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INTRODUCTION 

The literature abounds with examples of antagonism between particular 
bacterial strains. In many instances the mediating agent is a bacteriocin. In 
the most g,eneral sense, these substances are defined by two criteria-they 
are proteins or complexes of proteins, and they are not active against the 
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126 KONISKY 

producer bacterium. Such a definition is based entirely on function and 
avoids more restrictive considerations, such as whether (a) the toxin is 
encoded by plasmid or chromosomal genes, (b) the host range is narrow 
or broad, or (c) the bacteriocin is a simple protein (such as a colicin) or a 
complex structure composed of several distinct subunit species (such as a 
phage tail-like pyocin). 

The bacteriocins have been the subject of several reviews (53, 92, 128, 
141). These have considered many aspects of these antibiotic-like toxins, 
including structure, mode of action, genetics, evolution, and ecology. In 
contrast to these comprehensive treatments, this review focuses on a discus
sion of the mode of action of those few bacteriocins whose primary target 
has been identified. There is no treatment of the less well understood bac
teriocins. 

COLICIN E2 AND E3 AND CLOACIN DF13 

Mode of Action 
The toxins colicin E2 and E3 and cloacin DF13 are the most thoroughly 
understood bacteriocins (for reviews see 27, 66, 73). Their modes of action 
and immunity systems have been determined to the molecular level, and a 
great deal of information is available concerning their functional architec
ture. Because of their many similarities, they are discussed together. These 
proteins are enzymes-E3 and DF13 have RNase activity and E2 has 
endonuclease activity on DNA. They are toxins because their amino acid 
sequences endow them with some structural feature that allows them to 
traverse the bacterial envelope. 

Early experiments demonstrating that treatment of Escherichia coli cells 
with colicin E3 led to specific inhibition of protein synthesis suggested that 
the cellular target was a component of the machinery of protein synthesis 
( 108). This was verified when it was shown that 70S ribosomes isolated 
from E3-treated cells are defective in their capacity to support in vitro 
protein synthesis (95). A similar situation was found in the case of cloacin 
DF13-treated Enterobacter cloacae, with the exception that the cloacin 
caused, in addition, the leakage of cellular potassium (30). The basis for 
such K+ efIlux has not been subsequently investigated. In both cases ribo
some damage is localized to the 16S RNA of the 30S ribosomal subunit, 
which sustains a single nucleolytic cleavage at the same position near the 
3' -terminus of the molecule, thereby leading to the generation of a fragment 
of 49 nucleotides (10, 29, 137). Since an identical cleavage occurs when 
isolated ribosomes are treated with highly purified E3 or DF13 (8, 11, 29), 
the in vivo action of these bacteriocins most certainly involves penetration 
of all or part of these molecules through the bacterial surface layers, thereby 
allowing direct interaction of toxin with ribosomes. 

A
nn

u.
 R

ev
. M

ic
ro

bi
ol

. 1
98

2.
36

:1
25

-1
44

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 P
or

tla
nd

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

03
/1

2/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



BACTERIOCIN MODE OF ACTION 127 

Although early in vitro studies allowed the possibility that these bacterio
cins acted indirectly (for example, by activating a latent RNase of the 
ribosome), there is now compelling evidence that colicin E3 (and, thus, 
presumably cloacin DFI3) has endogenous RNase activity (113). 

Treatment of E. coli with colicin E2 leads to the specific inhibition of 
DNA synthesis and induces DNA degradation (108). It seems likely that 
the additional effect of colicin E2 on active transport of cells lysogenic for 
phage lambda (6) is secondary to the primary action of this colicin. In vitro, 
highly pUlrified E2 exhibits DNase, but not RNase, activity (133, 135). 
There is liittle doubt that the ability of this colicin to act as a DNA endonu
clease is the basis for its action against cells. Here again, the colicin must 
somehow penetrate the cell envelope, at least to the extent that it is able to 
interact with the bacterial chromosome. 

General Structure 

Each of these bacteriocins is released from producing cells as a 1: 1 complex 
of two polypeptides with a composite molecular weight of 60,000 for colicin 
E2 and E3, and 67,000 for the cloacin (28, 74, 75, 135). Upon dissociation, 
E2 and E3 yield polypeptides of 50,000 and 10,000 daltons, whereas DF13 
is composed of proteins of 58,000 and 9,000 daltons. In each case the larger 
polypeptide, termed E2*, E3*, or DF13*, is the active moiety of the com
plex (28,74, 135). Since E2*, E3*, and DF13* are also active against whole 
cells and display the same host specificity as the complex, each of these 
subunits must also contain the structural information required for receptor 
selection (see below) and penetration through the outer and inner bacterial 
membralll:s. 

Each of the smaller subunits has no bacteriocin-like activity but instead 
inhibits the nuclease activity of the larger polypeptide (28, 78, 135). The 
native complexes are only weakly active in vitro and addition of purified 
small subunit to E2*, E3*, and DF13* completely prevents their action on 
isolated ribosomes. Such inhibition is absolutely specific. For example, the 
smaller polypeptide derived from native colicin E2 neutralizes the in vitro 
action of E2* but not E3*, and vice versa (75, 135). The same specific 
interaction with only the homologous catalytic subunit is displayed by the 
smaller subunits of the E3 or DF13 complex (120). Clearly, any model for 
explaining the in vivo mode of action sequence must provide for removal 
of the inhibitor subunit to activate the bacteriocin. 

Immunity System 

The highly specific interaction between homologous catalytic and inhibitor 
subunits is the basis for the immunity system of these bacteriocins. The 
structural genes for the inhibitory subunits have been shown to reside on 
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128 KONISKY 

the bacteriocin-determining plasmids (90, 139), and expression is such that 
even under uninduced conditions, in which only a small fraction of plasmid
carrying cells are producing bacteriocin, all the cells in the population 
contain some free immunity protein. 

In considering a general model for immunity to these three bacteriocins, 
workers in the field have settled on the following scheme (27, 56, 73, 93). 
Upon synthesis, E2*, E3*, and DF13* interact with their respective immu
nity proteins to form inactive complexes. Thus, the producing organism is 
protected from the action of endogenous bacteriocin and maintains syn
thetic capacity for continuous toxin synthesis until eventual release of the 
complex into the medium. The mechanism whereby immunity protein is 
removed from the complex to generate active nuclease is unknown. Al
though there have been several suggestions that such activation might be 
mediated by interaction of complex with the cellular outer membrane recep
tor, in vitro attempts to verify this mechanis)ll have not been successful 
(121). Nevertheless, it seems likely that removal of the immunity protein 
occurs during penetration through the cell surface layer and that only active 
molecules enter the cell interior. Immunity from exogenous bacteriocin 
would result from neutralization of such activated bacteriocin by free in
tracellular immunity protein produced under the direction of the relevant 
immunity-determining plasmid. 

Functional and Structural Domains 
The analysis of fragments derived from protease digestion of these bacterio
cins has proven to be a very useful approach in delineating their functional 
and structural domains. The general pattern obtained is supported by stud
ies on mutant colicin E3 and DF13 (I, 44, 104). The nuclease activity of 
these proteins resides in the C-terminal portion of E2*, E3*, and DF13*, 
comprising about 25% of the total polypeptide (31, 105, 114, 116, 162). 
Although this region of each molecule is very basic and quite sensitive to 
trypsin digestion, its interaction with each corresponding acidic immunity 
protein not only neutralizes the activity of each polypeptide, but renders the 
region resistant to protease attack (31, 140, 162). This may serve to protect 
these bacteriocins against inactivation by proteases in the cell envelope (9, 
15, 18, 151) and, thus, explains several reports that the bacteriocin complex 
is more active in vivo than the corresponding E3* and DF13* subunits (28, 
56, 74). 

The N-terminal region (about 25% of the polypeptide) of each E2*, E3*, 
and DF13* is thought to be involved in translocation across the cell mem
branes (17, 116). Its rather hydrophobic character may reflect this function 
(31, 67, 115). The structural domain that interacts with each cognate outer 
membrane receptor occupies the central portion of each catalytic subunit 
(27, 116). 
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BACTERIOCIN MODE OF ACTION 129 

Digestion of colicins E2· and E3· with trypsin leads to the generation 
of a N-terminal fragment that represents approximately 70% of the intact 
polypeptide and a C-terminal fragment that comprises the rest of the mole
cule. Analysis of these fragments shows that the similarity of amino acid 
composition and antigenic specificity of native colicin E2 and E3 (5 4) is 
entirely a result of the almost identical amino acid composition of the 
N-terminal fragment (115). These results are expected since these two 
colicins bind to the identical outer membrane receptor protein (43, 102) and 
probably have similar modes of entry into cells (82). In contrast, the C
terminal tryptic fragments of E2· and E3· are significantly different in 
composition (115) reflecting both the difference in the catalytic function of 
the two colicins and the fact that this is the region that binds homologous, 
but not h'�terologous, immunity protein. Although E2- and E3-immunity 
proteins are of similar size, are very acidic in character, and bind to com
mon functional domains of their respective homologous E2· and E3· poly
peptides, they display no obvious structural relatedness (115). 

Studies on the protein chemistry of DF13* have not revealed sequence 
similarities to colicins E2· and E3·. This is not surprising since the cloacin 
absorbs to a different cell surface receptor. In spite of the fact that the 
immunity proteins of colicin E3 and cloacin interact only with their respec
tive homologous E3· and DF13· subunit, these inhibitors do have extensive 
regions of primary sequence homology (149). It is possible that a direct 
comparison of amino acid sequence in the catalytic domain of these bacteri
ocins will reveal similarities. 

COLICINS A, El, la, Ib, AND K 

Mode of Action 
The proteins colicin A, El,  la, Ib, and K form ion-permeable channels in 
the bacteriial cytoplasmic membrane. It seems likely that the many reported 
structural and metabolic changes seen in treated cells are a secondary result 
of the colicin-induced collapse of the membrane proton motive force. This 
discussion focuses on the primary action of these colicins. Readers desiring 
a more comprehensive treatment of the various biochemical changes ob
served in affected cells should consult recent reviews (58, 92). 

Early mode of action studies implicated the cytoplasmic membrane as a 
primary target of colicins A, El ,  K, la, and lb. These bacteriocins inhibit 
protein and nucleic acid biosynthesis and uncouple electron transport from 
active transport of thiomethyl-,8-D-galactoside and potassium (37, 38, 45, 
106). Treated cells leak potassium (22, 34, 45, 55, 106, 109, 161), and in the 
case of colicin El and K, it has been shown that affected cells become more 
permeable to magnesium and cobalt (101). This loss of cellular potassium 
and magn<:sium has been implicated as the primary cause of cell death (97). 
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130 KONISKY 

In common with several antimicrobial agents that act by dissipating the 
transmembrane potential, colicin-treated cells display enhanced transport 
of glucose via the phosphoenolpyruvate-phosphotransferase system (45, 
76). Colicin E1 or K-treated cells! show reduced activity of membrane
associated ATP-linked reverse transhydrogenase (131). Although these 
colicins cause a lowering of intracellular A TP levels, this decrease is not 
responsible per se for the effects of these molecules on membrane function 
(34). The inhibition of macromolecular synthesis by these toxins probably 
derives from several factors, including (a) low levels of ATP, (b) inability 
to accumulate substrates by active transport, and (c) inability to maintain 
sufficient levels of cofactors, such as cations, etc. 

Although the pattern of changes seen in inhibited cells led several groups 
to conclude that these colicins act by collapsing the energized membrane 
state, it was not until Gould et al (46, 47) observed that colicin El or K 
treatment leads to a more rapid rate of proton extrusion and a higher 
amplitude of the H+ /0 ratio that more direct evidence was obtained. These 
results suggested that upon colicin treatment the cell membrane becomes 
freely permeable to counterions, leading to a collapse in the membrane 
electrical potential. This was verified when it was shown that colicins la, 
Ib, and Ak inhibit uptake of triphenylmethyl phosphonium cation, whose 
accumulation is a measure of .6.", (145, 154, 160). Since the proton motive 
force is composed solely of the .6.", term at physiological pH (.6.pH = 0 at 
pH 7.5), the colicin-induced depolarization of the cytoplasmic membrane 
leads to dissipation of the sole driving force for many active transport 
systems, as well as ATP production by oxidative phosphorylation. 

The finding that addition of colicins la, Ib, El,  AI> and K to planar 
bilayer membranes prepared from soybean phospholipids increases the elec
trical conductance across such artifical membranes by forming voltage
dependent channels marked a critical advance (136). Significantly, colicins 
E2 and E3 are without effect in this system. Thus, colicins that collapse 
A.", in whole cells are also able to induce transmembrane ion flow in a 
protein-free artificial membrane. It was proposed that in vivo membrane 
depolarization results from insertion of colicin molecules into the cytoplas
mic membrane where they form aqueous channels. Although this scheme 
awaits in vivo verification, several other in vitro studies are supportive. 
When added to liposomes of heterogeneous composition (soybean or E. coli 
phospholipids), colicins El ,  la, and Ak (but not E2 or E3) induce the rapid 
transmembrane flux of several ions, as well as the slower leakage of small 

lit has recently become known that several papers that purport to study colicin K action 
actually dealt with colicin A (lOOa). This resulted from a mixup in colicin-producing strains. 
Where it was relevant, I used the notation At to designate such instances. 
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BACTERIOCIN MODE OF ACTION 131 

molecules such as choline, sucrose, leucine, and glucose-6-phosphate (88, 
146). This effect is not a result of general disruption of the membrane, since 
neither intravesicular inulin nor dextran is released. Although colicin E l  
treatment increases the permeability ofliposomes of homogeneous composi
tion (dimyristoyl-phosphatidyl-choline), treated vesicles do not leak non
electrolytes of the size of glycerol or larger (147). The fact that 
colicin-tre:ated liposomes leak a variety of molecules suggests that these 
colicins do not function as mobile carriers in this system, but do form 
nonspecific channels of finite size. Direct support for such a channel func
tion was obtained when it was determined that colicin EI depolarizes 
dimyristoyl-phosphatidyl-choline vesicles both above and below the mem
brane-phase transition temperature (147). In contrast to the voltage depen
dence for I;hannel formation in planar artificial membranes ( l36), the action 
of these colicins on liposomes is not dependent on a transmembrane elec
trical pote:ntial (88. 146). The basis for this discrepancy has not been clari
fied. 

The colicin la-induced proton permeability seen in liposomes (146) is 
different from the situation seen in whole cells or membrane vesicles (out
side pH adjusted to 5. 5 to allow the generation of ApH), which upon colicin 
la treatment display a transient enhancement in ApH (144, 145). Indeed, 
it seems likely that the colicin does promote proton permeability in whole 
cells or vesicles, but that the flux of protons is simply very small compared 
to the rate of flux of other ions in the system, which are present in much 
higher concentration. It is also possible that the colicin-induced proton flux 
across the membrane is too small to collapse ApH because of the low proton 
concentraltion compared to the large internal buffering capacity ( l36). The 
observed slight enhancement of ApH is in keeping with the many observa
tions that a collapse in AtfJ is accompanied by an increase in ApH (127). 

The fonnation of single channel in the cytoplasmic membrane having the 
same selectivity and conductance properties of those channels formed in the 
artificial planer membrane system would account for the observation that 
these colicins display single-hit killing. Such a channel would elicit sufficient 
ion flow to depolarize the membrane within a few minutes (136). 

Structural Features 
In aqueous solution colicins exhibit physical properties indicative of overall 
structural asymmetry (91, 92). However, colicins El (56,000 daltons), la 
(79,000), Ib (80,000), and K (45,000) are by far the most elongated, a feature 
that may be related to their mechanism of action. With prolate-shaped 
molecules, estimated axial ratios are 15, 11.8, 10.8, and 9.6 for EI, la, Ib, 
and K, respectively. Assuming oblates, the corresponding calculated ratios 
are 20, 14.9, l3.4, and 11.8. Although such estimates are mere approxima
tions, the high proportion of polar amino acids found in these colicins 
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dictates that they assume elongated forms in solution to maximize their 
interaction with the aqueous environment. Obviously, these eoUcins may 
take on a very different overall structure when integrated into the hydro
phobic environment of the cell envelope membranes. 

Protease digestion of colicin E1 yields a C-terminal fragment (18,000 
daltons), which is enriched in nonpolar amino acids (24). This fragment 
depolarizes both whole cell-derived membrane vesicles and liposomes com
posed of dimyristoylphosphatidyl-choline (24; W. Cramer, personal com
munication). In contrast, a 4O, OOO-dalton N-terminal fragment is thought 
to contain the domain associated with receptor recognition. There has been 
a suggestion that the channel-forming colicins share a common functional 
domain of similar primary structure (150). However, this work is difficult 
to evaluate, since some of the reported relevant colicin E l  amino acid 
sequence data conflicts with results obtained in three separate laboratories 
(personal communication from S. Luria, W. Cramer, and J. Lebowitz). 

Immunity System 
As in the case of colicins E2 and E3 and cloacin DF13, immunity to the 
channel-forming colicins does not involve an alteration in receptors (94, 
102). However, in contrast to these enzymes, there is no evidence that 
colicins El ,  K, la, Ib, or A are released from cells in complex with another 
polypeptide. 

Although the immunity system for any one of these colicins has not been 
clarified, the molecular interaction involved must be highly specific. For 
example, strains harboring the Colla plasmid are immune to colicin la, yet 
sensitive to colicin Ib, and vice versa, even though these colicins share many 
physical and chemical properties, exhibit extensive homology in primary 
structure, and adsorb to a common receptor (91). Furthermore, no bacterial 
mutants described are insensitive to one but not the other (17, 26). Thus, 
it seems most reasonable that the immunity system involves some specific 
interaction between a plasmid-coded gene product and the colicin, rather 
than a plasmid-determined alteration in their mode of action sequence. It 
has recently been shown that immunity to colicin la is mediated by a 
plasmid-determined inner membrane protein of 14,500 daltons. Immunity 
operates at the level of the cytoplasmic membrane since membrane vesicles 
prepared from la-immune cells can be depolarized by colicins El and Ib, 
but not Ia (155). These results raise the possibility that immunity derives 
from neutralization of colicin by this immunity protein and that the associa
tion takes place at or within the cytoplasmic membrane. The formation of 
such stoichiometric complexes might well provide the explanation for the 
observation of immunity breakdown that occurs at high Ia or Ib concentra-
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BACTERIOCIN MODE OF ACTION 133 

tion (100). Breakdown would occur when the cytoplasmic membrane is 
challenged with an amount of colicin in excess of the amount of immunity 
protein. Although several studies suggest the Col E1 plasmid gene that 
determines immunity to this colicin encodes a polypeptide of approximately 
13, 000-14,500 daltons (33, 68, 118, 123), its role in mediating immunity has 
not been I�xplored. 

COLICIN L 

Colicin L is a bacteriocin produced by Serratia marcescens strain JF246 and 
is active against certain E. coli strains, but not those Serratia strains tested 
(42). This toxin (64, 000 daltons) (40) inhibits synthesis of protein, DNA, 
and RNA and induces the efHux of accumulated leucine (39). General 
membrane damage does not occur, since treated cells can transport 
a-methyl-D-glucoside. Inhibited cells suffer a reduction in ATP levels. Al
though no outer membrane receptor protein has been identified for this 
colicin, mutants lacking a major outer membrane polypeptide, the ompA 
protein, are insensitive to the colicin. Colicin tolerance in these strains can 
be overcome by treatments that affect the outer membrane or peptidoglycan 
layers of the cell envelope (41). Furthermore, the colicin inhibits active 
transport in vesicles prepared from both ompA + and ompA cells. These 
results indicate that the ompA protein may play a role in mediating access 
of the colicin L molecule to the cytoplasmic membrane, which may be the 
primary cd] target (42). Although the action of colicin L is reminiscent of 
the effects: of colicins la, Ib, A, EI, and K, it remains to be established 
whether or not this reflects a similar action on the cytoplasmic membrane. 

COLICIN M 

Colicin M (27, 000 daltons) (134) causes cell lysis, and under conditions of 
osmotic protection induces the formation of spheroplasts (14). Although 
the colicin exhibits no murein hydrolase activity in vitro, treatment of cells 
does lead to inhibition of murein synthesis and promotion of murein hydrol
ysis (cited in 134). This suggests that the cellular target may be the enzymes 
involved in peptidoglycan formation. Since this enzyme system is probably 
located at the outer surface of the inner membrane, action of this colicin 
may requiire only partial penetration of the cell envelope (134). There is 
experimental support in favor of this notion (134). Further delineation of 
the mode of action of this colicin will undoubtedly require the development 
of an in vitro system that responds to its action. 
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TO THE TARGET 

Role of Receptors 
Colicin action is initiated by adsorption of each toxin to a specific outer 
membrane receptor. The presence or absence of such receptors is a critical 
factor in defining the activity spectrum of a particular colicin against mem
bers of the Enterobacteriacae (48, 129). However, since the presence of 
receptors is not sufficient to ensure strain sensitivity (see below), other 
strain-specific properties undoubtedly contribute. 

Many of the colicin receptors have been shown to be involved in outer 
membrane-mediated nutrient uptake (see 13, 82, 93 for reviews). Thus, the 
polypeptide that serves as the receptor for colicins E1, E2, and E3 functions 
in uptake of vitamin B t2, whereas the colicin K receptor serves as a specific 
diffusion pathway for nucleosides (3, 32, 50, 98). Several colicin receptors 
are involved in iron uptake, serving as siderophore-binding proteins. Thus, 
the E. coli tonA protein is receptor for colicin M and ferrichrome (51, 152, 
153), whereas enterochelin and colicins B and D (primary cell targets 
unknown) utilize a common polypeptide for adsorption (52, 60, 125, 126, 
153). There is indirect, but suggestive, evidence that the colicin la, Ib 
receptor may also be involved in iron accumulation (93). These important 
physiological functions undoubtedly exert selective pressure for the mainte
nance of active receptors on the surface of sensitive organisms. 

The molecular events between the initial adsorption to receptors and final 
interaction with a particular cellular target is not known for any colicin. 
However, there are indications that such translocation may be energy de
pendent (77,107, 119, 124, 130). Fortunately, the lack of information in this 
area has stymied neither discussion nor speculations, and several reviews 
have dealt with this unsettled aspect of colicin action (13, 59, 82, 93). 

In general, receptors are thought to provide a means whereby colicins are 
able to overcome the outer membrane barrier, which excludes access of 
exogenously added proteins to the periplasm and cytoplasmic membrane. 
This view derives from several studies in which it has been possible to 
demonstrate colicin-mediated de-energization of membrane vesicles pre
pared from resistant cells that lack receptors (7, 80, 142, 144, 154). Simi
larly, osmotic shock alleviates the need for receptors in cells challenged with 
colicins E3 or M (12, 148). 

Possible Role of Proteases 
Over the last several years, almost every discussion of colicin action has 
entertained a possible scheme involving toxin cleavage with subsequent 
translocation of an active fragment to the cell target. Receptor-mediated 
fragmentation seemed particularly intriguing. Although support for such an 
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hypothesis was claimed in a study that purported to demonstrate receptor
dependent cleavage of colicins El, E2, E3, and K with the generation of an 
active polypeptide fragment (151), this work has been retracted (D. Sher
ratt, personal communication). Similary, the determination that cleavage of 
colicin E4 by whole cells is receptor dependent (18) is complicated by the 
later realization that the colicin studied was actually colicin A. The original 
conclusion of receptor dependence has proven to be incorrect (C. Lazdun
ski, personal communication). 

Although there is no little doubt that under certain conditions addition 
of colicins to whole cells or isolated outer membranes leads to fragmenta
tion, it has been convincingly established that receptors have no obligatory 
role in the proteolysis of colicin la, Ib, A, or E 1 (9, 15). Furthermore, since 
colicin A activity is actually enhanced under conditions that prevent cleav
age, fragmentation of the kind observed is clearly not required for action 
of this colicin (15). There is much need for further work in this area. 

Colicin Uptake 
Although one might expect that dissection of the steps intervening between 
adsorption and interaction with target might be amenable to genetic analy
sis, this ge:neral approach has proven disappointing. Although many such 
tolerant mutants have been described, and even in some cases characterized 
enough to identify the altered gene product as an envelope component, in 
no case has it been possible to define in molecular terms how that compo
nent facilitates colicin action. 

According to its activity spectrum against a variety of mutants, a particu
lar colicin can be unambiguously assigned to one of two groups (25, 26). 
Although type B colicins (B, la, la, V, D, and M) are inactive on strains 
that have a lesion in the tonB gene, but active against strains mutant in 
tolA or tolB genes, the type A colicins (EI, E2, E3, K, A, L) show the 
opposite specificity. This distinction is independent of mode of action, but 
it is thought to reflect two different modes of colicin uptake. There has been 
discussion (82) of the possibility that some A-type colicins gain entry or 
access by utilizing those sites of adhesion between inner and outer mem
branes described by Bayer (4) in a process that depends on the tolA and 
tolB gene function. In the case of colicins E2 and E3, supporting evidence 
has been presented (2, 3, 82). Although the exact function of the tonB gene 
product has not been determined, available information has led to the 
consensus that it plays a role in mediating transfer of outer membrane
bound nutrients (such as vitamin B12 and siderophores) or type B colicins 
from their respective surface receptors to the cytoplasmic membrane (13, 
82, 93). Such transfer might occur with or without direct interaction of the 
two membranes. 
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A model has been considered that proposes that channel-forming colicins 
are able to interact with the cytoplasmic membrane while remaining ad
sorbed to their respective outer membrane receptors. For the type B colicins 
la and Ib, such a transenvelope orientation has been proposed to occur at 
hypothetical sites of apposition between inner and outer membrane (93, 96). 
In was further hypothesized that the formation of such regions of apposition 
is tonB dependent. According to this model, the A-type colicins El ,  A, and 
K would span the envelope at Bayer adhesion sites. Based on calculated 
dimensions, these colicins are all of sufficient size to span the cell envelope. 
The earlier described assignment of receptor and action domains of colicin 
E1 to respective N-terminal and C-terminal regions (24) would predict the 
simultaneous attachment of these regions to outer and inner membrane, 
respectively. 

Support for this model derives from the observation that addition of 
trypsin to inhibited cells reverses the effect of colicins la and K on mac
romolecular synthesis and the inhibition of active transport by colicin E1 
(23, tOO, 110). Presumably, digestion of colicin exposed at the cell surface 
suffices to disrupt or destroy that structural domain of the molecule forming 
channels in the inner membrane. However, an alternative mechanism in
volving a requirement for continuous translocation of surface colicins (tryp
sin sensitive) from receptor to cytoplasmic membrane (trypsin insensitive) 
cannot be ruled out. Such a mechanism involving transient channel forma
tion for any particular colicin molecule would manifest trypsin reversibility. 
Although the finding that immobilized colicin E1 but not E2 or E3 kills 
sensitive cells (99) supports the idea that this colicin can span the cell 
envelope, cleavage of the Sephadex-bound molecule to yield an active pene
trating fragment was not ruled out. 

In the case of colicin E3, it is possible to bypass the need for receptors 
by subjecting cells to osmotic shock (143). Thus, receptors are not abso
lutely essential for translocation of this molecule across the inner mem
brane. However, efficient translocation through adhesion sites in whole cells 
may require that the colicin be presented to the inner membrane in an 
optimal orientation. This alignment might be assured by a fixed spatial 
relationship between the outer membrane receptor and the cytoplasmic 
membrane. Although the hydrophobic domains of colicins E2 and E3 and 
cloacin DF13 most likely play a role in their translocation across the inner 
membrane, there is absolutely no hint of how this is brought about. 

PESTICIN A1122 

Pesticin A1122 is a 65,OOO-molecular-weight polypeptide produced by Yer
sinia pestis (63). The activity spectrum of the toxin is defined by the pres
ence of a specific outer membrane receptor elaborated by sensitive 
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organisms, which include serotype I strains of Yersinia pseudotuberculosis, 
some isolates of Yersinia enterocolitica, nonpesticinogenic Y. pestis, and E. 
coli 4>, but not E. coli K12 (36). 

Studies on the mode of pesticin action have been limited to its effects on 
E. coli. Since ton B derivatives of E. coli 0 are insensitive to pesticin (36), 
its mode of uptake by cells probably has some feature in common with the 
B-type coHcins. Although the pesticin receptor is distinct from those used 
by colicins I, B, D, or M, evidence suggests that it may operate as a 
component in some as yet undefined iron uptake system (16, 36, 64). 

Pesticin A1122 is an enzyme whose toxic action results from its ability 
to degrade cellular murein (35). Addition of this toxin to either E. coli 4> 
or sensitivt� Yersinieae induces the formation of osmotically stable sphero
plast-like f.orms, which is paralleled by a normal increase in cell mass. There 
is no inhibition of DNA, RNA, or protein synthesis (35, 49). Its mode of 
action was established by the finding that in vitro the purified pesticin 
catalyzes the hydrolysis of the ,8-1,4 bond between N-acetyl glucosamine 
and N-acetylmuramic acid in the glycan backbone of the bacterial cell wall 
(35). Murein preparations from a wide variety of naturally insensitive gram
negative strains, as well as from the immune-producing organism and resis
tant mutants of sensitive strains, are degraded by the pesticin in vitro. These 
results demonstrate that the activity spectrum of this bacteriocin is not 
dictated by the cell target, but more likely reflects the ability of the toxin 
to gain access to the murein of the challenged organism. 

STAPHYLOCOCCIN 1580 

The bacteri.ocin staphylococcin 1580, which is produced by Staphylococcus 
epidermidis 1580, is active against many gram-positive, but not gram
negative, bacteria (79). Although early mode of action studies (78, 80) were 
carried out with pure material, which was shown to be a 150,000-400,000 
dalton complex of subunits that contain protein, carbohydrate, and lipid 
(81), later studies utilize a less characterized but apparently pure prepara
tion (157-159). The effect of staphylococcin 1580 on the energy metabolism 
of sensitive Staphylococcus aureus or Bacillus subtilis cells is similar to 
what is seen in E. coli cells treated with the channel-forming coHcins. There 
is a rapid inhibition of macromolecular synthesis and active transport, 
depletion of cellular ATP, and efflux of preaccumulated rubidium ion and 
glutamic add. In contrast, electron transport is not significantly inhibited 
and is even stimulated in pyrurate grown S. aureus cells. 

Further study of staphylococcin action has made use of membrane vesi
cles prepared from both S. aureus and B. subtilis (80, 159). With fluorescent 
dyes to monitor the membrane potential in such membrane preparations, 
it has been 8hown that the toxin is able to collapse the ilt/J, whether gener-
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ated from respiration or by a potassium diffusion potential. This finding 
strongly implicates the cytoplasmic membrane as the primary cell target 
and suggests that the many changes seen in staphylococcin 1580-treated 
cells result from its ability to depolarize the energy-transducing cytoplasmic 
membrane. This work is at a stage that would greatly benefit from the use 
of artificial membrane systems. 

There is an energy requirement for the initiation of staphylococcin 1580 
action that is thought to reflect some energy-dependent step in the killing 
mechanism (156). These steps have not been defined, and delineation will 
probably require a genetic approach. Two potentially useful mutant classes 
have already been reported (80). Although active transport in membrane 
vesicles prepared from resistant S. aureus mutants is inhibited by the sta
phylococcin, similar membrane preparations isolated from tolerant mutants 
of stable S. aureus L-forms are not affected by the toxin. Thus, resistant and 
tolerant mutants may define alterations in surface receptor and other com
ponents in the uptake process, respectively. 

BUTYRICIN 7423 

Clostridium butyricum 7423 produces the rather hydrophobic bacteriocin 
butyricin 7423 (mol wt 32,500), which is active against Clostridium pas
teurianum (21). Treated cells are inhibited in DNA, RNA, and protein 
synthesis. In addition there is a lowering of ATP levels and an induced efHux 
of cellular K+ (20, 21). Although the butyricin inhibits the FiFo-ATPase 
of vegetatively growing cells in vitro (19), the primary action of the toxin 
is thought not to be due to stoichiometric inhibition of this enzyme. The 
observed inhibition of At{l is thought not to derive from the formation of 
ion-permeable channels in the cytoplasmic membrane, but to derive from 
some, as yet uncharacterized, interaction with this membrane (J. G. Morris 
personal communication). 

PYOCIN Rl 

The particulate bacteriocins produced by various Pseudomonas aeruginosa 
strains are grouped in five classes according to differences in receptor speci
ficity (84). Each producer strain is immune to the pyocin it produces. These 
toxins resemble contractile bacteriophage tails in structure, each being 
composed of a contractile sheath, a core, and fibers (69, 71). Their struc
tures are very similar as viewed in the electron microscope, and they display 
antigenic relatedness. Of each of the pyocin's over 20 distinct subunit 
proteins only that polypeptide that comprises the main component of the 
fiber differs from pyodn to pyocin (117). Since these fibers function in the 
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adsorption of each bacteriocin to its cognate lipopolysaccharide receptor on 
the surfac,e of sensitive organisms (71, 81, 103), such differences may well 
form the basis for the host range of each R-type pyocin. 

All the evidence suggests that the R-type pyocins originated from a 
common temperate bacteriophage, which by mutation became defective in 
assembly of normal particles. Subsequent divergence of the fiber structure 
would have generated the various R-type pyocins. Such an origin is sup
ported by the finding that several P. aeruginosa strains produce phages that 
display immunologic cross-reaction with the R-type pyocins (61, 62, 70, 
87). Furthermore, the isolated tail of one of these phages has pyocin-like 
bacteriocidal action (138). There is genetic evidence that these bacteriocins 
are coded by allelic chromosomal genes (83, 86). 

With regard to mode of action against sensitive P. aeruginosa strains, 
pyocin Rl is the most thoroughly studied R-type pyocin. Treatment leads 
to an immediate cessation of DNA, RNA, and protein synthesis with no 
cell lysis or DNA degradation (89). Ribosomes isolated from Rl-treated 
cells are physically degraded (89). It has been proposed that the arrest in 
macromolecular synthesis may derive from the observed inability of treated 
cells to take up orland maintain amino acids, nucleosides, and ions (65). 
The finding that pyocin RI causes an uncoupling of respiration to solute 
transport implies that the pyocin causes damage to the energy-transducing 
membrane, rather than acting to inhibit those reactions that lead to oxygen 
reduction (85). The enhanced binding of hydrophobic fluorescent probes to 
Rl-treated cell, with accompanying changes in certain parameters of 
fluorescenee (149), is similar to the studies on the channel-forming colicins 
and, here too, probably reflects structural changes in the cell envelope as 
a result of membrane de-energization. The sum of these observations 
strongly suggests that the cytoplasmic membrane is the primary target of 
this bacteriocin. Whether or not the killing mechanism involves a direct 
interaction of the pyocin, or some component of its composite structure 
with this membrane, is unknown. It seems likely that the other R-type 
pyocins have a similar action mechanism (117). 

PYOCIN AP41 

The bacteriocin pyocin AP41 has been isolated as a complex of two poly
peptides (90,000 and 6000--7000 daltons). Killing activity against sensitive 
P. aeruginosa strains resides in the larger component (132). In vivo the 
pyocin inhibits DNA synthesis preferentially and induces production of 
resident pyocins or phages. These results suggest a colicin E2-like mode of 
action and that the small subunit of the pyocin complex might correspond 
to an immunity protein. This scheme is supported by a report (M. 
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Kageyama, personal communication) that trypsinolysis of native AP41 
leads to the generation of a 16,OOO-dalton fragment that displays in vitro 
DNA endonuclease activity. This activity is inhibited by addition of the 
small subunit. 

MEGACIN A-216 

Megacin A-216 (51,000 daltons) is a phospholipase (57, 72, 122). Bacterio
cin-treated Bacillus megaterium leak intracellular material but do not lyse, 
and treated protoplasts are converted to cell ghosts. In vitro, the purified 
megacin catalyzes the formation of lysolecithin from lecithin and, thus, can 
be classified as an A·2 type phospholipase. 

Immunity of the meg+-producing B. megaterium strain is mediated by 
a proteinaceous inhibitor found in the culture medium (111, 112). This 
substance not only prevents the action of the megacin on protoplasts, but 
it inhibits megacin-dependent conversion of lecithin to lysolecithin. Fur
thermore, megacinogenic mutants displaying increased immunity produce 
higher levels of inhibitor when compared to the parental meg+ strain, 
whereas mutants showing increased sensitivity produce less. These results, 
together with the finding that the megacin inhibitor is not a general inhibitor 
of phospholipase A activity and is not produced by nonmegacinogenic 
strains, establish its role in the megacin immunity system. 

CONCLUDING REMARKS 

Although it has been possible to discuss the mode of action of several 
bacteriocins in terms of interaction with primary cell targets, a complete 
understanding of their killing mechanism at the molecular level requires a 
more thorough delineation of how each toxin reaches its target. This partic
ular aspect of bacteriocin action has proven quite refractory to experimental 
attack. A major technical problem in following the fate of bound bacteriocin 
is that although killing is single hit, not all bacteriocin-receptor interactions 
are functionally effective. Although the basis for such heterogeneity is not 
known, it might well derive from differences in molecular environment. For 
example, only a minority of receptors may be able to interact with envelope 
components that can function to mediate toxin uptake. A further complica
tion is that any manipulation that involves cell breakage, fractionation of 
envelopes, etc, may well cause a redistribution of bacteriocin molecules or 
fragments. The possibility of nonspecific modification of absorbed colicin by 
envelope proteases must also be taken into account. Clearly, the sorting out 
of physiologically functioning toxin from bacteriocins not taking part in the 
mode of action scheme is very difficult. Ideally, one would like some means 
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to distinguish "killers" from "non-killers" and an approach that will allow 
the freezing of "killer molecules" at various steps in the uptake process. 

The voltage dependence of the channels formed by certain of the colicins 
in the planar membrane system provides the membraneologist with a poten
tially very useful system for probing the nature of gated channel formation. 
Furthermore, the ability to assay a functional interaction (channel forma
tion) between a membrane and an exogenously added protein soluble in 
aqueous solutions may allow one to discern certain features of a process that 
may be of general relevance to membrane biogenesis and protein secretion. 

Although a start has been made in elucidating the functional domains of 
several colicins, progress has relied, for the most part, on the good fortune 
that protease cleavage of intact molecules has yielded useful fragments. 
What are now needed are more defined studies in which the investigator is 
able to dic:tate specific changes in protein structure. Such an approach is 
now feasible through DNA technology. Indeed, the cloning and sequence 
analysis of several colicin structural genes have been undertaken by several 
groups, and it should not be long before primary sequences are known. This 
kind of inf,ormation should make possible the use of directed in vitro muta
genesis to generate interesting molecules for both in vitro and in vivo 
analysis. Undoubtedly this approach can be applied to all the bacteriocins. 
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