Strain 89 S" was not sensitive to phage 
preparations obtained from strain 89 S ' by ultra
violet irradiation. 

The 89 S* and 89 S" strains were compared 
for resistance to various inorganic salts (Fig. 6). 
The resistance index or Rl values, defined as 
the ratio between the concentrations at 50% sur
vival for positive and negative strains, were 13, 
4.5, 5.6, 16 and 4.1 for cadmium sulfate, zinc 
sulfate, mercuric nitrate, sodium arsenate, and 
lead nitrate, respectively. Similar results were 
found for all strains of group D. 

DISCUSSION 

Seventeen (6.3%) out of 270 tested strains of 
Staphylococcus aureus produced antagonistic 
substances against the three indicator strains 
used. The producing strains (S* strains) beloug-
ed to the phage group I (1 strain), phage group 
II (9 strains), phage group III (1 strain), and 
to phage groups 1 and III (6 strains) and 8 out 
of 17 were penicillin resistant. In accordance 
with Lachowicz (22) and Fink and Ortel (11) 
most S" strains belonged to the phage group 
II. 

On basis of their properties and inhibitory 
spectrum the antagonistic compounds reported 
here could be divided into at least five groups 
(A to E). The substances of group A caused 
lysis of cells and hydrolysis of a cell wall prepara
tion and were defined as lytic enzymes. The 
compounds of groups В. С and D inhibited stable 
staphylococcal L-forms without causing lysis 

and exhibited molecular weights of higher than 
10.000. So they are distinct from cpidermidins 
(17) and cell wall lytic enzymes and may be defin
ed as staphylococcins on basis of the definition 
given in the introduction. The two strains of 
group A exposed a similar phage type pattern 
as did the strains of groups В and D, and the 
S'-strains within the groups seemed closely rela
ted. No differences were observed in the inhibi
tory spectrum of groups С and D, but the size 
of inhibition zones against several indicator 
strains and the heat-stability were different. All 
S'-strains belonging to group D are penicillin 
resistant, belong to phage group II and seem 
to be similar to S "-strains of phage type 71 de-
cribed by Parker and Simmons (30), Dajani et 
al (7.( AND Lachowicz (2). 

These authors demonstrated loss of the ability 
to produce staphylococcin in several strains 
upon storage. However, no detailed studies were 
made to elucidate this phenomenon. We found 
that the genes involved in staphylococcin pro
duction and resistance to inorganic salts are ra
ther unstable in 5'-strains of group D, while 
the genes involved in penicillinase production 
are stable characters. The loss might be explain
ed as the elimination of a prophage and co-
elimination of the adjacent chromosomal genes 
for staphylococcin production and resistance to 
inorganic salts. Alternatively, the presence of 
a prophage in Л. aureus may suppress or induce 
one or more characteristics (8). However, no 
differences were observed in the phage type pat
tern of strains 89 S ' and 89 S", and strains 89 
S" were not susceptible to the phage lysates 
obtained from strains 89 S * by ultraviolet irradia-
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Hon Therefore , the involvement of a prophage 
is unlikely Otherwise the elimination may be 
explained by the loss of a plasmid harboring the 
genes for s taphylococcin production and mctal-
lon res is tance Elimination of these genes was 
e n h a n c e d by growth of the bacteria at 42 С 
Similar results were obtained for the penicillina
se plasmid ( 1 , 2 , 21) This elimination could be 
due to heat-induced mutations (35), but is impro
bable since no selecting condit ions for S" cells 
were applied and it would require an extraordi
narily high mutat ion rate Ethidium bromide, 
acnflavine, and a c n d i n e orange increased the 
elimination rate without changing the phage type 
pattern A similar result was found for penicilli
nase plasmids (27, 32) The dyes do not expose 
selective advantages for S" cells under curing 
condit ions because S" and S* cells growed 
equally well and no increase in the percentage 
of S~ cells was obtained in buffered dye solu
tions T h e kinetics of curing with ethidium bro
mide are similar to those ot the peniu l lmase plas
mid (32) Also sodium dodecyl sulfate, a known 
curing agent for several plasmids (27, 33) 
increased the elimination rate strongly 

T h e s e results suggest that the S* strains of 
type D carry a plasmid harboring the genes 
involved in staphylococcin production and in 
metal-ion res is tance The dyes may intercalate 
with the adjacent base pairs of the plasmid, inhi
biting its replication and causing loss of the plas
mid Sodium dodecyl sulfate is supposed to in
terfere with the initiation site on the m e m b r a n e 
causing a block in replication of the plasmid and 
subsequently an elimination (27, 32, 33) Though 
the S strains of group D are penicillin resistant, 
the ability to produce penicillinase seems to be 
c h r o m o s o m a l determinants , because no elimina
tion was observed 

Transduct ion studies on these p h e n o m e n a are 
further in progress 

LITERATURE CITED 

1 Asheshove Ε H 1966 Loss of antibiotic resis
tance in Staph\loiO(.(.us aureus resulting from 
growth at high temperature J Gen Microbiol 
42 403-410 

2 Barber, M 1949 The incidence of penicillin-
sensitive variant colonies in pemcillinase-
producing strains of Staphylococcus pyogenes 
J Gen Microbiol 3 274 282 

3 Bentley D W R H Haque R A Murphy, 
and M H Lepper 1967 Biotyping, an epidemio
logical tool for coagulase-negative staphylococci 
Antimicrob Ag Chemother p54-59 

4 Blair, J E , and R fc О Williams 1961 Phage 
typing of staphylococci Bull Wld Hlth Org 
24 771 784 

5 Cornil, A V and V Babes 1885 Un antagoniste 
microbien nouveau J Conn med prat (Pans) 
7 321 121 

6 Dajani, A , Ε Gray and I Wannamaker 1970 
Effect of a bactericidal substance from Staphslo-
(occus aureus on gioup A streptococci Infect 
Immunity 1 48S 490 

7 Dajani, A and 1 Wannamaker 1969 Demon
stration of a bactcncial substance against ß-
hemolylic streptococci in supernatant fluids of 
staphylococcal cultures J Bactenol 97 985-991 

8 Duval Iflah, Y 1972 Lysogenic conversion of the 
lipase in Staphyhiouus pyogenes group III 
strains Can J Microbiol 18 1491 1497 

9 Farmer,! J III 1972 Epidemiological differentia 
Uon of Serratia marcescens typing by bactenocin 
production Appi Microbiol 23 218-225 

10 Farmer J J III and L G Herman 1969 Epide
miological fingerprinting of Pseudomonas aerugi
nosa by the production and sensitivity to pyocin 
and bacteriophage Appi Microbiol 18 760-765 

11 Fink, H , and S Ortel 1969 Untersuchungen über 
Staphylococcine I Isolierung Staphylococcin-
bildender Stamme, Herkunft 1 ysisbild und Anti
biotikaresistenz Zentralbl Baktenol Parasitenk 
Abt I Ong 211 39-47 

12 Fredenque, Ρ 1946 Sur la sensibilité et l'activité 
antibiotique des staphylococciques С R Soc 
Biol 140 1167 1170 

13 Gagliano V , and R Hinsdill 1970 Characteriza
tion of a Staphylococcus aureus bactenocin J 
Bactenol 104 117 125 

14 Ghuysen J M ,andJ L Strominger 1963 Struc
ture of the cell wall of Staplnlococcus aureus, 
strain Copenhagen I Preparation of fragments 
by enzymatic hydrolysis, Biochem 2 1110-1119 

15 Halpert S Ρ , I Swick, and С Sonn 1952 Cha
racteristics of antibiotic producing strains of the 
ocular bacterial flora J Immunol 70 400-410 

16 Hamon, Y , and Y Perón 1963 Quelques remar
ques sur les bactenoemes produites par les micro
bes gram positifs С R Acad Sci Ser D 
257 1191-1193 

17 Hsu С and G M Wiseman 1972 The nature 
of epidermidins new antibiotics from staphylo
cocci Can J Microbiol 18 121-125 

18 Jeffries С D F D Holtman, and D G Guse 
1957 Rapid method for determining the activity 
of micro organisms on nucleic acids J Bactenol 
73 590 591 

19 Jetten, Λ M , and G D Vogels 1972 Nature 
and properties of a Staphylococcus epidermidis 
bactenocin J Bactenol 112 244-250 

20 Jetten, A M , and G D Vogels 1972 Mode of 
action of a Staph\lococciis epidermidis bacteno
cin Antimicrob Ag Chem other 2 456-463 

20 



21 Jenen, A M G D Vogels, and F de Windt 
1972 Production and purification of a Stiiph\lo-
coccus epidermidis bactenocin J Bactenol 
112 235-242 

22 Lathowicz, Τ 1965 Investigations on slaphylo-
coccms Zentralbl Baktenol Parasitenk Abt I 
Ong 1% 340-351 

23 May, J W , R Η Houghton, and С J Perret 
1964 I he effect of growth at elevated tempera
tures on some heritable propeities of Stttplnh-
(occus aureus J Gen Microbiol 37 157-165 

24 Mc Clung, L S , and R Toabe 1947 The egg 
yolk plate reaction for the presumptive diagnosis 
of Clostridium sporogene·! and certain species of 
gangrene and botulinum groups J Bactenol 
S3 139-147 

25 Mernkin, D , and С Terry 1972 Use of pyocin 
78-C2 in the treatment of Pseudomonas aerugino
sa infecUon \n m\ce Appi Microbiol 23 164-165 

26 Novick, R Ρ 1962 Micro-iodometric assay for 
penicillinase Biochem J 83 236-243 

27 Novick, R Ρ 1969 Extrachromosomal inheri
tance in bacteria Bactenol Rev 33 210 263 

28 Novick, R Ρ , and M Richmond 1965 Nature 
and interactions of the genetic elements governing 
penicillinase synthesis in Staphylococcus aureus 
J Bactenol 90 467-480 

29 Novick R Ρ and С Roth 1968 Plasmid linked 
resistance to inoiganic salts in Staph\locoiiu\ 
aniens J Bactenol 95 1335-1342 

30 Parker M I and L Simmons 1959 1 he inhibi
tion of Conni hai tei inni diphtherial and other 
gram positive organisms by Staphsloionus au
reus J Gen Microbiol 21 457-476 

31 Polilowski Μ , Τ I achowicz, R Drop and Ζ 
Kolodziejczyk 1966 Interim report on the treat
ment of staphylococcal infections with staphylo-
coccm A Postepy Mikrobiol 5 495 498 

32 Rubin S J , and h D Rosenblum 1971 Kfects 
of ethidium bromide on growth and on loss of 
the penicillinase plasmid oj Staplnloionus au
reus J Bactenol 108 1200-1204 

33 Sonstem, S A , and J N Baldwin 1972 Loss 
of the penicillinase plasmid after treatment of 
btaplnloioicus aureus with sodium dodecyl sul
fate J Bactenol 109 262 265 

34 Vosti К L 1968 Production of and sensitivity 
to colicms among serologically classified strains 
of l· sc hem hut ioli J Bactenol 96 1947 1952 

35 Zamenhof S and S Green 1958 Heat as an 
agent producing high frequency of mutations and 
unstable genes in Escherichia ioli Nature 
181 611 

21 





CHAPTER III 

PRODUCTION AND PURIFICATION OF A 

STAPHYLOCOCCUS EPIDERMIDI S BACTERIOCIN 

Liquid cultures of Staphylococcus epidermidis 1580 contained rather small 
amounts of a bactenocin, staphylococcin 1580, which was found both in the 
supernatant fluid and in the cell pellet It could be extracted from the cells 
with 5% NaCl solution The staphylococcin production could not be induced by 
ultraviolet irradiation or treatment with mitomycin Γ Bacteria grown on ьеті-
solid medium produced a much larger amount of the compound with a high 
specific activity The staphylococcin was purified by ammonium sulfate precip
itation, ultracentnfugation, and chromatography on Sephadex columns The 
purified material was homogeneous on Polyacrylamide gel electrophoresis The 
molecular weight was between 150,000 and 400,000 The bactenocin was com 
posed of protein, carbohydrate, and lipid and consisted of subumts exhibiting a 
molecular weight of about 20,000 

Bactenocins are high molecular-weight bac
tericidal substances produced by various spe 
cíes of bacteria and are active against the same 
and related species The specificity of their 
action and their nature distinguish them from 
most of the "classical" antibiotics Many bac 
teriocins have been described and classified 
(23, 32, 35), but only a few of them have been 
studied in detail The best studied of the bac
tenocins are the cohcins, bactenocins pro
duced by certain strains of Enterobactenaceae 

Investigations of the chemical nature of bac 
teriocins have shown them to be a heteroge
neous group of substances ranging from simple 
proteins (7, 13, 17, 20) and proteins complexed 
with carbohydrates and lipids (22, 24, 26) to 
particles resembling phages (18 25, 30, 40) 

The lethal action of a bactenocin on sensi 
tive bacterial cells seems to occur in two 
phases, namely, initial combination of the bac
tenocin with specific receptor sites located on 
the cell surface followed by effect on an intra
cellular biochemical target via the mediation 
of a specific transmission system (19, 31) 

The ability to synthesize bactenocin de 
pends upon the presence of a bactenocinogenic 
factor Certain bactenocinogenic factors have 
been identified as extrachromosomal elements 
(Plasmids) (3, 38) 

The staphylococcins, bactenocins produced 
by staphylococci, were first described by 
Fredenque in 1946 (9) He distinguished sev
eral different staphylococcins on the basis of 

their inhibition spectrum Probably because of 
the difficulty of producing (1 2, 10) and iso
lating (21, 27, 34) man> staphylococcins in 
large amounts, little is known about their na
ture, genetics, and mode of action (6, 28) Re
cent studies of Dajani et al (4, 5) and Gagliano 
and Hinsdill (10) described the isolation and 
purification of two different staphylococcins 
They have shown that, unlike manv other bac
tenocins, the production of staphylococcin 
seems not to be induced by ullraviolet irradia
tion or treatment with mitomycin С 

This study deals with the production and 
purification of a bactenocin produced by 
StaphslococLius epidermidi^ This bactenocin 
is different from the two staphylococcins just 
mentioned 

MATERIALS AND METHODS 

Microorganisms. The staphylococcin producing 
strain S epidermidit 1580 was obtained from Τ 
Lachowicz of the Institute of Hygiene and Epidemi
ology, Krakow, Poland The strain is coagulase nega
tive, does not ferment mannitol, and is not hemo
lytic S aureus Oxford 209 Ρ was used as indicator 
strain Both strains were grown on Trypticase soy 
agar and were subcultured once a week 

Bacteriocin assay. Staphylococcin was deter
mined by the method of Reeves (35) with slight 
modifications One milliliter of serial dilutions of the 
bactenocin was mixed in sterile tubes with 1 ml of 
Trypticase soy broth (TSB) and 10' bacteria from an 
exponential phase culture of the indicator strain 
Subsequently, the tubes were incubated at 37 С for 4 

23 



hr, and bacterial growth was determined by meas
urement of the optical density at 600 nm (Fit; 1) 
The increase in optical density corresponding to 
100% survival was determined in a control tube con
taining no staphylococcin The reciprocal of the dilu
tion Yielding ϋ09ί increase was taken to be the ac
tivity in arbitrary units per milliliter (A U /ml) 
Specific activities arc represented as arbitrary units 
per milligram of protein (A U /mg) 

Protein assay. The protein was determined by 
the method of Lowry (29) with bovine serum al
bumin as reference 

Induction. S epidermidi* 1580 was inoculated 
and grown overnight in 2% proteose peptone no 3 
(Difco) Fhe overnight culture was diluted to about 
108 cells/ml with the same medium The diluted cul
ture was transferred to a New Brunswick gyratory 
shaker at 37 С When the culture reached a concen
tration of 6 χ 10" cells/ml, mitomvein С was added 
in a final concentration of 0 1, 0 ft, or 1 /ig per ml 
After 30 mm the cells were harvested by centrifuga-
tion and incubated in proteose peptone medium for 
an additional 4 hr 

Induction by ultraviolet irradiation was performed 
with an ultraviolet lamp (Minerahght R51) at a dis
tance ol 25 cm for 5, 10, 15, 20, and 30 sec (about 800 
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L0G 2 OILUTIOH OF BAUERIOCIN 

Fie 1 Quantitative determination of the staphy
lococcin actuity Serial dilutions (/ mi) of the bacte-
посш и ere mixed uith I ml of exponential-phase 
culture of the indicator stmin (ÍO7 cells/ml) After 
incubation, bacterial grou th aas determined by 
measurement of the absorbance at 600 nm The re
ciprocal of the dilution Melding 50% increase in ab
sorbance uith respect to the control {containing no 
staph\lococcin) и as taken to be the activity m arbi
trary units per milliliter 

ergs per cm 2 per sec) A 10-ml bacterial suspension 
(10' cells/ml) in a 10 cm petn dish was used 

Polyacrylamide gel electrophoresis. Polyacryl
amide gel electrophoresis was performed according 
to the methods described by Ornstein (33) and 
Weber (39) Gels (3 and 10%) in 0 05 м phosphate 
buffer (pH 7 0) with or without 0 1% sodium dodecyl 
sulfate (SDS) were used, 5 mA was applied per tube 
(diameter 6 mm) at room temperature The proteins 
were stained with Coomassie brillant blue R 250 (12), 
and the carbohydrates were located with the per
iodic acid-Schiff reaction (12) The staphylococcin 
activity and lipid compounds could be detected after 
removal of the SDS by soaking the gels in С 01 
M tris(hydroxymethyl)ammomethane - hydrochloride 
buffer (pH 7 0) for 18 hr To detect lipid compounds 
the gels were stained with Oilred О (12) The staphy
lococcin activity could be located by embedding the 
gel in 1 3% agar plus 3% TSB and by spraying the 
indicator strain over it After one night at 37 С the 
inhibition zone locates the staphylococcin 1580 

Continuous flow dialysis. Continuous flow di
alysis was performed in an ultrafiltration cell model 
52 from Amicon Co , Lexington, Mass 

Chemicals. Mitomycin С and Antifoam В were 
purchased from Sigma Chemical Co, St Louis, Mo. 
Sephadex G-200 and G 50 were obtained from Phar
macia, Uppsala, Sweden Trypticase soy broth was 
purchased from BBL, Cockeysville, Md Acrylamide, 
Ν,Ν,Ν ,N -tetramethylethylenediamine and methy-
lenebisacrylamide were purchased from Fluka A G , 
Buchs. Switzerland Proteose peptone no 3, nutrient 
broth, and brain heart infusion were purchased from 
Difco Laboratories, Detroit, Mich 

R E S U L T S 

D e m o n s t r a t i o n of bacteriocin production. 
S epidermidis 1580 produced a substance wi th 
antagonis t ic act iv i ty against various s taphylo
cocci a n d other gram-positive bacteria T h i s 
was d e m o n s t r a t e d first by using a t e c h n i q u e 
described by Grat ia (14) S. epidermidis 1580 
was inoculated as a spot on a solid m e d i u m 
a n d incubated a t 37 С for 18 hr. T h e n the indi
cator s t ra in Í). aureus Oxford 209 Ρ was 
sprayed over it After another 18-hr incubat ion 
an inhibit ion zone could be d e t e c t e d a r o u n d 
t h e inoculum T h i s inhibit ion zone was not due 
to the product ion of acid or base or phages b u t 
to a bacteriocin called staphylococcin 1580 in 
this s tudy No phages had been produced 
since mater ia l ex t racted with water from t h e 
inhibit ion zone did not produce plaques when 
incubated a t 37 С for 24 hr in soft brain h e a r t 
infusion agar conta in ing 10' cells of S. aureus 
Oxford 209 Ρ 

Product ion of s taphylococcin 1580. S. epi
dermidi* 1580 produced t h e bacteriocin in well 
aera ted liquid cultures in which foaming was 
res t r ic ted by Antifoam В (Sigma) N o staphy
lococcin act ivi ty could be detected in t h e su
p e r n a t a n t fluid or in the pellet obta ined by 
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centrifugation of a S epidermidis 1580 culture 
grown under anaerobic conditions Addition of 
antifoam was necessary since this staphylo-
coccin was very sensitive to mechanical agita 
tion as was shown by a rapid inactivation upon 
bubbling air through an active preparation 
This inactivation was not due to oxidation 
since mechanical agitation in a pure nitrogen 
atmosphere caused the same effect 

Various media, including proteose peptone 
no 3, Trypticase soy broth (TSB), brain heart 
infusion, a synthetic medium as described by 
Richmond (36), and nutrient broth were com
pared for staphylococcin production (Table 1) 
The largest production and the highest specific 
activity were obtained in the TSB medium No 
detectable amounts of the bactenocin were 
produced in the synthetic medium Activity 
was always found both in the supernatant fluid 
(about 80%) and the pellet (about 20%) The 
bactenocin activity of all supernatant fractions 
was greatly enhanced by dialysis Possibly, the 
cultures contain a small molecular-weight in 
hibitor either produced by S epidermidis 1580 
or present in the original media This inhib 
iting substance needs further study The sta
phylococcin can be obtained from the bacterial 
pellet by extraction with 5% NaCl in 0 05 м 
phosphate buffer (pH 7 0) In a similar way 
cohcins were previously isolated by 
Herschman and Helmski (17) 

The optimal temperature and pH range for 
staphylococcin production were between 35 

TABLE 1 Comparison of staphylococcin production 
in various media' 

Medium 

Proteose peptone 
no 3 

Brain heart infu 
sion 

Nutrient broth 
Synthetic medium 
Trypticase soy 

broth 
Dialyzed Tryp 

ticase soy broth 

Activity in 
supernatant 

Before 
dial 
ysis 

(AU)' 

0 

0 

0 

0 
50 

50 

After 
dial 
ysis 

(AU) 

90 

180 

110 
0 

400 

400 

Ac 
tivity 

in 
pellet 
(AU) 

10 

40 

20 

0 
80 

80 

Specific 
activity 

Super 
natanf 
(AU/ 

m в) 

0 27 

0 51 

0 62 

0 0 
10 

93 0 

Pellet 
(AU/ 

mg) 

0 1 

0 2 

0 15 
0 0 
0 45 

0 45 

"The pellet and supernatant of a 100 ml culture 
was tested 

' Determined after dialysis 
"Ά U Arbitrary units, see Materials and 

Methods 

and 38 С and between pH 6 5 and 8 0, respec 
tively 

The amount of staphylococcin 1580 present 
in liquid cultures was too small to allow an ef 
ficient purification procedure Moreover, sta 
phylococcin production was not induced by 
ultraviolet irradiation or treatment with mito
mycin С (Fig 2) In the presence of 0 5 Mg of 
mitomycin С per ml or with ultraviolet irra
diation of 15 sec the highest phage titer of 
about 10е plaque-forming units per ml was 
measured Upon growth of the cells on a semi 
solid medium, a crude staphylococcin prepara
tion was obtained with an activity 20 times 
higher than that in liquid cultures of the same 
volume 

Extraction of staphylococcin 1580. S epi-
dermidit 1580 was grown in petn dishes con
taining a semisolid medium consisting of 0 4% 
agar and dialyzed TSB at 37 С for 48 hr Dia 
lyzed TSB was the outer fluid obtained on di
alysis of 60 g of TSB in 100 ml of water 
against 2 liters of water at 4 С for one night A 
semisolid medium on the basis of dialyzed 
TSB was chosen to facilitate the further puri
fication steps by the absence of high-molecu 
lar-weight substances After the incubation 

FIG 2 The effect of mitom\cin С on the produc 
tion of stap/n/ococcm /580 To a culture of Staphy 
lococcui epidermide 1580 in the exponential phase 
mitom\Lin С (0 5 iig/ml) uas added at the moment 
indicated b\ the arrou Samplet uithdraun at the 
times indicated и ere abbayed for staphylococcin ac 
tiiit\ (A) and absorbance at 6<X) nm ( · ) Samples of 
an untreated culture и ere assayed in the same way 
{open svmbols) 
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period the petn dishes were placed at -20 С 
for 4 hr Thereafter, the medium was thawed 
The contents of the petn dishes were pooled 
and the resulting slurry was centrifuged at 
18,000 χ g for 10 mm in a Sorvall RC 2B centri 
fuge The supernatant fluid obtained was 
designated as the crude staphvlococcin prepa 
ration 

Purification of staphylococcin 1580. A 
scheme of the followed purification procedure 
is given in Fig 3 A saturated solution of 
ammonium sulfate (pH 7 0) was added slowly 
to the crude preparation of staphylococcin 
under constant stirring at 4 С The majority of 
the compound was obtained in the fraction 
precipitated between 0 and 55% saturation 
(Fig 4) The 55% saturated suspension was 
further stirred for 30 mm and centrifuged at 
18,000 χ g for 10 mm The pellet was dis 
solved in 0 05 м phosphate buffer (pH 7 0), and 

the clear solution was dialvzed for 18 hr 
against the same buffer During dialysis an 
inactive precipitate was formed which was 
removed by centnfugation at 18,000 χ g for 10 
min This procedure yielded a high purifica 
tion (Table 2), because all the low molecular-
weight substances had been removed 

The next steps of the purification procedure 
are based on the high molecular weight oí the 
staphylococcin and the dissociation of it into 
subumts in the presence of 6 м urea The bac-
tenocin preparation was centrifuged at 150,000 
χ g in a Spinco L-50 ultracentrifuge for one 
night The pellet containing all the activity 
was dissolved in 0 05 м phosphate buffer (pH 
7 0) Upon centnfugation in 0 1% SDS or in 6 
M urea the activity could be detected only in 
the supernatant fraction After removal of the 
SDS or urea by dialysis and centnfugation of 
the staphylococcin preparation at 150,000 χ g, 

Staphylococcus epidermidi^ 1580 

On semisolid medium (37 С 48 hr) 

Freezing and thawing 

Centnfugation at 4 С ( 18 000 χ if ) 

Supernatant fluid 

(NHJjSO. precipitation (0—55% 
fraction) and centnfugation 
at 4 С (18 000 χ g ) 

Pellet 
(discard) 

Supernatant fluid 
(discard) 

Pellet dissolved in 
phosphate buffer (pH 7 0) 

Centnfugation 
150 000 χ g 

Pellet dissolved in 
phosphate buffer 

Sephadex G 200 column 

1 
Sephadex G 50 column 
(in the presence of 6 м urea) 

1 
Staphylococcin 1580 

Supernatant fluid 
(discard) 

FIG 3 holation and purification of staphylococcin 1580 
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the activity could be detected again only in 
the pellet Therefore, it is likely that the sta 
phylococcin consists of subumts The dissolved 
pellet was applied to a Sephadex G-200 
column (2 8 by 44 cm) prepared in 0 05 м 
phosphate buffer (pH 7 0) The activity was 
eluted from the column in the first peak at the 
void volume (Fig 5) The active fractions were 

0 20 Í.Ü 60 80 
AMMONIUM SULFATE SATURATION ('/.) 

FIG 4 Distribution of the staphylococcm activity 
and protein m the fractions precipitated by ammo 
mum sulfate A crude staphylococcm preparation 
(100 ml) was fractionated by addition of a saturated 
ammonium sulfate solution The precipitates formed 
were dissolved in 0 02 M phosphate buffer (pH 7 0) 
and after dialyzation the total staphylococcm ac
tivity {solid line) and protein (dashed line) was de
termined 

pooled and concentrated in an ultrafiltration 
cell model 52 (Amicon) This preparation was 
applied to a Sephadex G-50 column (2 8 by 40 
cm) prepared in 0 2 м phosphate buffer (pH 
7 0) containing 6 м urea (Fig 6) Now, the ac
tivity was eluted from the column in the 
second peak The active fractions were pooled, 
dialyzed in a continuous-flow dialyzer model 
52 (Amicon), and lyophihzed This substance 
is designated as the purified staphylococcm 
1580 Lyophilization of purified staphylococcm 
1580 resulted in a total loss of the activity 
which could be prevented by addition of 0 5% 
bovine serum albumin to the pure bactenocin 

The results of this purification are summa
rized in Table 2 Several other attempts were 
made to purify the staphylococcm further 
Gradient elution from diethylaminoethyl cel
lulose columns with a variety of sodium chlo
ride and pH gradients, differential adsorption, 
and elution from calcium phosphate gels failed 
to yield preparationb with increased specific 
activities Upon precipitation with alcohol or 
acetone, a precipitate was formed which con
tained no activity Staphylococcm 1580 was 
applied to a Sepharose 4B column (2 0 by 26 
cm) prepared in 0 05 м phosphate buffer (pH 
7 0) The staphylococcm was eluted as a single 
peak in the region of the low molecular-weight 
substances This means that the molecular 
weight of staphylococcm 1580 was smaller than 
400,000 

Polyacrylamide gel electrophoresis. Poly
acrylamide gel electrophoresis at pH 7 0 or 8 9 
in the presence or absence of 0 19? SDS was 
used as a criterion of homogeneity of the puri
fied staphylococcm 1580 In the absence of 
SDS it appeared as a large diffuse zone on 3% 
gels upon staining for protein, lipid, or carbo
hydrate, whereas in 10% gels the bactenocin 
did not migrate from the origin and the ac
tivity could be detected at the top of the gel 
In the presence of 0 1% SDS, dissociation into 
subumts occurred and the staphylococcm ap
peared as a single band coincident with the 

TABLE 2 Purification of staphylococcm 1580° 

Purification step 

Crude preparation 
Ammonium sulfate precipitate 
150,000 χ g pellet 
Sephadex G 200 gel filtration 
Sephadex G 50 gel filtration 

Vol 
(ml) 

1,200 
60 
10 
25 
50 

Arbitrary 
units 

( A U ) 

100 OOO" 
95,000 
95,000 
90,000 
82,000 

Protein 
(mK) 

5,250 
12 0 
4 0 
2 2 
0 73 

Specific 
activity 

(A U /mg) 

19 
7,900 

23,800 
40,800 

112,500 

Re 
со егу 

(%) 

100 
95 
95 
90 
82 

Times 
purified 

1 
415 

1,250 
2,150 
5,900 

" Eighty petn dishes (1,600 ml) were used 
' Determined after dialysis of the crude preparation 
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О 20 i.0 

FRACTION NUMBER 

FIG. 5. Sephadex G-200 gel filtration of staphylo-
coccin 1580. The elation occurred in 0.05 M phos-
phate buffer (pH 7.0). Each 5-ml fraction was as
sayed for staphylococcin activity (O) and protein ( · ) . 
Tubes 21 through 34 were pooled yielding a 95% 
recovery of the total activity applied to the column. 

showed t h a t t h e subuni t must have a mole
cular weight between 10,000 and 25,000. Con
trols were run in order to detect interference of 
S D S in the d e t e r m i n a t i o n of the lipid and bac-
teriocin act iv i ty b a n d . 

D I S C U S S I O N 

Bacteria grown on semisolid Trypt icase soy 
agar yielded t h e largest extracellular s taphylo
coccin product ion a n d the highest specific ac
tivity. T h e product ion was opt imal u n d e r t h e 
same condit ions which are opt imal for t h e 
product ion of extracellular proteins (37). In 
contrast to t h e staphylococcins isolated by 
Dajani et al. (5) a n d Gagliano and Hinsdil l (10), 
staphylococcin 1580 could be obta ined from 
the cells by extract ion with 5% NaCl solution. 
Colicin E2 a n d colicin E 3 can also be obta ined 
by extract ion with a NaCl solution (17). In 
contrast to m a n y other bacteriocins, the sta
phylococcin 1580 product ion could not be in-

20 i.0 

FRACTION NUMBER 

FIG. 6. Sephadex G-50 gel filtration of staphylo
coccin 1580. The etution occurred with 0.2 M phos
phate buffer (pH 7.0) containing 6 M urea. Each 5-ml 
fraction was assayed for staphylococcin activity (O) 
and protein ( · ) . The tubes 45 through 57 were 
pooled yielding a 90% recovery of the total activity 
applied to the column. 

zone which s ta ined for protein, lipid, a n d car
b o h y d r a t e (Fig. 7). Comparison with the posi
tion of molecules with known molecular weight 
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FIG. 7. Polyacrylamide gel electrophoresis of puri

fied staphylococcin 1580 on 10% gets with 0.1% so
dium dodecyl sulfate. The gels were tested on sta
phylococcin activity {gel A) and stained for protein 
{gel B). Serum albumin {1), a-chymotrypsinogen (2), 
and cytochrome С {3) were used as references {gel C). 
About 100 Vg of protein was applied on the gel. 



duced by ultraviolet irradiation or treatment 
with mitomycin С This is in agreement with 
the results of Gagliano and Hinsdill (10) and 
Dajani et al. (4). 

Purification of staphylococcin 1580 was 
achieved by a combination of ammonium sul
fate precipitation, dialysis, ultracentrifugation, 
and gel filtration on Sephadex columns. 

Many bacteriocins have been purified in re
cent years. Bacteriocins from certain Esche
richia coli strains (30) as well as from Pseudo
monas aeruginosa (18), Listeria monocytogenes 
(15), Vibrio comma (40), and Lactobacillus 
acidophilus (25) resemble elements of bacterio
phages or whole phages. Megacin C, a bacteri-
ocin produced by Bacillus megaterium (20), 
colicin E2 and E3 (17), and cloacin DF 13, a 
bacteriocin produced by Enterobacter cloacae 
DF 13 (13), are simple proteins with molecular 
weights of approximately 60,000. 

Different from these bacteriocins are those 
which have been identified as lipo-polysaccha-
ride-protein complexes. Colicin V-K 357 (22) 
and colicin I, produced by Salmonella Stras
bourg (24), and a bacteriocin produced by Lac
tobacillus fermenti strain 466 (26) have been 
shown to be lipo-polysaccharide-protein com
plexes. Staphylococcin 1580 seems to belong to 
this class of bacteriocins, whereas the bacteri
ocin produced by Staphylococcus aureus type 
71, isolated by Dajani et al. (5), is only protein-
aceous of nature. Staphylococcin 1580 resem
bles the bacteriocin isolated by Gagliano and 
Hinsdill (10) as to the chemical composition 
but differs as to the behavior during produc
tion and isolation. Staphylococcin 1580 is to
tally different from the staphylococcin recently 
isolated by Dobardzic et al. (8) which appeared 
to be a phage-like particle. Comparison with 
other staphylococcins is not possible because 
the lack of data (2, 11, 21, 28). 

Urea and SDS split staphylococcin 1580 into 
smaller units, which migrated as one band on 
Polyacrylamide gel electrophoresis and con
sisted of protein, lipid, and carbohydrate. The 
dissociation and association of the staphylo
coccin into subunits was a reversible process. 
Gel filtration indicated that the molecular 
weight of the subunits is between 10,000 and 
25,000. However, this molecular weight cannot 
be calculated exactly from the position on the 
Polyacrylamide gel with respect to the position 
of the references (39), since the subunits con
sist of protein, lipid, and carbohydrate and the 
references consist only of protein. Protein gen
erally exposes a much more compact structure 
than carbohydrate. 

A subsequent paper deals with a further 

study of the chemical nature and some proper
ties of staphylococcin 1580. 
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CHAPTER IV 

NATURE AND PROPERTIES OF A 

STAPHYLOCOCCUS EPIDERMIDIS BACTERIOCIN 

Staphylococcin 1580, produced by Staphylococcus epidermidi^ 1580, con
sisted ot 41 Юг protein, 34% carbohydrate, a n d 21 9% lipid In the protein frac
tion, the acidic a m i n o acids, g lutamic a n d aspar t ic acid, a n d the neutra l a m i n o 
acids, glycine a n d alanine, p r e d o m i n a t e d Neutra l sugars consisted oí glucose, 
galactose, a n d fucose m a molar ratio of 6 3 1 The purified bac tenoc in was 
not inact ivated by heat ing for 15 m m at 120 С in the presence of 0 5% serum 
a lbumin a n d was stable in the p H range from 3 5 to 8 5 T h e c o m p o u n d was 
sensitive to t h e act ion of the proteolytic enyymes trypsin, Pronase, a n d chymo-
trypsin All gram-negative bacter ia tes ted were resistant, a large n u m b e r of 
gram-positive bacter ia were sensitive to staphylococcin 1580 act ion Growth of 
stable staphylococcal L forms was inhibited by the bactenocin to the same ex
tent as the i r p a r e n t s t ra ins T h e staphylococcin was adsorbed t o cell walls, cell 
m e m b r a n e s , a n d res is tant cells T h e elfect of s taphylococcin 1580 a p p e a r e d to 
be bactericidal b u t not bacteriolytic 

A previous paper (23) described the produc
t ion a n d purification of a bactenocin n a m e d 
staphylococcin 1580 a n d obta ined from Staph
ylococcus epidermidi« 1580 grown on a semi
solid m e d i u m . T h e b a c t e n o c i n was homoge
neous upon Polyacrylamide gel electrophoresis, 
exhibited a molecular weight between 150,000 
a n d 400,000, and consisted of protein, carbohy
drate, a n d lipid. In 6 м urea or in 0 1% sodium 
dodecyl sulfate, s taphylococcin 1580 was split 
in to subumts with a molecular weight between 
10,000 a n d 25,000 This paper deals with the 
n a t u r e and some propert ies of this staphylo
coccin 

MATERIALS AND METHODS 

Microorganisms. The staphylococcin was pro
duced by S epidermidis 1580 S aureus Oxford 209 
Ρ was used as indicator strain Stable staphylococcal 
L-forms and their parent strains, S aureus 212 and 
65:i8, were obtained from В Kagan, Cedars-Sinai 
Hospital, Los Angeles, Calif The other strains of the 
several bacterial species were isolated from various 
sources in the hospital or were obtained from NCTC 
All bacterial strains were maintained on Trypticase 
soy agar (BBL) Staphylococcal L-forms were main
tained on brain heart infusion agar (BHI agar, Difco) 
supplemented with 5% NaCI and 20% unhealed 
horse serum 

Isolation, purification, and assay of staphylo
coccin 1580. Staphylococcin 1580 was isolated, puri
fied, and tested according to the methods described 
previously (23) 

Chemical analysis. The protein content was cal
culated from the amino acid composition or deter
mined by the method of Lowry et al (29) by using 
bovine serum albumin as reference Total nitrogen 
was determined by the micro-Kjeldahl method (2) 
Total phosphate was measured according to Fiske 
and Subbarow (13) Deoxyribonucleic acid and ribo
nucleic acid were determined according to Burton (7) 
and Webb (41), respectively 

Amino acid analysis. Samples of staphylococcin 
1580 dissolved in 6 Ν HCl were heated at 110 С for 
24 hr in sealed, evacuated tubes The amino acid 
composition and the hexosamine content were deter
mined with a Beekman automatic analyzer model 
120 The data were corrected according to the 
method of Starbuck et al (38) The tryptophan con
tent was estimated according to Beaven and Holiday 
(4) 

Identification of carbohydrates. A sample of the 
bactenocin was hydrolyzed in 2 N H 2 S 0 4 at 100 С 
for 2 hr After neutralization with Ва(ОН)а and cen-
trifugation, the hydrolysate was applied to a Dowex 
50W-X8 (H+ form) column (1 5 by 20 cm) prepared 
in water Neutral carbohydrates were eluted with 
water Hexosamines were eluted with 2 Ν HCl and 
quantitatively determined according to Boas (6) In 
order to identify the neutral carbohydrates, thin-
layer chromatography was done for 9 hr on cellulose 
plates (Merck) with a mixture of pyridine, 1-butanol, 
and water (3 5 3, v/v/v) as solvent Samples of D-
glucose, D-galactose, D-mannose, L-fucose, L-rham-
nose, and D-xylose were used as references The chro-
matograms were dned and sprayed with a freshly 
prepared solution of 2% p-anisidine in a mixture of 
1-butanol, ethanol, and 2 Ν HCl (4 1 1, v/v/v) con-
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taining a trace of stannous chloride. After a few 
minutes at 110 С the hexoses yielded brown spots, 
the pentoses red spots, and the methylpentoses 
yellow spots (21). The total content of neutral sugars 
was determined according to the enthrone method 
(28). The determination of the relative amounts of 
the neutral sugars was performed after development 
of a 2-cm band on Whatman no. 3 paper by de
scending chromatography for 18 hr with a mixture of 
ethyl acetate, acetic acid, and water (3:2:2; v/v/v) 
as solvent. The chromatograms were dried and cut 
into strips (0.5 by 4 cm). The sugars were eluted 
with 5 ml of water and determined according to the 
enthrone method. In order to confirm the identity of 
the sugars, they were characterized by the Dische 
cysteine reactions (12). 

Est imation of lipids. The lipid content was de
termined by the methods described by Smit et al. 
(37). 

Determination of the action spectrum. S. epi-
dermidis 1580 was streaked diametrically across the 
surface of a Trypticase soy agar or blood agar plate. 
The plate was incubated at 37 С for 30 hr. Cultures 
from indicator strains were streaked in duplicate on 
the surface of the plate at right angles to the line of 
the original inoculum. The plate was incubated at 37 
С for another 18 hr. Strains, of which the growth was 
inhibited, were sensitive to staphylococcin 1580. 

Isolation of cell walls. Cell walls were prepared 
according to Chatterjee (8), but modified as indi
cated below. Late exponential-phase cells of S. au
reus Oxford 209 Ρ were mechanically disrupted with 
glass beads in a Braun disintegrator at 4 C. After 
removal of the glass beads, the suspension was 
treated with deoxyribonuclease and ribonuclease (3 
ftg/ml each) for 60 min. Whole cells were removed by 
successive centrifugations at 2,000 χ g for 10 min. 
The cell walls were sedimented at 15,000 χ g, sus
pended in 0.05 M tris(hydroxymethyl)aminomethane 
(Tris)-hydrochloride buffer (pH 7.6), and heated at 
90 С for 10 min. After centrifugation at 15,000 χ g 
and resuspension in the same buffer, the cell walls 
were treated with trypsin (200 μg/ml) at 37 С for 1 
hr. After centrifugation at 15,000 χ g the pellet was 
washed several times with water and finally sus
pended in water. This cell wall preparation was 
checked for the presence of whole cells with a phase-
contrast microscope. Cell walls of Escherichia coli 
NCTC 10418 were prepared in a similar way. 

Isolation of cell membranes. Cells of S. aureus 
Oxford 209 P, growing in the exponential phase, 
were centrifuged and suspended in 0.05 м Tns-hy-
drochloride buffer (pH 7.2) containing 25% NaCl. 
After treatment with lysostaphin (50 /ig/ml) at 37 С 
for 1 hr, the suspension was centrifuged at 10,000 χ 
g for 20 min. The spheroplasts were suspended in 
0.05 M Tris-hydrochloride buffer (pH 7.2) and treated 
with deoxyribonuclease and ribonuclease (3 /ig/ml 
each) at 37 С for 1 hr. Whole cells were centrifuged 
at 2,000 χ g for 10 min and the cell membranes at 
35,000 χ g for 20 mm. The cell membranes were 
treated once more with lysostaphin. After centrifuga
tion at 35,000 χ g and suspension in water, the final 
membrane preparation was obtained. Isolation and 

preparation of spheroplasts and cell membranes of 
E. coli NCTC 10418 was performed in a similar way 
according to Kaback (24). 

Viable count. The viable count, expressing the 
total number of colony-forming units (CFU), was 
determined by plating a suitable amount of the 
sample on proteose peptone no. 3 agar (Difco). Colo
nies were counted after incubation at 37 С for 18 hr. 

Chemicals . Bovine serum albumin, lysozyme, 
trypsin, chymotrypsin, deoxyribonuclease, ribonucle
ase, and the various sugars were purchased from 
Sigma Chemical Co., St. Louis, Mo. Pronase Ρ was 
purchased from Serva, Heidelberg, Germany. Thin-
layer chromatography was done on cellulose TLC 
aluminum sheets from Merck, Darmstadt, Germany. 
Lysostaphin was purchased from Schwarz/Mann, 
Orangeburg, N.Y. Horse serum was purchased from 
Oxoid Limited, London. 

R E S U L T S 

Chemical a n a l y s i s . T h e chemical composi
t ion of s taphylococcin 1580 is shown in Tab le 
1. Staphylococcin 1580 consisted of protein 
(41.8%), c a r b o h y d r a t e (34%), a n d lipid (21.9%). 
T h e s u m of t h e a m o u n t s of these c o m p o u n d s 
d id not qui te equal the total dry weight. T h e 
ratio between t h e percentage of protein calcu
lated from the a m i n o acid analysis a n d t h a t of 
tota l nitrogen indicated t h a t a l m o s t all ni
trogen was or ig inated from t h e prote in. T h e 
protein d e t e r m i n a t i o n according to Lowry et 
al. (29) revealed a n a m o u n t 20% higher t h a n 
t h a t expected on basis of the a m i n o acid anal
ysis and the ni t rogen content . T h e s taphylo
coccin was free from nucleic acids a n d its 
phosphate c o n t e n t was low. 

T h e protein a n d carbohydrate fractions were 
s tudied further by d e t e r m i n a t i o n of t h e a m i n o 
acid and sugar composit ion, respectively. T h e 
a m i n o acid composi t ion a n d hexosamine con
t e n t are given in Tab le 2. T h e acidic a m i n o 
acids, aspar t ic a n d g lutamic acid, a n d the neu
tral a m i n o acids, glycine and alanine, predom-

TABLE 1. Chemical composition of staphylococcin 
1580 

Component 

Dry weight 
Protein 
Neutral carbohydrates 
Hexosamines 
Lipid 
Nitrogen 
Phosphate . . 
Deoxyribonucleic acid 
Ribonucleic acid 

Percentage 

100 
41.8° 
33.6 

0.4» 
21.9 

6.47 
. . 0.15 

0.0 
0.0 

" Calculated from the amino acid analysis. 
' Determined according to Boas (6). 
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inated in staphylococcin 1580; histidine, argi
nine, methionine, and tyrosine occurred only 
in small amounts. The presence of tryptophan 
was questionable since a tyrosine-tryptophan 
ratio of about 23 was estimated as described 
by Beaven and Holiday (4) from the absorption 
spectrum in 0.1 Ν NaOH (Fig. 1). The hexosa-
mine content determined in the amino acid 
analysis was 0.95% and corresponded to the 
amount determined according to Boas (6). 

Neutral sugars could be identified in the 
acid hydrolysate of the staphylococcin by thin-
layer chromatography using a mixture of pyri
dine, 1-butanol, and water as solvent (Fig. 2). 
Two brown spots and one yellow one could be 
detected having RF values identical to those of 
galactose, glucose, and fucose, respectively. 
Development of chromatograms with mixtures 
of ethyl acetate, pyridine, and water ( 8 : 2 : 1 ; 
v/v/v), benzene, 1-butanol, pyridine, and water 
( 1 : 5 : 3 : 3 ; v/v/v/v), and ethyl acetate, acetic 
acid, and water ( 3 : 3 : 1 ; v/v/v) as solvents and 
using also fructose and arabinose as references 
led to the same conclusion. The relative 
amounts of the neutral sugars were determined 
after elution from paper chromatograms (Fig. 
3). Three distinct peaks could be observed. 
The sugar contents calculated from the areas 
of the peaks were 59% glucose, 31% galactose, 
and 10% fucose. In order to confirm the iden-
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FIG. 1. Absorption spectra of staphylococcin ¡580. 

Staphylococcin was dissolved in water and the ab-
sorbance at the wavelengths indicated was measured 
(O). The same was done with staphylococcin 1580 
dissolved m 0.1 N NaOH ( · ) . 

F 

TABLE 2 Amino acid composition and hezosamme 
content of staphylococcin 1580 

Ammo acid 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Histidine 
Arginine 
Cysteine 
Tryptophan 
Hexosamine 
Ammonia 

Moles/100 moles 

10 26 
5 49 
6.98 

10 59 
6.37 
9 98 

10 10 
666 
1.01 
7.20 
6 34 
1.92 
6 72 
6 56 
2.19 
1.50 
000 
0.08' 
0.95" 

12.46 

° Calculated according to Beaven and Holiday (4) 
using the date of Fig. 1. 

* Corrected for loss during hydrolysis. 

« φ 

Q I I I I I I I 

1 2 3 I, 5 6 7 
FIG. 2. Chromatography of neutral sugars in the 

acid hydrolysate of staphylococcin 1580. Thin-layer 
chromatography was performed on cellulose plates 
with a mixture of pyridine, 1-butanol, and water as 
solvent. A sample of the hydrolysate was applied as 
a spot in the middle {4) Samples of rhamnose (Í), 
mannose (2), glucose (3), galactose (5), fucose (6), 
and xylose (7) were used as references After devel
opment, the components were detected upon 
spraying with a p-amsidine solution. O, Origin. F, 
Front line of the solvent. 

t i ty of glucose, galactose, and fucose, the 
sugars were analyzed by the Dische cysteine 
reactions (12). The absorption spectra were 
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ident ica l t o those of the a u t h e n t i c substances 
(Fig. 4). 

Stabi l i ty of the bacteriocin act iv i ty . Crude 
p r e p a r a t i o n s of the staphylococcin were stable 
u p o n h e a t i n g for 15 min a t 120 C. Purified 
s taphylococcin was fully destroyed u n d e r these 
condi t ions but was stable in the presence of 
0.5% bovine serum a lbumin (Table 3). The 
staphylococcin 1580 was very sensitive t o me
chanical ag i ta t ion: a rapid decrease of activity 

TABLE 3. Effect of various treatments on the 
activity of purified staphylococcin 1580° 

10 20 
fRAUION NUMBER 

FIG. 3. Paper chromatography of neutral sugars in 
the acid hydrolysate obtained from staphylococcin 
1580. The hydrolysate was applied as a 2-cm band 
on Whatman no. 3 paper. After development, the 
chromatogram was cut into strips and the sugars 
were eluted from these strips with 5 ml of water. In 
the eluted fractions the sugar was determined ac
cording to the anthrone method. The peaks corre
sponded to galactose (i), glucose (2) and fucose (3). 
The molar ratio of the sugars could be calculated out 
of the area of the peaks. Fractions 1 and 55 corre
spond to the application place and the front of the 
solvent, respectively. 

TOO m и» ν» wo то мо 
wmiNGTH M 

Fie. 4. Characterization of the neutral sugars 
present in the acid hydrolysate of staphylococcin 
1580 Paper chromatography was performed on 
Whatman no. 3 paper with a mixture of ethyl ace
tate, acetic acid, and water (3 2 2, v/v/v) as solvent. 
After development the sugars were eluted from the 
paper and characterized by the primary (broken line) 
and secondan (solid line) cysteine reaction. 

Addition 

None 
None 
BSA» 
BSA" 
None 
BSA" 
Glycerol 10% 
Glycerol 30% 
^-Mercaptoethanol' 
Trypsin" 
Pronase" 
Chymotrypsin'' 
Lysozyme'' 
Lysostaphine 
Phenol 
Hexane 

Conditions 

2 weeks, 4 С 
2 months, 4 С 
2 weeks, 4 С 
2 months, 4 С 
15 mm, 120 С 
15 min, 120 С 
2 weeks, 4 С 
2 weeks, 4 С 
2 weeks, 4 С 
30 min, 37 С 
30 min, 37 С 
30 min, 37 С 
60 min, 37 С 
60 min, 37 С 
Extraction 
Extraction 

Percentage 
residual 
activity 

60 
5 

100 
100 

0 
100 

5 
5 

60 
0 
0 

20 
100 
100 

0 
0 

° Five micrograms of purified staphylococcin, 
equivalent to 560 arbitrary units, present per milli
liter of incubation mixture. 

"0.5% Bovine serum albumin. 
^О.Об M /J-Mercaptoethanol. 
"Trypsin, Pronase, chymotrypsin, or lysozyme 

(200 /ig/ml) was incubated with the staphylococcin 
preparation at pH 7.5. 

' Lysostaphin (10 μζ/τηΐ) was incubated with the 
staphylococcin preparation at pH 7.0. 

was observed upon bubbling nitrogen through 

a n a c t i v e p r e p a r a t i o n . Lyophi l iza t ion a n d 

storage a t 4 С for a long period strongly re
duced t h e activity. This effect could not be 
p r e v e n t e d by addi t ion of j8-mercaptoethanol 
(0.06 M) or glycerol (10 or 30%). T h e decrease 
in act ivi ty was even larger in the presence of 
glycerol. However, in the presence of 0.5% bo
vine se rum a lbumin, staphylococcin 1580 could 
be lyophilized a n d stored for a long period 
without loss in activity. 

T h e s taphylococcin was sensitive to the ac
t ion of trypsin, Pronase, and chymotrypsin. 
Lysozyme a n d lysostaphin had no effect on the 
act ivi ty of the staphylococcin. Separat ion of 
the protein moiety by t r e a t m e n t with an equal 
volume of 90% phenol a t 4 С resulted in an in
act ive protein preparat ion. Extract ion with an 
equal volume of hexane destroyed the activity. 
T h e act ivi ty was not destroyed by a 2-hr incu
bat ion period a t p H values between 3.5 and 8.5 
at 37 С (Fig. 5). 

Action spectrum. T h e action spectrum was 
d e t e r m i n e d according to the method described 
in M a t e r i a l s a n d M e t h o d s . T h i s m e t h o d 
proved to be very reproducible. T h e growth of 
bacter ia which were sensitive to staphylococcin 
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FIG. 5. Stability of staphylococcin 1580 at various 
pH values. Samples of staphylococcin 1580 (3,500 
arbitrary units) were placed at various pH values for 
15 min (О) and 2 hr ( · ) at 37 С pH 5.5 and 7.0 were 
adjusted with 0.1 M acetate and 0.1 M phosphate 
buffer, respectively. The other pH values were ad
justed with 2 N HCl or 1 N NaOH. After this incuba
tion the pH was brought back to pH 7.0 with HCl or 
NaOH and the staphylococcin activity of the several 
samples was determined. 

1580 was inhibited, whereas resistant strains 
were not (Fig. 6). All gram-negative bacteria 
tested were resistant (Table 4). Most of the 
gram-positive bacteria were sensitive to the 
action of the bacteriocin. Eighty different 
strains of S. aureus, isolated from patients in 
the hospital, were tested for sensitivity, and 
about 28% of the strains were sensitive. These 
strains represented various phage types and no 
correlation between susceptibility and phage 
type was noticeable. The staphylococcin-pro-
ducing strain S. epidermidis 1580 was resistant 
to the action of its own bacteriocin. 

Among the sensitive bacteria, a variation of 
susceptibility was found not only among var
ious species but also among different strains of 
the same species (Table 5). 

Stable staphylococcal L-forms, growing in 
3.8% BHI supplemented with 5% NaCl and 
20% unheated horse serum were equally as 
sensitive to staphylococcin 1580 as their parent 
strains (Table 5). Spheroplasts of E. coli 
NCTC 10418, growing in 3.0% TSB supple-

Fic. 6. Demonstration of sensitivity of various 
bacteria to staphylococcin 1580. Staphylococcus epi
dermidis 1580 was streaked diametrically across the 
surface of a blood agar plate. After incubation the 
test strains were streaked in duplicate as indicated. 
A, Staphylococcus aureus NCTC 6571. B, Staphylo
coccus epidermidis 1580. C, Staphylococcus aureus 
Oxford 209 P. D, Streptococcus faecalis NCTC 9790. 
The sensitive strain Staphylococcus aureus Oxford 
209 Ρ showed inhibition. 

mented with 3% NaCl, 5% unheated horse 
serum, and 50 μ% of lysozyme/ml, were still as 
resistant as cells of their parent strain. 

Adsorption. Staphylococcin 1580 was incu
bated with bacterial cells, cell walls, and cell 
membranes at 37 С for 1 hr. After centrifuga-
tion the staphylococcin activity was deter
mined in the supernatant fluid (Table 6). 
Staphylococcin 1580 was adsorbed both to cell 
walls and cell membranes of S. aureus Oxford 
209 Ρ and E. coli NCTC 10418. Whole cells of 
S. epidermidis 1580, S. aureus NCTC 6571, E. 
coli NCTC 10418, and S. faecalis NCTC 9790, 
which were resistant to the action of the bacte
riocin, adsorbed staphylococcin 1580. 

Bactericidal effect of staphylococcin 1580. 
Treatment of S. aureus Oxford 209 Ρ grown in 
the exponential phase with staphylococcin 
1580 caused a rapid decrease in the number of 
CPU whereas the optical density at 600 nm 
remained constant (Fig. 7). These results indi
cated that the effect of staphylococcin 1580 on 
sensitive bacteria was bactericidal rather than 
bacteriolytic. 

DISCUSSION 

Investigations of the chemical nature of bac-
teriocins have shown them to be a very hetero
geneous group of substances ranging from 
simple proteins and proteins complexed with 
lipids and carbohydrates to particles resem
bling phages. 
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TABLE 4. Inhibitory spectrum of staphylococcin ¡580 

No of No of 
Microorganisms tested strams strains 

tested sensitive 

S t a p h y l o c o c c i n 1580 cons i s t ed of p ro te in 
(41.8%), lipid (21.9%), and carbohydrate (34%). 

Comparison of the amino acid composit ion 
of s taphylococcin 1580 and several other bacte-
riocins (11, 19, 25) reveals many similari t ies. In 
all these bacteriocins, the acidic amino acids, 
g lutamic a n d aspar t ic acid, a n d the neutral 
amino acids, glycine and alanine, were pre
dominan t . In contras t to most of the other 
bacteriocins, t he phenyla lanine content was 
high in staphylococcin 1580. 

Compar ison of the amino acid composit ions 
a n d eventual ly the sugar con ten ts of staphylo
coccin 1580 and other s taphylococcins is not 
possible because no da ta are available (10, 15, 
27). 

T h e purified staphylococcin 1580 was inacti
vated by lyophilization, mechanical agi tat ion, 
storage a t 4 С over a long period, a n d heat 
t r e a t m e n t a t 120 С for 15 min . Addit ion of 
bovine serum a l b u m i n had a stabil izing effect 

TABLE 5. Susceptibility of various bacterial strains 
to staphylococcin 1580 

Microorganisms tested 

Staphylococcus aureus 
NCTC 6571 

S. oureus Oxford 209 Ρ 
S. aureus NCTC 9752 
S. oureus 212 
S. aureus 212 stable 

L-form 
S. aureus 6538 
S. aureus 6538 stable 

L-form 
Bacillus subtilis 

NCTC 8236 
B. subtilis 60015 
Streptococcus 

allantoicus V 4014 

N0° (10' 
CFU/ml) 

771 

793 
789 

83 
81 

69 
71 

791 

798 
790 

N/(10 ' 
CFU/ml) 

770 

0.33 
1.21 
0.071 
0.079 

0.043 
0.038 

0.79 

1.11 
0.47 

N 0 / N T 

1 

2,410 
650 

1,160 
1,030 

1,610 
1,860 

1,040 

720 
1,680 

a N 0 is the original number of colony-forming 
units (CFU) per ml. 

' N T IS the number of CFU per ml after 5 min 
incubation at 37 С with 1,000 arbitrary units of 
staphylococcin 1580 per ml. 

TABLE 6. Adsorption of staphylococcin 1580 to cells 
and cell fractions 

Residual 

Cell or cell fraction y 

in super 
natant (%) 

Control without bacteria 100 
Staphylococcus aureus Oxford 209 P° 0 
S. aureus NCTC 6571" 0 
Staphylococcus epidermidis ISSO" 0 
Streptococcus faecalis NCTC 9790'' 0 
Escherichia coli NCTC 10418'' 0 
Cell walls, S. aureus Oxford 209 Ρ 0 
Cell membranes, S. aureus Oxford 209 Ρ 0 
Cell walls, E. coll NCTC 10418 0 
Cell membranes, E. coli NCTC 10418 0 
L-forms, S. aureus 6538 0 

"About 10» cells were incubated with 100 arbi
trary units of staphylococcin 1580 in 1 ml for 60 mm 
at 37 С 

on the bacter iocin. Similar results were found 
in s tudies on colicin E2 (30). 

T h e protein fraction of the staphylococcin 
1580 seems to be very i m p o r t a n t in its act iv i ty 
since proteolyt ic enzymes destroyed the ac
t iv i ty i m m e d i a t e l y . Goebel a n d B a r r y (17) 
were able to isolate an active protein from col
icin К after extract ion with phenol. Phenol 
a n d hexane extract ion of staphylococcin 1580 
yielded a n inactive protein preparat ion. T h e 
presence of carbohydrates and l ipids in the 
most purified a n d homogeneous prepara t ion of 

Gram-positive 
Staphylococcus aureus 
Staphylococcus epidermidis 
Streptococcus faecalis 
Streptococcus allantoicus 
Streptococcus hemolyticus 
Lactobacillus casei 
Bacillus cereus 
Bacillus megatenum 
Bacillus subtilis 
Bacillus pumilis 
Corynebacterium diphtheriae 
Corynebactenum pseudo-

diphtheriticum 
Arthrobacter simplex 
Arthrobacter globiformis 
Clostridium perfrmgens 
Listeria monocytogenes 

80 
11 
3 

16 
3 
1 
3 
2 
3 
1 
1 

1 
1 
1 
1 
1 

23 
7 
0 

16 
3 
0 
0 
2 
3 
1 
1 

1 
1 
1 
0 
1 

Gram-negative 
Escherichia coli 
Klebsiella pneumoniae 
Aerobacter aerogenes 
Proteus rettgen 
Proteus morgami 
Erwinia aroideae 
Serratia marcescens 
Salmonella orion 
Salmonella typhimurium 
Pasteurella pseudotuberculosis 
Agrobactenum tumefaciens 
Pseudomonas aeruginosa 
Pseudomonas fluorescens 
Pseudomonas stutzen 

9 
1 
2 
2 
2 
1 
1 
1 
2 
1 
1 

11 
2 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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FIG. 7. Bactericidal effect of staphylococcia 1580. 
Staphylococcus aureus Oxford 209 Ρ was grown in 
Trypticase soy broth. Cells from the exponential 
growth phase were centrifugea, washed, and resus-
pended in 0.02 M phosphate buffer (pH 7.0). Samples 
of this suspension were treated with staphylococcin 
1580 (O) or with phosphate buffer ( · ) and were 
aerobically incubated at 37 C. At suitable time inter
vals the number of colony forming units (CFU, solid 
lines) and the absorbance at 600 nm (broken lines) 
were determined. 

the staphylococcin indicates that these com
pounds form an integral part of the staphylo
coccin. 

The inhibitory effect of the staphylococcin 
1580 is not restricted to staphylococci, since a 
number of gram-positive organisms were sensi
tive to it. None of the gram-negative bacteria 
were found to be inhibited. Frederique (14) 
and Hamon and Peron (18) demonstrated that 
bacteriocins produced by gram-positive orga
nisms had a much wider action spectrum than 
bacteriocins produced by gram-negative orga
nisms. Also, staphylococcins recently isolated 
by Gagliano and Hinsdill (15) and Dajani et al. 
(9) showed a broad action spectrum. Some 
bacteriocin-producing cells are sensitive to 
their own bacteriocin (34). A similar result was 
found by Gagliano and Hinsdill for staphylo
coccin 414. However, S. epidermidis 1580 was 
resistant to its bacteriocin. 

Reports in literature concerning the attach
ment of bacteriocins to indicator cells pro
posed that the receptor site of bacteriocins was 
situated on the cell membrane (5, 33), since 

stable L-forms still adsorbed bacteriocins. 
However, there is some discrepancy about the 
sensitivity of stable L-forms to the lethal ac
tion of bacteriocins (32, 36). It is not eluci
dated that the cell wall plays a role by the cor
rect orientation of the bacteriocin to the cell 
membrane (20, 31). 

Stable staphylococcal L-forms were inhib
ited by staphylococcin 1580 to the same extent 
as their parent strains. Spheroplasts of E. coli 
NCTC 10418 are as resistant as their parent 
strain. Staphylococcin 1580 was adsorbed to 
whole cells, cell walls, and cell membranes of 
resistant and sensitive strains. One may con
clude that, on the one hand, the bacteriocin 
can be adsorbed to a specific receptor site on 
the cell membrane resulting in the death of the 
cell, but that, on the other hand, the bacteri
ocin can be adsorbed to various aspecific re
ceptor sites on the cell wall and cell mem
brane, thus explaining the attachment even to 
E. coli cells. Further studies on adsorption are 
in progress. 

Staphylococci produce many inhibitory sub
stances, which show a bacteriolytic (1, 35) or a 
bactericidal (3, 16, 22) effect on other staphylo
cocci. In contrast to the bactericidal sub
stances, the knowledge of bacteriolytic en
zymes is well established (39, 40). However, 
the latter compounds are not related to bacte
riocins. Staphylococcin 1580 is bactericidal to 
sensitive cells like the staphylococcins isolated 
by Gagliano and Hinsdill (15), Dajani et al. (10), 
and Lachowicz (26). 

Studies on the mode of action are in prog
ress. 
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CHAPIbR V 

CHARACTERISTICS OF THE KILLING 
EFFECT OF A 

STAPHYLOCOCCUS EPIDERMID1S BACTERIOCIN 

Staphylococcin 1580 killed cells of Staph\locottu% alliens Oxford 209P At 
low concentrations of staphylococcin the decrease of the viable count, the rubidi
um efflux, and inhibition of amino acid uptake exposed a linear relationship 
to the amount of the bactenocin used The killing action could not be leversed 
by trypsin treatment, was optimal al pH 7 6 to 7 8 and was dependent on 
the incubation temperature Cells pregrown at 17 С wei e much moie sensitive 
to the staphylococcin than cells pregrown at 20 С 

I he nature of the resistance of various bacteria to staphylococcin may be 
due to the protection against the bactenocin by their cell wall 

Staphylococcin 1580, a bactenocin produced 
by Staphylococcus epidermide, inhibits macro-
molecular syntheses and transport of various 
compounds (1) Likecohcins E l , K, and A (2,3), 
the staphylococcin exerts its action directly on 
the membrane since amino acid uptake into 
membrane vesicles is inhibited too (4,5) This 
action may be exerted by adsorption to specific 
receptor sites on the cytoplasmic membrane and 
subsequent changes in composition, conforma
tion, and/or physicochemical characteristics of 
this membrane The cell wall does not play an 
essential role, but can block the penetration of 
the bactenocin 

This study deals with some characteristics of 
the killing effect of staphylococcin 1580 

MATERIALS AND METHODS 
Microorganisms. 5 epidermidis 1580 was the 

staphylococcin producing strain and S aureus 
Oxford 209P was used as indicator strain The 
staphylococcin-resistant 5 aureus Cowan and 
its sensitive mutant Cowan VI were kindly sup
plied by A Forsgren, Department of Microbiolo
gy, University of Uppsala, Uppsala S aureus 
502A and its stable L-form were kindly supplied 
by В Kagan, Cedars-Sinai Hospital, Los Ange
les, Calif , and Bacillus taldolvticus by W Hci-
nen. Department of Exobiology, University of 
Nijmegen, Nijmegen All staphylococci were 
subcultured at 37C in Trypticase soy broth 
(TSB from BBL), В caldolyticus at 70 С in 
TSB containing \% casein, and the stable stap

hylococcal L-forms on 3 89r brain heart infusion 
(Oxoid) supplemented with Ш NaCl and 20% 
unhealed horse serum (Oxoid) 

Preparation and assay of staphylococcin Sta
phylococcin 1580 was prepared and assayed as 
described previously (6) The activity was ex
pressed as arbitrary units (A U ) per ml (6) 

Viable count. The viable count expressing the 
total number of colony forming units ( C P U ) , 
was determined by plating suitably diluted 
amounts on Trypticase soy agar (TSA) The Rf 
value was defined as the ratio between the viable 
counts of treated and untreated bacteria 

Induction of spheroplasts. The spheroplasts of 
S aureus were induced according to the method 
described by Dienes (7) 

Transport 86Rb-efflux from cells and uptake 
of l',C-glutamate into membrane vesicles of S 
aniens Oxford 209P were determined as describ
ed previously (1,5) 

RESULTS AND DISCUSSION 
Killing effect on sensitive cells. Treatment of 

cells of 5 aureus Oxford 209P with staphylococ
cin 1580 resulted in a rapid decrease of the viable 
count, as shown in Fig 1 At the lowest bacteno
cin concentration the killing effect levelled, pro
bably due to exhaustion of free bactenocin by 
adsorption, since no residual activity could be 
detected in the supernatant obtained by centnfu-
gation The effect of staphylococcin on the via
ble count was identical for cells grown in TSB, 
nutrient broth, proteose peptone No 3, and 
brain heart infusion 
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Fig. I. Decrease of the viable count of S. aureus 
Oxford 209P cells caused by treatment with staphylo-
coccin 1580. Cells were grown in the exponential phase 
in TSB and centrifuged. After resuspension in 0.05 
M phosphate buffer (pH 7.6) at a concentration of 
6x 10* cellslml, and staphylococcin was added at a 
final concentration of 40 A.U./ml (·) or 200 A.V.jml 
(o). The viable count was measured at the time inter
vals indicated and the log Rt-valueplotted against the 
time. 

Trypsin is known to reverse the killing action 
of several bacteriocins (8), either in the absence 
or presence of 1,2-dinitrophenol or chloramphe
nicol. Though staphylococcin 1580 is sensitive 
to trypsin (200 Mg/ml at pH 7.5 for 15 min), 
no reversal of its action was observed upon tryp
sin treatment (5 mg/ml at pH 7.5 for 20 min) 
either in the absence or presence of 1,2-
dinitrophenol (10-ЯМ) or chloramphenicol (100 
Mg/ml). Probably the action of staphylococcin 

is rapid andirreversible or the adsorbed staphy
lococcin is resistant to trypsin. 

Concentration dependence. The killing of 5. 
aureus 209P cells, the efflux of rubidium ions, 
and inhibition of the uptake of glutamate was 
linearly proportional to the amount of staphylo-
coccins at low concentrations (Fig. 2A-C). The 
concentration and survivor plots may indicate 
single hit kinetics (9, 10). 

Temperature dependence. The killing effect of 
staphylococcin 1580 on cells of S. aureus Oxford 
209P grown at 37 С decreased on lowering the 
temperatures of incubation (Fig. ЗА). When cells 
were previously grown at 20 С, the killing effect 
was markedly reduced and hardly dependent on 
the incubation temperature (Fig. 3B). Differen
ces in the membrane compositions of cells grown 
at 20 and 37 С may cause the different sensitivity 
(11). Staphylococcin 1580 is also active at 70 

CONCENTRATION! TO3 A . U . / m l ) 

Fig. 2. Concentration dependence of the initial rate 
of staphylococcin 1580-induced decrease of the viable 
count, rubidium loss, and glutamate uptake. The 
experiments were carried out as described in Materials 
and Methods. A. 3x /0 ' cells of S. aureus Oxford 
209P per ml in 0.05 M phosphate buffer (pH 7.6) were 
incubated with various staphylococcin concentrations 
and after I min incubations the viable count was deter

mined. The log Rt-value is plotted against the staphy
lococcin concentration. B. The logarithm of the initial 
rate of'Rb loss, is plotted as a function of staphylo
coccin concentration; the initial rate was defined as 
the percentage of rubidium efflux. C. The initial rate 
of glutamate uptake is plotted as a function of the 
staphyloccoccin concentration. 
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such strains, probably due to mutations in the 
cell wall composition Recently, a colicin K-
sensitive mutant was obtained from a resistant 
strain oí Escherichia coli (13) 
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Fig 3 Temperature dependence of staphyloLocin 
1580 action Cells of S aureus Oxford 209P were 
grown at 37 С (A) in TSB centnfugedandresuspended 
in 0 05 M phosphate buffer (pH 7 6) at a final concen
tration of25x 10' cells Imi The cell suspension was 
incubated without (O) and with staphylococcin ¡580 
(750 A U Imi) at 37 С (о) 20 С (·), IO С(А)ап4 
О С (Δ) Л similar procedure was followed for cells 
pregronn at 20 С (В) At various time intervals the 
viable count was determined 

C, since growth οι Bacillus caldolyticus was in
hibited at this temperature 

pH dependence. The effect of staphylococcin 
1580 on cells of 5 aureus Oxford 209P was pH 
dependent (Fig 4) An optimal killing effect was 
observed in the region of pH 7 8 m tris (hydroxy-
methyl) aminomethane buffer and of pH 7 6 in 
phosphate buffer 

Resistant, tolerant and sensitive mutants. As 
previously shown, staphylococcin-resistant mu
tants can be obtained from the staphylococcin-
sensitive 5 aureus Oxford 209P, and 
staphylococcin-tolerant L-forms from the 
staphylococcin sensitive 5 aureus 502A L-
forms (5) The latter L-forms were obtained from 
the staphylococcin-resistant S aureus 502A 
The wild strain 5 aureus Cowan is resistant 
to staphylococcin 1580 while its spheroplasts are 
sensitive A mutant of this strain, Cowan VI, 
was obtained from A Forsgren (12), the mutant 
lacks protein A in the cell wall and its phage 
type could not be determined, in contrast to the 
wild strain which produces protein A and exhib
its the phage type pattern 52/52 A/80/81 The 
mutant is staphylococcin-sensitive which indi
cates that some wild strains are protected against 
staphylococcin by their cell wall and that some
times sensitive mutants can be obtained from 

- 1 6 
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Fig 4 pH dependence of staphylococcin 1580 
action Cells of S aureus Oxford 209P were grown 
¡n the exponential phase centnfuged and resuspended 
(I0e cells/ml) in phosphate buffer (·) or ¡n tris (hy-
droxymethyl) aminomethane (o) of different pH s and 
of constant ionic strength adjusted with KCl After 
I mm incubation with staphylococcin (500 A U Imi) 
the viable count was determined 
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CHAPTER VI 

MODE OF ACTION OF A 

STAPHYLOCOCCUS EPIDERMIDIS BACTERIOCIN 

Staphylococcin 1580, a bactenocin produced by Staphylococcus eptdernudii. 1580, 
is bactericidal to sensitive cells of many gram positive bacteria and stable staphylo 
coccal L·foгms The bactenocin inhibited simultaneously the syntheses of deoxyribo
nucleic acid, ribonucleic acid, and protein, and caused neither degradation of de 
oxynbonucleic acid nor induction of phages m lysogenic, sensitive cells After 1 hr of 
treatment, extensive degradation of ribonucleic acid occurred, which was accom 
pamed by leakage of ultraviolet absorbing material out of the cell The incorporation 
of glucose in acid precipitable and glycogenlike material was inhibited Furthermore, 
the staphylococcin inhibited the transport of glucose, glutamic acid, rubidium ions, 
and 0-nitrophenyl-/3-galactoside The uptake of oxygen was only gradually affected, 
but the intracellular adenosine triphosphate level fell rapidly to 15% of the control 
value The motility of sensitive Bacillus subtdis cells was markedly reduced on 
treatment Staphylococcin 1580 exhibited no phosphohpase activity The phenomena 
are interpreted as resulting from an altered conformation and composition of the 
membrane, from an inhibition of transport through the membrane, or from a com 
bination of these effects 

Adsorption of bactermcins to specific receptor 
sites on the cell membrane induces striking 
alterations of cellular functions and loss of 
viability The various bactenocins exert their 
lethal action by affecting different biochemical 
targets such as deoxyribonucleic acid (DNA), 
nbosomcs, and the electron transport chain, all 
of which have physical connection with the bac
terial membrane Thus, it is quite possible that 
the bactenocins act on these targets by way of the 
mediation of changes in the cell membrane 

Colicin E2 causes degradation of DNA as a 
result of the activation of one or more nucleases 
(2, 33) Cohcin E3 (6, 25) and cloacin D F 13 (20) 
affect protein synthesis The former causes 
cleavage of 165 nbosomal ribonucleic acid 
(rRNA) at a specific position near the 3' terminus, 
which leads to the inactivation of the 305 sub 
units (25) Recent results of Boon (5) and 
Bowman (7) show that cohcin E3 inactivates 
nbosomes in vitro and suggest that the killing of 
bacteria by this bactenocin involves penetration 
into the cell Treatment of cells with cloacin D F 
13 results in an inhibition of binding fMet 
transfer RNA , V e t to the messenger RNA 
nbosome complex (20) Cohans El, K, A, la, and 
lb (27, 29, 30) all inhibit energy dependent proc 
esses such as macromolecular synthesis and 
active transport 

Little is known about the mode of action of 
staphylococcins Dajani et al (13) isolated a 
bactenocin from phage type 71 Staphylococcus 
aureus This substance causes immediate cessa
tion of protein and DNA synthesis as well as 
degradation of newly and previously formed 
RNA (14) Like coliuns G, Q, and El (8), it 
causes extensive structural changes in susceptible 
bacteria (12) 

Previously we have shown (21, 22) that the 
nature of staphylococcin 1580, a bactenocin 
produced by 5 eptdenmdis 1580, is different from 
that of the bactenocin described by Dajani et al 
(13) This paper deals with the mode of action of 
staphylococcin 1580 Its effect on macromolecular 
syntheses and transport phenomena will be de 
scribed and compared with that of other bac
tenocins 

MATERULS AND METHODS 

Microorganisms. The bactenocin producing strain 
was S eptdermidis 1580 S aureus Oxford 209P and 
S aureus NCTC 6571 were used as bactenocin 
sensitive and resistant strains, respectively Bacillus 
cereus V 5003 and В subtilis NCTC 60015 were used 
as indicator strains in the motility experiments S 
aureus strains 34 and NCTC 8319 were used in the 
phage induction experiments The strains were sub-
cultured once a week on Trypticase soy broth agar 
(BBL) Stable L forms of S aureus 502 A were ob 
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tamed from В Kagan, Cedars-Sinai Hospital, Los 
Angeles, Calif The L-forms were maintained on 
medium composed of 1 3% agar, 3 8' < brain heart 
infusion, and 5% NaCl, and containing 20% unhealed 
horse serum 

Production, purification, and assay of staphylococcin 
1580 The production and purification of staphy
lococcin 1580 and the assay of its activity have been 
described previously (22) The activity was expressed 
as arbitrary units (AU) per milliliter, as defined before 
(22) 

Medium. Medium AJI, containing \''c casein hy-
drolysate (enzymatically hydrolyzed, Difco), 0 8% 
glucose, 2 X 10 2 M potassium phosphate (pH 7 0), 
]0~3 M MgS04 7НгО, 1 ml of the oligodynamic solu
tion described by Pollock and Kramer (32) per liter, 
2 X 10"6 M thiamine, 2 X Ю - 3 M cysteine, 2 X Ю - 3 м 
histidine, and 1 Mg of thymidine, uracil, adenine, and 
xanthine per ml, was used as the basic semisynthetic 
medium The casein hydrolysate contained 0 495 
jumóle of glutamic acid mg (Difco) 

Incorporation of radioactive substrates. DNA, RNA, 
and protein synthesis and glucose uptake in S aureus 
Oxford 209P cells were studied by measurement of the 
incorporation of the radioactive precursors 3H-
thymidme, 3H uracil, 14C-glulamic acid, and " C -
glucose, respectively In determinations of the 
incorporation of Ή thymidine and 3H-uracil, the cells 
were grown in AJI medium in the absence of the un
labeled compounds In the studies on the incorpora
tion of 1 4C glutamic acid or "C-glucose, cells were 
grown in AJI medium or AJI medium containing 1 
mg of glucose per ml, respectively The incubation 
media were aerated at 37 С The incorporation of 
radioactivity was measured by addition of 2 ml sam
ples to 2 ml of 10% trichloroacetic acid containing 
50 Mg of the unlabeled substrate per ml After 30 mm 
at 0 C, the acid precipitated material was collected on 
membrane filters (0 45 ^m pore size, Milhpore Corp , 
Bedford, Mass ) and washed with five volumes of cold 
5 % trichloroacetic acid solution supplemented with 
50 Mg of the unlabeled substrate per ml The filters 
were dried, and the radioactivity was measured in a 
Packard liquid scintillation counter, model 544, by 
use of a scintillation fluid consisting of 4 g of 2,5-
diphenyloxazole and 0 1 g of 1,4 di-2(5 phenylox-
azolyl)benzene per liter of toluene 

Incorporation of 1 4C glucose into glycogenhke 
material was measured according to Abraham and 
Hassid (1) Total ,4C-glucose uptake was measured by 
filtering the samples through membrane filters and 
washing with 0 02 м phosphate buffer (pH 7 0) con
taining 20 Mg of glucose per ml 

Transport of glutamic acid. The transport of glu
tamic acid was determined by the method of Nagel de 
Zwaig (29) 

Measurement of e<iRh+ efflux. The intra- and extra
cellular ^Rb1" contents were determined by collecting 
the cells by filtration through membrane filters which 
were washed with 5 ml of 0 3 м sucrose solution 
buffered with 0 01 м tris(hydroxymethyl)amino-
methane h\drochloride (pH 7 0) The radioactivity on 
the filter and in the filtrate was measured in a liquid 
scintillation counter and in a Philips gamma scintilla
tion counter, respectively 

Respiration. Oxygen uptake was measured m a 
Warburg type respirometer (Becker, Delft, The 
Netherlands) with standard manometnc techniques 
described by Umbreit (36). 

Measurement of ATP. Adenosine triphosphate 
(ATP) was assayed according to Stanley (35) Cells 
were grown under aeration in AJI medium at 37 С 
In the exponential phase, samples of 2 ml were re
moved and added to 1 ml of 30% (w/v) HCIO, at 
0 C, neutralized after 15 mm with 2 м КОН and 0 5 м 
potassium phosphate (pH 7 4), and centnfuged For 
the assay, 0 4 ml of the supernatant fluid was added 
to 0 8 ml of 0 2 M glycylglycine buffer (pH 7 4) and 
6 6 ml of water The reaction was initiated by addition 
of 0 2 ml of firefly lantern extract (10 mg/ml, in 0 05 м 
K,As04 and 0 02 M MgSOi, pH 7 4) The photon 
emission was counted after exactly 10 sec in a Packard 
liquid scintillation counter operating with the photo-
multiphers out of coincidence, at 75% amplihcation 
and at settings of 65 to 85 divisions. 

/3-Galactosidase assay. The hydrolysis of о nitro-
phenyl β galactoside (ONPG) was determined by the 
method of Kennedy and Scarborough (24) 

Motility. The cells were grown at 37 С in AJ2 
medium containing 0 1 % casein hydrolysate, 1% 
glucose, 2 X 10~2 м potassium phosphate (pH 7 0), 
ΙΟ"3 M MgSO, 7 H 2 0 , 2 X IO"2 M ( N H O Î S O J , 
2 Χ ΙΟ"3 м L-tryptophan, 2 X 10"3 м ammonium 
citrate, and 0 1% Tween SD 80 In the early ex-
ponentional phase, the motility was determined ac
cording to Shoesmith (34) and by observation of small 
hanging drops under a phase contrast microscope 

Phage induction. To determine phage induction by 
staphylococcin 1580, cells of the sensitive and lyso-
gemc strain 5 aureus 34, growing in AJI medium, 
were incubated in the presence and absence of 
staphylococcin The number of plaques forming units 
in the samples was determined against indicator strain 
S aureus NCTC 8319 

Phosphohpase activity. Phosphatidyl glycerol, di-
phosphatidyl glycerol, and lysylphosphatidyl glycerol 
were extracted from 32P-labeled cells of 5 aureus 
Oxford 209P by the method of Bligh and Dyer (4) 
The mixture of phospholipids was suspended in 0 1 м 
phosphate buffer (pH 7 5) containing 20 т м MgCl 
and 0 4% Triton X-100, and an equal volume of an 
aqueous solution of staphylococcin 1580 or water was 
added After 3 hr of incubation at 37 C, the phospho
lipids were extracted with a mixture of chloroform 
and methanol (3.1) and were separated by thin layer 
chromatography on silica gel plates with a mixture of 
chloroform, methanol, and water (65:25'4) as sol
vent An autoradiogram was made to detect the η 2Ρ-
labeled compounds, which were quantitatively deter 
mined in a liquid scintillation counter A similar pro 
cedure was followed for unlabeled lecithin, after 
thin layer chromatography lecithin and its hydrolysis 
products were detected with iodine vapor 

Chemicals. The firefly lantern extract, ATP, and 
ONPG were purchased from Sigma Chemical Co 
1 4C L glutamic acid (260 mCi 'mmole), 3H uracil 
(1 Ci mmole), 'H thymidine (5 Ci mmole), " C glu
cose, uniformly labeled (3 mCi/mmole), e6RbCl (2 to 
10 mCi/mg), and sodium dihydrogen 32P-orthophos-
phate (10 mCi mmole) were purchased from the 
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Radiochemical Centre, Amersham, England. Tween 
SD 80 was purchased from Atlas-Goldschmidt 
GMBH, Essen, Germany. 

RESULTS 

Macromolecular syntheses. Treatment of cells of 
S. aureus Oxford 209P with staphylococcin 1580 
resulted in a rapid inhibition of the incorporation 
of labeled thymidine, uracil, and glutamic acid 
into acid-insoluble material (Fig. 1). The synthesis 
of macromolecules was not affected when trypsin-
degraded staphylococcin was used or when the 
staphylococcin (1,000 AU /ml) was added to 
resistant S. aureus (NCTC 6571) cells. The in
hibition occurred immediately, as was observed 
for colicins К and El (30). In contrast, the effects 
of colicins E2 and E3 manifest themselves slowly 
and at high bacteriocin concentrations (30). 
Staphylococcin affected the synthesis of DNA, 
RNA, and protein simultaneously and inde
pendently. No extensive degradation of DNA 
occurred because no decrease in trichloroacetic 
acid-insoluble thymidine-labeled material was 
noticed even after 2 hr of incubation with staphy
lococcin. Moreover, the staphylococcin did not 
induce vegetative replication of phages in lyso-
genic sensitive strains, an effect observed with 
colicin E2 and due to the degradation of DNA 
(30). After prolonged incubation of cells with 
staphylococcin, the RNA was extensively de
graded (Fig. 2). Furthermore, after a lag period of 
1 hr, material optimally absorbing at 260 nm 
leaked from staphylococcal cells (109 cells per ml) 
treated with 4,000 AU of staphylococcin per ml. 
However, the action of staphylococcin 1580 is 
bactericidal rather than bacteriolytic (21). Stable 
L-forms of S. aureus 502 A were also sensitive to 
staphylococcin and did not lyse on treatment. 

No incorporation of labeled glutamic acid, 
uracil, and thymidine into trichloroacetic acid-
insoluble material of staphylococcin 1580-pre-
treated cells was observed. 

Glucose incorporation. Staphylococcin 1580 
inhibited immediately the incorporation of 14C-
glucose into acid-insoluble material (Fig. 3). 
Moreover, the total uptake of '•'C-glucose and 
its incorporation into glycogenlike material were 
90 r/c inhibited in cells pretreated for 5 min with 
staphylococcin (2,000 AU/ml) and incubated for 
20 min in the presence of ^-glucose (0.5 /iCi/ml). 

Glutamic acid transport. The uptake of glutamic 
acid was blocked in cells which were preincubated 
with staphylococcin and chloramphenicol prior 
to the addition of labeled glutamic acid (Fig. 4A). 
The addition of bacteriocin to chloramphenicol-
treated cells resulted in a rapid release of pre-
accumulated 14C-glutamic acid (Fig. 4B). 

10 20 30 

TIME (min) 
10 

Flo. 1. EJject of staphylococcin 1580 on macro-
molecular syntheses. Cells of Staphylococcus aureus 
Oxford 209Ρ were grown in AJI medium at 37 С to a 
concentration of !№• cells per ml. (A) Effect of staphy
lococcin on 'H-thymidine incorporation. The experiment 
was started by addition of 0.5 μ Ο of 'H-thymidine per 
ml; after 15 min at 37 C, the culture was divided into 
three equal parts: two received different amounts of the 
bacteriocin in 0.01 .\f phosphate buffer (pH 7.0), and 
one received only buffer to serve as the control. At 
various time intervals, the 'H-lhymidine incorporation 
into acid-precipitable material in 2-ml samples was 
measured. (B) Effect of staphylococcin on 3H-uracil 
incorporation. The procedure was the same as under A 
but 0.5 μΟ of3H-uracil was added per ml. (C) Effect of 
staphylococcin on "C-glutamic acid incorporation into 
hot-acid-precipitable material. The procedure was the 
same as under A, but 0.5 μΟί of "C-glutamic acid was 
added per ml. Symbols: # , control; Δ , 100 All of 
staphylococcin per ml of incubation mixture; and O, 
1,000 AU per ml. 
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FIG. 2. Degradation of RNA induced by staphyloeoc-
cin 1580. The same conditions were used as described in 
Fig. IB. Symbols: O, without staphylococcin; %, 
3,000 AU of staphylococcin per ml of incubai ¡on 
mixture. 

Rubidium efflux. A rapid efflux of preac-
cumulated rubidium was observed, resulting in a 
marked depletion of cellular rubidium (Fig. 5). 
More than 90';; of the intracellular rubidium was 
lost within 4 min. 

Respiration. The oxygen consumption of cells 
growing on glucose was inhibited by staphylococ
cin 1580 (Fig. 6). However, this effect increased 
on prolonged incubation and was less drastic 
than as was observed for macromolecular syn
theses. Therefore, the effect on respiration does 
not seem to be the primary effect of the bac-
teriocin. 

ATP level. The ATP level was determined ac
cording to the firefly assay. The assay was 
linearly on a full logarithmic scale from 10 to 500 
pmoles of ATP per ml. In cells treated with 
staphylococcin, the ATP content decreased 
rapidly (Fig. 7), and reached 159; of the original 
value within 10 min. 

ONPG transport. No hydrolysis of ONPG 
could be detected in whole cells, which were pre-
induced for this enzyme and transport system 
immediately after addition of staphylococcin 
(Fig. 8). No effect of the bacteriocin (3,400 AU/ 
ml) was observed on the /3-galactosidase in cell-
free extracts, obtained by disintegration in a 
Braun homogenizer. No ¿J-galactosidase leaked 
out of the cells; most probably the permeation of 
ONPG or the product of the enzymatic reaction, 
or both, through the membrane was markedly 
reduced. 
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Fro. 3. Effect of staphylococcin 1580 on the in
corporation of liC-glucose. Cells of Staphylococcus 
aureus Oxford 209P were harvested in the exponential 
growth phase and incubated at 37 С in AJI medium 
supplemented with 1 μΟ" ofliC-glucose per ml. After 20 
min, the cell suspension was divided into three equal 
parts: two received staphylococcin in 0.01 .v phosphate 
buffer (pH 7.0), and the third received only buffer. At 
various time intervals, samples were withdrawn, and the 
l*C-gliicose incorporation into acid-precipitable material 
was determined. Symbols: φ, control; A, 100 AU of 
staphylococcin per ml of incubation mixture; O, 7,000 
A U per ml. 

Motility. Cells of staphylococcin-resistant B. 
cereus V5003 and -sensitive B. subtilis NCTC 60015 
were used. The cells are actively motile in the 
early exponentional phase, when grown in AJ2 
medium. The effect of staphylococcin 1580 on 
motility was quantitatively determined by the 
method of Shoesmith (34) and by observation of 
small hanging drops of control and staphylococ-
cin-treated cells (1,000 AU of staphylococcin per 
ml) under a phase-contrast microscope. Control 
cells remained vigorously motile during the tests, 
whereas the motility of treated sensitive cells 
slowed down (Fig. 9). The motility of cells of B. 
cereus was not affected by the staphylococcin. 

Phospholipase activity. In view of the action of 
megacin A, which has been identified as phos
pholipase A (31), the phospholipase activity was 
investigated. A mixture of 32P-phosphalidyl 
glycerol, "P-diphosphatidyl glycerol, and 3 2P-
lysylphosphatidyl glycerol was incubated at 37 С 
in the presence and absence of staphylococcin 
1580 (2,000 AU per ml) for 3 hr. No evidence of 
hydrolysis of the phospholipids was found. In 
both cases, only three spots could be observed on 
the autoradiogram, and the percentages of phos
phatidyl glycerol (69 Çf), diphosphatidyl glycerol 
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FIG 4. Effect of staphylococcin 1580 on ammo acid 
transport Cells of Staphylococcus aureus Oxford 209 Ρ 
were grown m AJÍ medium. When the culture reached 
an optical density of 0 5 at 600 nm, chloramphenicol 
(100 /jg/m/) was added (A) After 15 mm at 37 C, the 
culture was divided mto two parts- one received staphy
lococcin 1580 m 0 01 м phosphate buffer (pH 7 0) atid 
the other received only the buffer. After 5 mm, 0 1 
ßCi of "C-glutamic acid was added per ml At various 
time intervals, samples were removed and the uptake of 
liC-glulamic acid was measured (B) To the chlor
amphenicol pretreated cell suspension 0 1 μ€ι of l*C-
glutamic acid was added per ml After 15 mm, the 
suspension was split out mto two flasks, one containing 
staphylococcin 1580 ¡n 0 01 ν phosphate buffer (pH 
7 0) and the other containing only the buffer Samples 
were laken at the times indicated, and intracellular liC-
glutamic acid was measured Symbols· · , control, O, 
7,000 AU of staphylococcin per ml of incubation mix
ture 

(12%), and lysylphosphatidyl glycerol ( ] 9 r

r ) 
remained unaltered in the presence of staphy
lococcin In a separate test with lecithin we ob
served no degradation products after incubation 
in the presence of staphylococcin 

DISCUSSION 

Staphylococcin 1580 is bactericidal to sensitive 
staphylococci, many other gram-positive bacteria, 
and stable staphylococcal L-forms 

The efTects of staphylococcin 1580 on the 
various biochemical processes in the cell are very 
similar to those observed for colicins la, lb (27), 
A (29), El, and K. (30), and resemble in many 
aspects the mode of action of the staphylococcin 
of the phage type 71 staphylococci (14) Like 
these bactenocins, staphylococcin 1580 inhibited 
DNA, RNA, and protein synthesis The inhibi
tion of the three processes seems to occur simul
taneously and independently After 1 hr of treat
ment with staphylococcin, extensive degradation 
of RNA was initiated, but no extensive degrada
tion of DNA was observed Therefore, degrada
tion of RNA seems not to be the primary effect of 
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FIG 5 Effect of staphylococcin 1580 on rubidium 
transport Cells of Staphylococcus aureus Oxford 209Ρ 
were grown for 4 hr at 37 С m 100 ml of nutrient broth 
supplemented with 0 1 ml of^RbCl (2 to 10 mCi/ml). 
When the culture reached an optical density of 0 5 at 
600 nm, the cells were centrifugea, washed, and re-
suspended m 0 3 .v sucrose solution buffered with 0 Gl ν 
tns{hydroxymethyl)aminomethane-hydrochloride {pH 
7 0) One part was treated at 37 С with staphylococcin 
1580 {final concentration of 1,000 AU per ml of incuba 
Hon mixiure) m buffered sucrose solution {closed sym 
bols), and the control received only buffered sucrose 
solution (open symbols) At the time intervals indicaied, 
intracellular (circles) and extracellular (triangles) 
radioactivity of 2-ml samples was determined 

the staphylococcin but may be due to structural 
changes induced by the observed leakage of 
monovalent cations, rendering nbosomes suscep 
tibie to the attack of nucleases, as suggested for 
colicin К (25) Like megacin A (31), colicins El, 
K, G, A, and Q (8-10), and the staphylococcin of 
phage-type 71 staphylococci (12), staphylococcin 
1580 caused leakage of ultraviolet-absorbing 
material which most probably contains degrada
tion products of RNA 

Furthermore, staphylococcin 1580 exerted a 
marked effect on the transport of various com
pounds, e g , glutamic acid, glucose, Rb ions, and 
ONPG 

These effects on biochemical processes indicate 
that at least three mechanisms of primary action 
may be involved, namely, inhibition of the energy 
supply, an alteration of the membrane perme-
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Fio 6 Effect of staphylococcm 1580 on the uptake 
of oxygen Cells of Staphylococcus aureus Oxford 
209P were harvested in the exponential phase and re 
suspended ш 2 ml of AJl medium to an optical density 
of 0 6 at 600 nm The uptake of oxygen was measured 
m a Warburg apparatus Ajter 50 mm {arrow), staphy
lococcm m 0 01 M phosphate buffer (pH 7 0) or phos
phate buffer was added from a side arm of the Warburg 
flask Symbols · , control, O, SCO AU of staphy 
lococcm per ml of incubation mixture, A, 1,500 AU 
per ml 

TIME (mm) 

F I G 7 Effect of staphylococcm 1580 on the intra
cellular ATP level Cells oj Staphylococcus aureus 
Oxford 209Ρ и ere grown m AJ2 medium at 37 С At 
time zero, the cell suspension was divided into two parts 
one received itaphylococcin 1580 [final concentration, 
1,500 A U per ml of incubation mi χ lure) ¡n 0 01 ν 
phosphate buffer, pH 7 0 ( O ) , the other received only 
buffer ( # ) At the time intervals indicated, samples 
were removed and assayed for A 7 Ρ 
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F I G 8 Effect of staphylococcm 1580 on ß-galac 
tosidase activity oj whole cells β Galactosidase was 
induced by galactose in Staphylococcus aureus Oxford 
209P cells Ajter 60 mm (arrow), the cell suspension 
was divided into two parts one nas treated with 
staphylococcm 1580 (final concentration of 1,000 AU 
per ml o/ incubation mixture) in 0 01 и phosphate 
buffer, pH 70 (O), and the other received only buffer 
(%) Samples were removed, and β galactosidase 
activity was assayed m whole cells 

10 
TIME (mm) 

FIG 9 Effect of staphylococcm on motility Bacillus 
cereus У 5003 {broken lines) and Bacillus sublihs 
NCTC 60015 (solid lines) were grown m AJI medium 
and treated in the exponential phase with staphylococcm 
1580 (final concentration oj 1,000 AU per ml cf incuba
tion mixture) in 0 01 ν phosphate buffer, pH 7 0 
(closed symbols), or vuth buffer (open symbols) 
Samples Mere taken at the times indicated, and the 
motility was assayed quantitatively according to 
Shoesmith (34) 

ability, or drastic changes in the membrane 
structure These possibilities are not mutually 
exclusive 

The effects caused by cohcins El and К (17,18), 
la and lb (27), and A (29) were interpreted as an 
interference with the supply of energy in the af 
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fected Escherichia coli cells. This interlerence may 
be a selective inhibition of the oxidative phos
phorylation or an activation of membrane-bound 
adenosine triphosphatase. Results of Feingold 
(16) indicated that the inhibition of active trans
port and macromolecular syntheses was not 
caused by cessation of the ATP production. Like 
the above-mentioned colicins, staphylococcin 
1580 gradually inhibited the oxygen uptake of 
sensitive cells. The ATP level was reduced rapidly 
by staphylococcin to a level 15 Ci of the original 
one. This effect may explain the inhibition of 
motility of the sensitive B. subtilis cells, but seems 
not to be the primary action of the staphylococ
cin, since a distinct amount of ATP remains 
available to the cells. Moreover, the effect on the 
various transport phenomena reported here can
not be explained on basis of ATP depletion, 
since ATP is not directly involved in them. 

An effect of a bacteriocin on transport phe
nomena was previously shown for colicin El (3) 
and colicin A (29). The transport of amino acids 
and some /3-galactosides in E. coli cells under 
aerobic conditions is tightly coupled to a mem
brane-bound D-lactate dehydrogenase and to a 
smaller extent to a succinate dehydrogenase, 
which both are coupled to the electron transport 
chain (23). Stable high-energy phosphate com
pounds are not involved in this transport. Re
cently, it was demonstrated that colicin El and К 
uncouple both D-lactate and succinate dehy
drogenases from proline transport in isolated 
membrane vesicles (J. P. Kabat and S. E. Luria, 
Bacteriol. Proa, p. 62, 1970). 

The transport of glutamic acid and various 
other amino acids, measured in isolated mem
brane vesicles of S. aureus, seems to be almost 
exclusively coupled to a membrane-bound a-
glycerolphosphate dehydrogenase, which is 
coupled to the electron transport chain (26). 
Since oxygen uptake is only gradually inhibited, 
the staphylococcin, like colicin El, may un
couple the electron transport chain from amino 
acid transport rather than block the electron 
transport chain itself. In accordance with this 
view, streptococci and hemin-negative mutants of 
E. coli, both of which lack cytochromes, are still 
sensitive to staphylococcin 1580 (21) and colicin 
El (17), respectively. Alternatively, the staphy
lococcin interferes directly with potassium, 
rubidium, or proton transport like valinomycin or 
2,4-dinitrophenol, both of which abolish aspar
tate uptake in 5. aureus (19). However, the in
hibition of the transport of ONPG, which is 
mediated by a phosphoenolpyruvate phospho
transferase system in S. aureus (24), is not in 
accordance with both alternatives. 

It must be emphasized also that the effect of 
staphylococcin on the synthesis of DNA, RNA, 
protein, and glycogenlike substances can be 
merely a result of inhibition of the transport of 
the radioactive precursors used in our experi
ments. 

Various membranous and transport activities 
are dependent on lipid-protein interactions in the 
membrane (28). The stimulation of aspartate 
uptake by several lipids may be interpreted as a 
physical change in membrane structure (19). 
Inhibition of transport and other processes 
caused by staphylococcin 1580 could be due to 
alterations of lipid composition and lipid-protein 
interactions. This hypothesis can explain most of 
the elTects caused by the staphylococcin. The 
bacteriocin may adsorb to the cell membrane, 
inducing conformational changes in the proteins 
or lipids, or both, of the membrane. These 
changes may be allosteric in nature, and a model 
has been suggested by Changeux and Thiéry (11) 
to explain how such alterations are spread 
throughout the membrane. Alternatively, the 
staphylococcin interferes directly with phospho
lipid metabolism, causing an altered lipid com
position, followed by conformational changes 
over the membrane. Preliminary experiments 
presented here show that staphylococcin 1580 
exposes no phospholipase activity on phospho
lipids in vitro; neither did colicin El, K, and A, 
though the latter cause changes in phospholipid 
composition of the membrane (9). In this aspect 
these bacteriocins differ from megacin A, which 
acts like phospholipase A on the cell membrane 
and several phospholipids (31). 

Theories similar to those proposed here for the 
mode of action of colicins and staphylococcin 
1580 have been suggested for the mode of action 
of phage ghosts (15) and several morphine de
rivatives (19). 

Studies on the effect of staphylococcin 1580 on 
phospholipid metabolism and transport through 
membrane vesicles are in progress and may 
further elucidate the primary action. 
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CHAPTER VII 

EFFECTS OF COLICIN A AND STAPHYLOCOCCIN 
1580 ON AMINO ACID UPTAKE INTO 

MEMBRANE VESICLES OF ESCHERICHIA COU 
AND STAPHYLOCOCCUS AUREUS 

Staphylococcin 1580 increased the relative amount of diphosphatidylglycerol 
and decreased the amount of phosphatidylglycerol in cells of Staphylococcus 
aureus, while the amounts of lysylphosphatidylglycerol, phosphatidic acid and 
total phospholipid remained constant. 

Treatment of cells of Escherichia coli and 5. aureus with colicin A and staphylo
coccin 1580, respectively, did not affect proton impermeability but subsequent 
addition of carbonyl cyanide-m-chlorophenylhydrazone resulted in a rapid influx 
of protons into the cells. 

Bacteriocin-resistant and- tolerant mutants of E. coli and S. aureus were isola
ted. The bacteriocins caused leakage of amino acids preaccumulated into mem
brane vesicles of resistant mutants and had no significant effect on membrane 
vesicles of tolerant mutants. 

The uptake of amino acids into membrane vesicles was inhibited by both 
bacteriocins, irrespective of the electron donors applied. The bacteriocin inhibi
tion was noncompetitively. The bacteriocins did not affect oxygen consumption 
and dehydrogenases in membrane vesicles. 

Both bacteriocins suppressed the decrease in the fluorescence of 1-
anilino-8-naphthalenesulfonate caused by D-lactate or a-glycerolphosphate when 
added to membrane vesicles. 

It is concluded that the bacteriocins uncouple the carrier proteins from the 
electron transport system. 

Bacteriocins are high-molecular, bactericidal 
antibiotics produced by certain strains of bacte
ria. Colicin A and staphylococcin 1580 are bacte
riocins produced by Citrobacter freundii and 
Staphylococcus epidermidis, respectively. The 
former consists of a single protein molecule with 
a molecular weight of 60,000 (1) and the latter 
of a lipid-carbohydrate-protein complex (2,3). 

Bacteriocins adsorb to specific receptor sites 
on the membrane of sensitive bacteria. Mutant 
strains no longer sensitive to bacteriocins can 
be distinguished into two classes, namely, 
bacteriocin-resistant mutants which have lost 
the ability to adsorb the bacteriocin onto the 
specific receptor site and bacteriocin-tolerant 
mutants which still adsorb bacteriocin to the re
ceptor site but which are not killed (4). 

Studies on the mode of action revealed quite 
different specific biochemical effects on sensi
tive bacteria. Colicin E2 (5), megacin С (6) and 

vibriocin (7) cause degradation of the bacterial 
DNA. Colicin E3 (8) and cloacin DF 13 (9) inhibit 
protein synthesis. It seems that colicin E2 (10) 
and E3 (11) molecules penetrate somehow into 
the cytoplasm after adsorption and then affect 
DNA and ribosomes, respectively. Colicins El 
and К (12), la and lb (13), and A (14,15), and 
staphylococcin 1580(16,17) inhibit macromolec-
ular synthesis and transport of various com
pounds and seem to act directly on the mem
brane. The mechanism of action of these bacteri
ocins is yet unknown but it has been suggested 
previously (16,18), that conformational changes, 
alterations in phospholipid metabolism or in 
transport might be involved in it. The aim of 
this study was to evaluate these possibilities. 
Furthermore, the study on these bacteriocins 
may be of interest for the elucidation of transport 
phenomena and the possible role which cations 
and lipids may play in it. 
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MATERIALS AND METHODS 

Bacterial strains The cohcin A- and staphylo-
coccin 1580-producing strains were Citrobacter 

freundii C3I and Staphylococcus eptdermidts 
1580, respectively The indicator strains used 
were Escherichia coli К12, 5 aureus Oxford 
209P and Bacillus subtilis W23, which was kindly 
donated by W N Komngs All strains were 
maintained on Try pticase soy agar (TS A) Stable 
L-forms of 5 aureus 502A were maintained on 
a medium containing 1 5% agar, 3 8% brain heart 
infusion, 5% NaCl and 20% unhealed horse se
rum 

Production and purification of bacteriocins Co
hcin A was obtained by a modified procedure 
according to Dandeu (1) An overnight culture 
of С freundii C31 cells in 3% Trypticase soy 
broth (TSB) was inoculated 1 100 into the same 
medium and grown under aeration at 37°C When 
the culture reached an optical density of 0 2 at 
600 nm cohcin A induction was achieved by addi
tion of mitomycin С (0 5 mg/1) The culture was 
incubated further for 4 h and centnfuged for 10 
mm at 10,000 χ g Cohcin A was partially purified 
by ammonium sulfate precipitation and DEAE-
cellulose chromatography Staphylococcin 1580 
was produced and purified as described previ
ously (2) 

Assay of bacteriocin activity The bacteriocins 
were assayed as described previously (2) The 
activity was expressed in arbitrary units ( A U ) 
per ml 

Isolation of mutants Cells of S aureus Oxford 
209P were irradiated for 15 s with ultraviolet 
light (900 ergs/cm2/s) Staphylococcin-resistant 
mutants were enriched by growth in the presence 
of staphylococcin 1580(2000A U /ml) and selec
ted by growth of suitably diluted amounts on 
TS A containing staphylococcin 1580 (2000 
A U /ml) A similar procedure was followed to 
isolate staphylococcin-tolerant mutants of stable 
L-forms of S aureus 502A Cohcin A-resistant 
and - tolerant mutants of £ coli K.12 were isola
ted as growing colonies after spreading of 10e 

cells on TSA containing cohcin A (5000 
A U /ml) In order to distinguish between resis
tant and tolerant mutants D-cyclosenne- or 
penicillin-induced spheroplasts (19) were tested 
on bacteriocin resistance In the experiments £ 

coli strains К12 R and К12 Τ were used as 
colicm-resistant and - tolerant strains, and S 
aureus strains Oxford 209 PR (V4231) and 502 
AT as staphylococcin-resistant and - tolerant 
strains, respectively 

Extraction and analysis of phospholipids Cells 
of 5 aureus Oxford 209P were exponentially 
grown at 370C in 500 ml of TSB, supplemented 
with 0 5 mC " P , Phosphatidylglycerol, dip-
hosphatidylglycerol, phosphatidic acid and ly-
sylphosphatidylglycerol were extracted accor
ding to Bligh and Dyer (20) The phospholipids 
were separated by thin-layer chromatography on 
silicagel with a mixture of chloroform, methanol 
and water (65 25 4, by vol ) as solvent Percent
ages of the different phospholipids were deter
mined by counting the radioactivity of the diffe
rent spots 

pH-measurement Cells exponentially growing 
in TSB were gathered on membrane filters (Milh-
pore, 0 45 μ pore size, 5 cm diameter) and was
hed with 0 3 mM potassium phosphate (pH 6 6) 
and suspended in the same buffer at a concentra
tion of 10' cells per ml The pH was measured 
with a Radiometer Digital pH-meter (PHM52) 
and a combined electrode (Radiometer GK 
2302C), and monitored with a Servogor recorder 
(Goerz Electro, Vienna) 

Preparation of membrane vesicles Membrane 
vesicles were prepared by modified methods ac
cording to Kaback (21) 5 aureus cells were 
grown in the medium described by Short and 
White (22) £ coli was grown in Medium A (21) 
containing 0 5% sodium succinate and 0 2% ca
sein hydrolysate, and В subtilis in 0 8% Bacto-
Tryptone containing 0 5% NaC 1 The cells were 
harvested in the late exponential phase and was
hed twice with 10 mM Tns-HCl (pH 8 0) Cells 
of £ coll and В subtilis were resuspended in 
30 mM Tns-HCl (pH 8 0) containing 20% sucro
se Subsequently ethylenediaminetetraacetate 
(hDTA) and lysozyme were added to final con
centrations of 10 mM and 0 5 Mg/ml, respective
ly Alternatively, cells of 5 aureus were resus
pended in 50 mM potassium phosphate (pH 7 3) 
containing 0 2 M NaCl and 20% sucrose, and 
lysostaphin (50 Mg/ml) was added After 45 mm 
at 30oC the spheroplasts were centnfuged resus
pended in 0 1 M potassium phosphate (pH 6 8) 
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containing 20% sucrose and 20 mM MgS0 4 and 
lysed at 370C by 500-fold dilution in 50 mM potas
sium phosphate (pH 6 8) containing 10 Mg/ml 
of each deoxynbonuclease and nbonuclease 
Subsequently, EDTA (10 mM final concentrati
on) was added, followed by MgS04 (15 mM final 
concentration), and after each addition the mix
ture was incubated for 15 mm The suspension 
was centnfuged for 20 mm at 16,000 χ g The 
pellet was resuspended in 50 mM potassium 
phosphate (pH 6 8) and after differential centri-
fugations at 800 χ g and 45,000 χ g the membrane 
vesicles were stored at -20°C in the same buffer 

Measurement of transport The incubation mix
tures contained final concentrations of 50 mM 
potassium phosphate (pH 6 8), 10 mM MgSO, 
and 1 to 2 mg of membrane protein per ml and 
were premcubated for 15 mm at 250C ( 1 4C ) 
glutamic acid (10 MM, final concentration) and 
electron donors (20 mM, final concentration) 
were rapidly added and the mixtures (0 I ml final 
volume) were incubated at 250C under special 
oxygenation (23) The reaction was terminated 
by addition of 2 ml 0.1 M I iCI and the mixtures 
were filtered on membrane filters (Millipore, 
0,45 M pore size) The filters were washed with 
2 ml 0 1 M LiCI, dried and counted m a liquid 
scintillation counter 

Measurement of oxygen consumption The rates 
of oxygen uptake were measured by use of a 
Clark electrode with the Oxygraph (Gilson Medi
cal blectronics, Middleton, Wisconsin) The as 
say mixture ( 1 0 ml) contained 50 mM potassium 
phosphate (pH 6 8), 10 mM MgS04 and 50 to 
500 Mg of membrane protein The reaction was 
initiated by injecting 20 Ml of the substrate (20 
mM final concentration, 5 mM for NADH) The 
measurements were performed at 30°C 

Assay of dehydrogenase activity Dehydrogena
se activities were assayed by use of 2,6-
dichlorophenolindophenol (DCI) and in case of 
NADH dehydrogenase potassium ferncyanide 
as electron acceptor Incubation mixtures con
tained 0 2 M potassium phosphate (pH 7 3), 0 1 
to 0 5 mg of membrane protein per ml, 0 002% 
DCI or 0 1 M potassium ferncyanide and 20 mM 
lithium D-lactate disodium succinate, sodium 
a-glycerolphosphate or 10 mM NADH The opti
cal density at 620 nm (DCI) or 425 nm (ferncyani
de) was followed 

Fluorescense measurements Fluorescence was 
measured with an Aminco Bowman spectrofluo-
rometer The slit arrangement was 3 mm for 
positions 1, 3, 4 and 6, and 2 mm for positions 
2, 5 and 7, the sensitivity was 45 The excitation 
and emission wavelengths were 285 and 475 nm, 
respectively The reaction mixture (2 ml) contai
ned approximately 0 2 mg of membrane protein 
per ml, 50 mM potassium phosphate (pH 6 8), 
10 mM MgSO, and 50 мМ 1-
anilino-8-naphthalene sulfonic acid (ANS) and 
was well aerated The measurements were per
formed at 30oC and the fluorescence monitored 

Chemicals I ( U-MC) glutamic acid (260 mC 
/mmol), L- (U-14C) proline (165 mC/mmol) and 
sodium dihydrogen ( ,2P)-orthophosphate (10 
mC/mmol) were purchased from the Radioche
mical Centre, Amersham Lysostaphin was pur
chased from Schwarz-Mann Orangeburg Ν Υ , 
lysozyme from Boehrmger Mannheim and N-
methylphenazonium methosulfate from Schu-
chardt, München 2,6-dichlorophenol-
indophenol was obtained from Merck, Darm
stadt and l-anikino-8-naphthalene sulfonic acid 
from Sigma Gemicai Co , St Louis Fiypticase 
soy broth was purchased from BBL, Cockeysvil-
le 

RESULTS 

Isolation of mutants Two kinds of mutants of 
£ tali К12 were isolated namely, colicin A-
resistant strains (K12 R), of which spheroplasts 
were sensitive to colicin A, and colicin A-
tolerant strains (K12 T), of which piotoplasts 
were still resistant to colicin A The tolerant 
mutants isolated exhibited a higher sensitivity 
to deoxycholate (DOC) and EDTA than the wild 
and resistant strains since the growth of the tole
rant mutants was inhibited completely at con
centrations of I 0% DOC or I mM EDTA, whe
reas concentrations ten times higher were requi
red to inhibit the growth of the wild and resistant 
strains From 5 aureus Oxford 209 Ρ slaphylo-
coccin 1580 resistant strains (209 PR) could be 
isolated of which spheroplasts were sensitive to 
the bactenocin Staphylococcm 1580 tolerant L-
forms (502 A I) were isolated as mutants of sta
ble L-forms of 5 aureus 502 A These tolerant 
mutants were equally sensitive to DOC as their 
parent L-forms 
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Effect on phospholipid metabolism.Treatment 
of E. coli cells with colicins A, El and К caused 
an increase of the percentages of diphosphati-
dylglycerol and lysophosphatidylethanolamine 
and a decrease of phosphatidylglycerol (24). 
Like these colicins staphylococcin 1580 caused 
an increase of the relative amount of diphospha-
tidylglycerol and a decrease of phosphatidylgly
cerol in 5. aureus Oxford 209 Ρ cells but had 
no significant effect on phosphalidic acid and 
lysylphosphatidylglycerol (Fig. 1A). The total 
amount of 12P-labeled phospholipids decreased 
very slowly and the absolute alterations of dip-
hosphatidylglycerol and phosphatidylglycerol 
were nearly equal (Fig. IB). 

15 30 

TIME (min I 

kb 

1 2 3 0 

TIMEImml 

Fig. 2. Effect of colicin A on proton permeability 
ofE. coli K12 cells. The cell suspension (10* cellslml) 
was prepared as described in Materials and Methods. 
A. About 40 M/ of 0.01 S HCl was added to a 10 
ml suspension of untreated cells, followed by addition 
of cccp (2 VM final concentration). B. About 40 M/ 
of 0.01 N HCl was added to a 10 ml suspension of 
colicin A-pretreated (1000 A.U.jml for 10 min) cells, 
followed by addition of cccp. C. About 40 Ш of 0.01 
N HCl was added to a 10 ml suspension of untreated 
cells, followed by addition of colicin A (col A, 5000 
A.U.Iml) and cccp. 

Fig. /. Effect of staphylococcin 1580 on the phos
pholipid composition of S. aureus Oxford 209 Ρ cells. 
Cells were grown exponentially in a medium contain
ing ^Pj. When the culture reached the absorbance 
of 0.5 at 600 nm staphylococcin 1580 (1000 A.U.Iml) 
was added. At various lime intervals samples (100 
ml) were removed and the ,1P-contents of the various 
phospholipids were determined. A. Ratio between the 
percentages ofyiP of various phospholipids in treated 
(P) and untreated (P0) bacteria as a function of time. 
B. Absolute amount of У1Р in phospholipids from 100 
ml sample of treated cells as a function of lime. 
·, diphosphatidylglycerol; o, phosphatidylglycerol;A, 
phosphalidic acid:A,lysylphosphatidylglycerol; D, to
tal phospholipid. 

Effect on protonpermeability. The pH of a cell 
suspension of E. coli К12 was lowered from pH 
6.6 to 6.2 by addition of HCl. Subsequent additi
on of carbonyl cyanide m-
chlorophenylhydrazone (cccp) caused a rather 
slow and gradual increase of pH (Fig. 2A). A 
similar behavior was observed with colicin A-
pretreated and untreated cells of E. coli K.12 
R and К12 T. Upon addition of HCl and cccp 
to a suspension of colicin A-pretreated cells of 
E. coli К12, the pH raised very sharply (Fig. 
2B). Addition of colicin A after the pH was 
lowered and subsequent incubation with cccp 
caused a sharp rise of pH (Fig. 2C). Comparable 
results were obtained in tests with S. aureus 
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Fig 3 Effect of slaphylococcin 1580 on proton per
meability of S aureus Oxford 209 Ρ cells The cell 
suspensions (¡O9 cells ¡ml) were prepared as described 
m Materials and Methods A About 40 Ul of 0 01 ' 
N HCl was added to a 10 ml suspension of untreated 
cells followed by addition ofcccp (2 UM final concen
tration) В About 40 Ш of 0 01 N HCl was added 
to a 10 ml suspension of slaphylococcin pretreated 
(2000 A U Imi for 15 mm) cells, followed by addition 
ofcccp С 40 M/ of OOI N HCl was added to a IO 
ml suspension oj untreated cells, followed b\ addition 
of staphvlococcm 1580 (staph 1580, 4000 A U ¡ml) 
and cccp 

0 1 2 3 

TIME (mm) 

Fig 4 Effect of cohctn A on (i4C) glutamate accu 
mulation b\ membrane \esicles of E coli KI2 (circles) 
and K12 Τ (squares) The uptake nas measured in 
the presence of ascorbate (20 mM) and PMS (100 
UM) Open symbols control Closedssmbols colicin 

A (2000 A U ¡ml) added after 2 mm 

Oxford 209 Ρ and Oxford 209 PR cells and stap-

hylococcin 1580, al though the effect o f c c c p was 

somewhat less (Fig IA-C) E coli К12 and 5 
aureus Oxford 209 Ρ cells pret reated for more 

than 30 mm with colicin A and s laphylococcin 

1580, respectively, required more H C l to lower 

the p H to 6 2 and the p H rise upon c c c p addition 

became less drastically T h e results described 

here were not influenced by the p iesence of 50 

m M K C l in the cell suspension 

Effect on amino acid transport.Colicin A cau

sed a rapid leakage of ( 1 4 C ) g lutamate accumula

ted in membrane vesicles oï E toh К12 and 
К12 R, but no significant effect was observed 
with m e m b r a n e vesicles of Я coli К12 Τ (Fig 

4) Also s laphylococcin 1580 caused a rapid lea

kage of C ' C ) glutamate from m e m b r a n e vesicles 

of S aureus Oxford 209 Ρ and its resistant mu

tant 209 PR (Fig 5A) M e m b r a n e vesicles of 

S aureus 502 A behaved in a similar way while 

little effect was obse ived on m e m b r a n e vesicles 

of its tolerant mutant strain 502 AT (Fig 5B) 

T h e amino acid uptake by m e m b r a n e vesicles 

prepared from E coli cells can be stimulated 

by the following energy d o n o i s ascorbate plus 

p h c n a z i n e m e t h o s u l f a t e ( P M S ) D-lactate succi

nate and N A D H given here in order of decieas-

mg effectiveness (25 26) Irrespective of the 

election donor applied the uptake of glutamate 

was inhibited 85 to 9 5 % by 7500 A U of colicin 

A per ml (Fig 6A-B) Parallel exper iments with 

heat-inactivated (30 mm at I20°C) colicin Α οι 

Fig 5 Effect ofstaplnlococcm 1580 on (1*С) gluta
mate accumulation h\ membrane м sides of S au 
reus The uptake »as measured m the presence of 
ascorbate (20 mM) and PMS ( 100 Ш) Openssmbols 
control Closed ssmbols staphslococcm 1580 (2500 
A U /ml) added ajtcr 2 nun A Membrane \esicles 
of S auieus Oxford 209 Ρ В Membrane \esteles of 
S aureus 502 A (triangles) and 502 AT (c ire les) 
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Fig. 6. Effect ofcolicin A on ('*€) glutamate uptake 
into membrane vesicles of E. coli K12. The uptake 
was measured in the absence (open symbols) or pre
sence of colicin A (7500 A.UJml, closed symbols). 
Electron donors applied:Α. Δ, none; o, ascorbate (20 
mM) plus PMS (100 UM); •, D-lactate (20 mhi). Β. Δ, 
none; o, succinate (20 mM); D, NADH (20 mM). 
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Fig. 7. Effect of staphylococcin 1580 on C*C) gluta
mate uptake into membrane vesicles of S. aureus 
Oxford 209 P. The uptake was measured in the absence 
(open symbols) or presence of staphylococcin ¡580 
(7500 A.U.Iml, closed symbols). Electron donors ap
plied: Δ, none; o, ascorbate (20 mM) plus PMS (100 
MM); D, a-glycerolphosphate (20 mM). 

with staphylococcin 1580 (5000 A.U./ml) did not 
show any inhibition. The transport of amino 
acids in membrane vesicles of 5. aureus could 
be stimulated by a-glycerolphosphate and by 
ascorbate plus PMS (27) and was 85 to 95% in
hibited in both cases by 7500 A.U. of staphylo
coccin 1580 per ml (Fig. 7). The uptake of amino 
acids in membrane vesicles of B. subtilis W23 
was sensitive to staphylococcin 1580. Colicin 
A (7500 A.U./ml) and heat-inactivated (30 min 
at 120°C) staphylococcin 1580 did not affect the 
uptake in membrane vesicles of B. subtilis W23 
or S. aureus Oxford 209 P. The inhibiting effect 
of both bacteriocins was not restricted to gluta
mate uptake but affected proline uptake as well. 

Both bacteriocins inhibited noncompetitively 
glutamate uptake energized by ascorbate plus 
PMS (Fig. 8-9). The I ^ - a n d V-values of gluta
mate uptake in E. colt К12 (S. aureus Oxford 
209 P) membrane vesicles were 4.4 MM (40 MM) 
and 5.8 nmoles/mg/min (25 nmoles/mg/min), re
spectively. The K¡- values were in the range of 
10 nM and 100 nM for colicin A and staphylococ
cin 1580, respectively. It was assumed that the 
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Fig S. Cohan A as a noncompetitive inhibitor of 
(X*C) glutamate uptake into membrane vesicles of E 
coli K12. The amount taken up in 1 mm at 25°C in 
the presence of 20 mM ascorbate plus 100 MM PMS 
was measured o, control, · , ^000 A U of colicin A 
per ml; A, 2000 A U./ml 

molecular weights of staphylococcin 1580 and 
colicin A were 250,000 and 60,000, respectively, 
and that 1 A.U. of staphylococcin = 820 pmoles 
and 1 A.U. of colicin A = 840 pmoles. 

Effect on oxygen consumption and dehydroge
nase activities.To determine whether the inhibiti
on of amino acid uptake was caused by an inhibi
tion of the dehydrogenases or of the electron 
transport chain, the effect of the bactenocms 
on oxygen consumption was determined Table 
I shows that both bacteriocins have no or little 
effect on the oxygen consumption with various 
electron donors The inhibition by staphylococ
cin 1580 in the presence of NADH could not 
be enhanced further by higher staphylococcin 
concentrations For comparison also the effects 
of KCN and 2,4-dinitrophenol were determined 
Furthermore, both bactenocms had no effect on 
the NADH, D-lactate, a-glycerolphosphate or 
succinate dehydrogenase activity in membrane 
vesicles with DCI or ferncyanide as electron 
acceptor. 

l-Anilino-8-naphthalene sulfonate fluorescence. 
Changes in the fluorescence of 1-
anilino-8-naphthalene sulfondle (ANS) show a 
striking correlation with the effects exeitcd on 
dehydrogenase-coupled transport system in 
membrane vesicles and seem to be associated 
with structural transitions in components of the 
membrane (28) or/and alterations of the mem
brane potential (29, 30). Addition of D-lactate 
to membrane vesicles o f f . coli К12, К12 R 
and К12 Τ in the presence of ANS resulted in 
a rapid decrease of the fluorescence (Fig 10A). 
A similar effect was observed for membrane ves
icles of £ coli К12 Τ pretreated with colicin 
A, but not for colicin A-pretreated vesicles of 
E coli K12 and K12 R cells (Fig 10B) Colicin 
A reversed the decrease of fluorescence when 
added after D-lactate (Fig. IOC). A similar result 
was obtained with KCN and ammo acids, in 
accordance with the results of Reeves et al (28). 
The ANS fluorescence also decreased when a-
glycerolphosphate was added to membrane vesi
cles of 5. aureus Oxford 209P and 209 PR and 

Fig 9 Staphylococcin 1580 as a noncompetitive 
inhibitor of (l*C) glutamate uptake into membrane 
vesicles of S aureus Oxford 209 Ρ The amount taken 
up m 1 mm at 25°C m the presence of 20 mM ascorbate 
plus 100 MM PMS was measured, о control, », 750 
A U of staphylococcin 1580 per ml; A3500 A.U Imi 
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Fig 10 Effect of colicin A on D-lactate-induced 
fluorescence changes The experiments were carried 
out with E coli K12 membrane vesicles as described 
in Materials and Methods A D-lactate (D-Lac , 20 
mM) was added to untreated membrane vesicles 
В D-lactate (20 mM) was added to membrane vesicles 
pretreated with 6000 A U of colicin A per ml for 10 
mm С D-lactate (20 mM) was added to untreated 
vesicles, followed by addition of colicin A (col A, 
6000 A U ¡ml) 

Fig 11 Effect of staphylococcin 1580 on a-
glycerolphosphate (a-GP)-induced fluorescence 
changes m membrane vesicles of S aureus Oxford 
209 Ρ The experiments were carried out as described 
m Materials and Methods A a-GP (20 mM) was ad
ded to untreated membrane vesicles В a-GP (20 mM) 
was added to vesicles pretreated with 7000 A U of 
staphylococcin per ml for 15 mm С a-GP (20 mM) 
was added to untreated vesicles followed by addition 
of staphylococcin (staph 1580, 7000 A U ¡ml) 

staphylococcin pretreated vesicles of strain 502 
AT (Fig IIA) This decrease was prevented by 
staphylococcin 1580 added before a-
glycerolphosphate and was abolished when it 
was added after a-glycerolphosphate (Fig 11B-
C) Both bactenocins caused a small increase 
(1 to 2%) of fluorescence when added to mem
brane vesicles in the presence of ANS 

DISCUSSION 
Two classes of colicin Α-insensitive mutants 

were obtained from E coli K.12, namely, colicin 

A-resistant mutants, whose spheroplasts were 

sensitive to colicin A, and colicin Α-tolerant mu

tants, whose spheroplasts were still resistant to 

colicin A Staphylococcin 1580 - resistant and-

tolerant mutants were isolated from 5 aureus 

Oxford 209P and stable L-fofms of S aureus 

502 A, respectively The cell wall of the resistant 

mutants might be altered in such a way that the 

bactenocins could no longer attach to the recep

tor site, whereas in tolerant mutants the 

biochemical target appeared resistant to bacten-

ocin action (31) The higher sensitivity of colicin 

Α-tolerant mutants to deoxycholate and EDTA 

indicates that the membrane of the mutants may 

be altered 

Amino acid accumulation into membrane vesi

cles of wild and resistant strains of £ coli К12 
and S aureus was sensitive to the respective 
bactenocins, while the vesicles of tolerant 
strains were unaffected by them Similar results 
were obtained for colicin El (31) These results 

Table 1 Effect of colicin A, staphylococcin 1580, potassium cyanide and 2,4-dinitrophenol (DNP) 
on the oxidation system of membrane vesicles 

Membrane 
vesicles 
E coli К 12 

S aureus 
Oxford 
209P 

Electron donor 
(20 mM) 
Ascorbate PMS 
D lactate 
Succinate 
NADH 
Ascorbate-PMS 
a-Glycerol-
phosphate 
NADH 

Control 

100 
100 
100 
100 
100 

100 
100 

Relative 
Staphylococcin 
1580 
101 
95 
99 

102 
103 

96 
81 

(SOOOAU/m 

rate of oxygen 

1) 

Colicin A 
(5000AU/ml) 

98 
101 

97 
105 
101 

97 
102 

consumption (%) 
KCN 
(2 mM) 
11 
9 
3 
1 
9 

6 
2 

DNP 
(1 mM) 
100 

98 
97 
95 

101 

97 
96 

Membrane vesicles were pretreated with bactesnocins, KCN or DNP for 10 mm Then the substrate 
was added and oxygen consumption was measured as described in Materials and methodes 
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show that this group of bactenocins affect 
primarily a biochemical process in the membra
ne or the membrane itself 

The inhibition of amino acid uptake into mem
brane vesicles of E coli K12 and S aureus 
Oxford 209P by the respective bactenocins was 
noncompetitive and the extent did not depend 
on the ammo acid or electron donor applied 
According to Kaback (32,33) amino acid trans-
port is exclusively coupled via one or more dehy
drogenases and transport carriers to the electron 
transport chain The results presented here reve
al that inhibition of amino acid uptake was not 
caused by a blockade in the electron transport 
chain or dehydrogenase activities, as exerted by 
cyanide and oxamate, respectively Hence, the 
transport carriers appear no obligatory electron 
transfer intermediates as was already concluded 
from the action of uncoupling agents 

A proton gradient and electrical potential was 
suggested to provide the immediate driving force 
for the active transport of a variety of com
pounds m bacterial cells (34,35) The proton gra
dient may be generated by an oxydative input 
under aerobic conditions and a phosphorylative 
input under anaerobic conditions in intact cells, 
but in membrane vesicles only the first action 
is operative (36,37), possibly because of the loss 
of coupling factors involved in the phosphoryla
tive input (38) 

Transport inhibition could result from the deve
lopment of proton permeability causing a col
lapse of the proton gradient, the action of DNP 
and cccp may be explained in this way (39) 
Cohcin A and staphylococcin 1580 did not pro
mote proton permeability However, addition of 
cccp to cohcin- or staphylococcm-treated cells 
resulted in a rapid loss of the proton gradient 
Since previous experiments (16) showed that 
staphylococcin 1580 caused a rapid leakage of 
rubidium ions out of the cell, counter-ion move
ment is probably required to manifest the effect 
of cccp maximally A similar interpietation was 
offered for the action of cccp in the presence 
of cohcin El or valmomycin plus potassium ions 
(40) 

A decrease of ANS-fluorescense was 
observed when membrane vesicles of£ coli К12 
or 5 aureus Oxford 209P were energized by 
D-lactate or a-glycerolphosphate, respectively, 
and may result from a decreased binding of ANS 
caused either by conformational changes (28) 
of the membrane or by an alteration of the poten
tial (29, 30, 38) across it The effects of cohcin 

A and staphylococcin 1580 on ANS-
fluorescence may be explained to be due to a 
reduction of the energized state of the mem
brane 

Cohcin A and staphylococcin 1580 inhibit the 
uptake of amino acids both in intact cells (14,16) 
and in membrane vesicles The mechanism by 
which the uptake is coupled to the energized 
state of the membrane is unknown The results 
presented here may be interpreted as an uncou
pling of transport by these bactenocins either 
by dissipation of the energized state or by an 
interaction with proteins or phospholipids 

The mechanism by which these group of bac
tenocins affect this coupling is not yet clear 
Cohcin A (23) and staphylococcin 1580 cause 
an increase of diphosphatidylglycerol and a de
crease of phosphatidylglycerol I hese changes 
may induce conformational changes and affect 
transport, otherwise, they are a consequence of 
transport-inhibition 
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SUMMARY 

This thesis deals with a study on staphylococ-
cins, bactenocms produced by staphylococci 

Bactenocins are bactericidal substances of 
high-molecular weight, produced by bacteria 
and active against bacteria In contrast to bacte
nocins produced by gram-negative bacteria (e g 
Escherichia colt), the bactenocins from gram-
positive organisms are scarcely investigated 
The introduction surveys the current knowledge 
on the mode of action of various bactenocins 
and special attention is given to the general cha
racteristics, the biochemical process which is 
primarily affected, and roll of the cell surface 
in the mediation of the bactcnocin action 

About 6 3% out of 270 tested strains of Staphy
lococcus aureus produced substances antagonis
tic against three reference strains On the basis 
of their properties and inhibitory spectrum a di
vision was made into five classes One class con
sisted of lytic enzymes, the four others of staphy-
lococcins The ability to produce staphylococ-
cms was eliminated spontaneously upon storage 
and more rapidly on treatment with various cur 
ing agents and growth at 42 С The resistance 
to inorganic salts was co-eliminated These re
sults suggest that the genes for staphylococcin 
production and for resistance to inorganic salts 
are plasmid-borne determinants 

The production of staphylococcin 1580 by 
Staphylococcus epidermidis 1580 was optimal 
when cells were grown on semi-solid medium 
and could not be enhanced by ultraviolet irradia
tion or treatment with mitomycin С The staphy
lococcin was purified 5 900 times and the materi
al obtained was homogeneous Staphylococcin 
1580 was built up from subunits and consisted 
of protein (41 8%), carbohydrates (34%), and li
pids (21 9%) 

Bactenocins of gram-negative bacteria exhibit 
a smaller inhibitory specti urn than those of gram-
positive bacteria Staphylococcin 1580 is bacte
ricidal to several gram-positive bacteria but 
gram-negative organisms are insensitive 

Staphylococcin 1580 and colicin A were adsor
bed to cell walls as well as to cell membranes 
The binding to the cell wall appeared not essen 
tial for the action of these bactenocins, since 

also L-forms and isolated membrane vesicles 
were sensitive to them Tolerant and resistant 
mutants were isolated whose spheioplasts were 
insensitive and sensitive to the bactenocms, res
pectively Though stdphylococcin 1580 caused 
alteration of phospholipid composition of the 
membranes, it appeared not to act like a phosp-
holipase 

The staphylococcin inhibited simultaneously 
the syntheses of deoxyribonucleic acid, ribonu
cleic acid, and protein This may be explained 
as a general effect of the bactenocin on the ener
gy supply or on the transport of the precursors 
of these macromolecules The staphvlococcin 
inhibited the transport of glucose and o-
nitrophenyl-ß-galactoside, which are transpor
ted by a phosphoenolpyruvate phosphotransfer
ase system, and of amino acids, which are trans
ported by a system coupled to the electron trans
port chain Both systems are not directly depen
dent on ATP supply which indicates that the 
observed reduction of ATP level in the cell was 
not responsible for the inhibition of these trans
ports The inhibition of two different transport 
systems suggests that the staphylococcin af
fects the membrane 

Staphylococcin 1580 and colicin A inhibited 
ammo acid uptake into membiane vesicles This 
uptake is coupled via transport carriers to dehy
drogenases and the electron transpoi t chain I he 
bactenocins did not block the electron transport 
chain and did not inhibit dehydrogenase activi
ties indicating that the tiansport carriers are no 
obligatory parts of the election tiansfer chain 
This transport system may be energized by a 
proton or electron gradient across the mem
brane, or by conformational changes, all gener
ated by the electron transport chain 1-
Anilmo-8-naphthalcne sulfonic acid fluores
cence studies, presented here, proved that the 
bactenocms prevent the energized state of the 
membrane The bactenocins did not promote 
proton permeability but enhanced the effect of 
uncoupling agents on proton permeability 

Further studies on this subject may reveal fas
cinating information on membrane action and 
function 
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SAMENVATTING 

Dit proefschrift beschrijft een onderzoek naar 
stafylococcines, bactenocines, die geprodu
ceerd worden door stafylococcen 

Bactenocines zijn bactencidale stoffen met 
een hoog molecuulgewicht, die geproduceerd 
worden door en werkzaam zijn tegen bacteriën 
In tegenstelling tot de bactenocines van gram-
negatieve bacteriën (b ν Escherichia toh) zijn 
de bactenocines van gram-positieve bacteriën 
slechts weinig onderzocht De inleiding geeft een 
overzicht van de huidige kennis van de werkings
wijze van verscheidene bactenocines en bij
zondere aandacht wordt geschonken aan de alge
mene kenmerken, het biochemische proces dat 
pnmair beïnvloed wordt en de rol die de celwand 
en het celmembraan daarbij spelen 

Ongeveer 6,3% van de 270 geteste Staphylo
coccus aureus stammen produceerden een anta
gonistische stof tegen drie referentie stammen 
Op grond van de eigenschappen en het rem
mingsspectrum van deze antagonistische stoffen 
kon een indeling in tenminste vijf groepen ge
maakt worden Een groep bestond uit lytische 
enzymen, de vier andere uit stafylococcines Tij
dens het bewaren van de stammen ging het ver
mogen om stafylococcine te produceren verlo
ren, dit werd versneld door behandeling met een 
aantal stoffen en groei bij 42 С De resistentie 
tegen een aantal anorganische zouten ging gelijk
tijdig verloren Deze resultaten wijzen erop dat 
de genen, die coderen voor stafylococcine pro-
duktie en voor resistentie tegen anorganische 
zouten, op een plasmid liggen 

De productie van stafylococcine 1580 door 
Staphylococcus epidermidis 1580 verliep opti
maal bij groei van de cellen op een halfzacht 
medium, en kon niet vergroot worden door be
straling met ultraviolet licht of door behandeling 
met mitomycine С Het stafylococcine werd een 
zuivering bereikt van 5 900 maal en het verkre
gen materiaal was homogeen Stafylococcine 
1580 is opgebouwd uit subeenheden en bestaat 
uit eiwit (41,8%), suikers (34%), en lipiden 
(21,9%) 

Bactenocines van gram-positieve bacteriën 
hebben een breder remmingsspectrum dan die 
van gram-negatieve bacteriën Stafylococcine 
1580 doodt vele gram-positieve bacteriën maar 
gram-negatieve zijn ongevoelig 

Stafylococcine 1580 en colicine A adsorberen 
zowel aan celwanden als aan eelmembranen De 
binding aan celwanden blijkt niet essentieel te 

zijn voor de werking van deze bactenocines, 
omdat ook L -vormen en geisoleerde membraan-
blaasjes gevoelig zijn Zowel tolerante als resis
tente mutanten werden geïsoleerd waarvan de 
sferoplasten respectievelijk ongevoelig en ge
voelig voor het bactenocine zijn Hoewel het 
stafylococcine 1580 de fosfolipide samenstelling 
van het membraan verandert, blijkt het geen fos-
folipase te zijn 

Het stafylococcine remt simultaan de synthe
ses van desoxyribonucleïnezuur, nbonucleine-
zuur en eiwit Dit kan een gevolg zijn van een 
algemeen effect van het bactenocine op de ener
gievoorziening of op het transport van bouwste
nen van deze macromoleculen Het stafylo
coccine remt het glucose- en o-nitro-
fenyl-ß-galactosidetransport, dat via een 
fosfoenolpyruvaat afhankelijk fosfotransfeiase 
systeem verloopt, en het aminozuurtransport, 
dat verloopt via een systeem dat gekoppeld is 
aan de elcctronentransportketen Beide syste
men zijn niet direct afhankelijk van de ATP-
voorziening, wal erop wijst dat de remming van 
deze transportsystemen niet veroorzaakt wordt 
door de waargenomen daling van het ATP ni
veau De remming van twee verschillende trans
portsystemen, suggereert dat het stafylococcine 
op het membraan inwerkt 

Stafylococcine 1580 en colicine A remmen de 
opname van aminozuren in membraanblaasjes 
noncompctitief Deze opname is via transport-
carriers gekoppeld aan dehydrogenases en aan 
de elcctronentransportketen De bactenocines 
hebben geen invloed op de electronentransport-
keten of dehydrogenase activiteiten, wat erop 
wijst dat de transportcarriers geen noodzakelijke 
mtermediairen in de elcctronentransportketen 
zijn De energie voor het transportsysteem 
wordt mogelijk geleverd door een protonen- of 
electronengradient over het membraan, of door 
conformatieverandenngen in het membraan, die 
alle teweeg gebracht worden door de elcctronen
transportketen Fluorescentie studies met 1-
anilino-8-naftaleensulfonzuur bewezen dat de 
bactenocines het optreden van de energienjke 
toestand van het membraan verhinderen De 
bactenocines veroorzaken geen permeabiliteit 
van protonen maar versterken het effect van ont-
koppelaars 

Verdere studies over dit onderwerp kunnen 
belangnjke gegevens verstrekken over de wer
king en functie van het membraan 
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STELLINGEN 

1. 
Simoni en Shallenberger stellen op grond van de door hen beschreven experimenten met 
D-lactaatdehydrogenase-negatieve mutanten ten onrechte dat de physiologische betekenis van 
het D-lactaat effect in Escherichia coli twijfelachtig is. 

Simoni, R. D., and M. K. Shallenberger. 1972. 
Proc. Nat. Acad. Sci. USA 69: 2663-2667. 

2. 
De werking van colicine A en staphylococcine 1580 bevestigt dat de aminozuurtransportcarriers 
geen noodzakelijke intermediairen in de electronentransportketen zijn. 

3. 
De mening van Burke et ai, dat stabiel mRNA een rol speelt bij de vorming van zoosporangiën 
aan hyfetoppen van Allomyces, vindt onvoldoende steun in de door hen beschreven experi
menten. 

Burke, D. J., Seale, T. W., and B. J. McCarthy. 
1972. J. Bacteriol. 110: 1065-1072. 

4. 
De correlatie tussen bindingseiwitten en actief transport is onvoldoende aangetoond. 

Kerwar, G. K., Gordon, A. S., and H. R. Kaback. 
1972. J. Biol. Chem. 247: 291-297. 

5. 
Vele effecten, die toegeschreven worden aan sulfhydryl-reagentia, zijn te wijten aan niet-
specifieke, structurele veranderingen in het membraan. 

Carter, J. R. 1973. Biochem. 12: 171-176. 

6. 
De conclusie, dat de remming van de catalasesynthese in hepatoma cellen wordt veroorzaakt 
door de interactie van een inhibitor met het mRNA, is onvoldoende aangetoond. 

Uenoyama, K., and T. Ono. 1973. J. Mol. Biol. 
74: 453-466. 

7. 
Voor het optimaal functioneren van veel membraangebonden activiteiten is de 'liquid crystal 
phase' van de lipiden in de membraan een noodzakelijke voorwaarde. 

Taniguchi, K., and S. lida. 1972. Biochim. 
Biophys. Acta 274: 536-541. 

8. 
Het is aan te bevelen de werkzaamheden van o.a. huisarts, maatschappelijk werker, apotheker. 
en tandarts in een wijkcentrum te concentreren. 

9. 
De onsterfelijkheid van bacteriën hangt ontologisch samen met hun onvrijheid. 

A. M. Jetten 
8 juni 1973 








