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Interaction of either colicin A or El with the surface of Escherichia coli cells
resulted in extensive cleavage of the colicins into many peptide fragments in the
molecular weight range of 10,000 to 30,000 released into the supernatants of
colicin-cell mixtures. The protease inhibitor p-aminobenzamidine inhibited the
cleavage of colicin A and enhanced colicin killing activity, suggesting that
proteolysis is not required for the killing action of colicin. Fragments derived from
the supernatants of the mixtures were inactive against sensitive cells. Proteolytic
activity against both colicins was localized primarily in the outer membrane
fraction of the cell envelope. At least two distinct protease activities appear to be
present. Examination of the patterns of cleavage and inactivation of the colicins
by a* series of resistant mutants indicates that specific colicin receptors play no
essential role in colicin proteolysis. In addition, evidence is presented that
adsorption of colicin to specific receptors is a reversible process.

The initial step in the killing of sensitive
Escherichia coli cells by colicins involves a
binding to specific receptors located in the bac-
terial outer membrane (12, 18, 20, 23, 29, 30).
Events involved in cell killing subsequent to
receptor binding appear to involve the participa-
tion of a number of proteins, in that mutational
changes without loss of receptor function give
rise to strains refractory to various colicins
(tolerant mutants) and evince other membrane
defects such as sensitivity to detergents or dyes
(22).
At least with respect to colicins E2 and E3,

the colicin molecule presumably crosses the cell
wall barrier and the cytoplasmic membrane to
act upon intracellular targets (24, 32). Colicin El
may not need to penetrate the membranes since
colicin molecules covalently coupled to Sephar-
ose can kill sensitive cells (14). A part of the
molecule, or the whole molecule, must span the
outer membrane to produce channels for ions
and small molecules in the inner membrane,
resulting in a loss of membrane potential (11, 33,
38, 39, 41).
The mechanism whereby colicins are translo-

cated from receptor sites to their specific sites of
action is open to speculation. Some reports have
proposed that proteolytic cleavage of colicins by
interaction with cells or isolated membrane frac-
tions is involved in cell killing. Cavard and
Lazdunski (2) have shown that colicin E4, upon
interaction with sensitive cells, is split into two
peptide fragments, which are inactive against
bacterial cells. These authors suggested that
cleavage is an integral process in cell killing
since resistant mutants failed to mediate colicin

cleavage. In a more recent report, Bowles and
Konisky showed that colicin Ia was cleaved by a
protease that appeared to operate independently
of receptor function (1).
Experiments reported in this study were un-

dertaken to clarify what role, if any, fragmenta-
tion plays in the mechanism of killing by coli-
cins. The findings indicate that proteolysis of
colicins A and El does occur but is probably not
involved in killing by these colicins. Specific
receptors are apparently not required for cleav-
age of either colicin. At least two distinct coli-
cin-degrading protease activities are associated
with the E. coli outer membrane.

MATERIALS AND METHODS
Bacterial strains and media. For experiments on the

cleavage or inactivation of colicin, cells were grown in
L broth at 37°C to a density of 2 x 108 cells per ml
before harvesting. For the experiment in Table 3, cells
were grown in L broth lacking added NaCl, conditions
under which synthesis of outer membrane protein la is
not repressed (28, 31). For preparation of outer or
inner membranes, 1 ml of an overnight culture in L
broth was inoculated into 2 liters of Ozeki salts medi-
um (22) containing 54 mM glycerol, 0.5% Casamino
Acids, and 5 sLg of thiamine HCl per ml. Cultures were
grown at 37°C to a density of 109 cells per ml before
harvesting. Genetic properties and colicin sensitivities
of bacterial strains are described in Table 1.

Preparation of membranes. Outer membranes were
prepared as the Triton X-100-insoluble fraction of
membrane vesicles obtained by lysis ofwhole cells in a
French pressure cell operating at 15,000 lb/in2 by the
methods described by Schnaitman (5, 34). Alternative-
ly, the membrane fraction obtained by French pres-
sure cell lysis was separated on sucrose density gradi-
ents by the method outlined by Osborn et al. (26).
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TABLE 1. Bacterial strains

designation Genotype Colicin resistancea Source (reference)

C600 thr leu lac tonA Luria collection
A586 thr leu lac tonA tolC El (22)
A592 thr leu lac tonA tolA El, E2, E3, K, A (22)
A593 thr leu lac ton toaB E2, E3, K, A (22)
A597 thr leu lac tonA ompF A (22)
A598 thr leu lac tonA tsx K Luria collection
RB314 thr leu lac tonA btuB pEl, pA, E2, E3 Spontaneous BF23-resistant C600
RB330 thr leu lac tonA btuB ompF pEl, A, E2, E3 Spontaneous BF23-resistant A597
JSM20 C600 zig-2::TnlO ampA J. Suit
CJ30 trp(Am) lac(Am) C. Plate (27)

Colicinogenic Host strain Plasmidstrains

JSA 1 CJ30 pDMS630 colicin J. Suit
El-producing

A881 W3110 colE3 Luria collection
A737 QR47 colE2 Luria collection
610 06:H16, 23 colA Luria collection
LK235 LK235 colA Luria collection
N033 K235 colK M. Nomura

0 Colicin sensitivity of each strain was determined by the halo test. Of the five colicins examined in this study,
the ones listed are those to which a particular strain is refractory; p denotes partial or incomplete resistance. In
formal terms, resistance can be defined as a phenotype which results from a deficiency in specific colicin
receptors. Tolerant mutants are refractory to a particular colicin but are still able to bind the colicin since
receptors are intact. A mutation to BF23 resistance (formerly termed bfe, but here called btuB) results in loss of
colicin E receptors (6, 43). A mutation at ompF results in loss offunctional colicin A receptors (this study). ompF
mutants are missing outer membrane protein la (8).

Outer membranes were suspended to 5 to 10 mg of
protein per ml in 0.01 M HEPES (N-2-hydroxyethyl
piperazine-N'-2-ethane sulfonic acid), pH 7.4, and
kept frozen at -70°C. Succinate dehydrogenase activi-
ty was measured as described by Osborn et al. (26),
and 2-keto-3-deoxyheptonic acid as an index of outer
membrane purity was measured by the method of
Weissbach and Hurwitz (42).

Purification of colicins. Colicin A was purified as
follows. An overnight culture of strain LK235 was
diluted 1:50 into L broth (typically, 4 liters) and
incubated with aeration at 37°C. When cell density
reached 3 x 108 cells per ml, 1 ,ug of mitomycin C per
ml was added to induce colicin synthesis, and cells
were aerated for an additional 2.5 h. The induced
culture was chilled and harvested, and the cell pellet
was washed once in L broth, weighed, and transferred
to a chilled mortar. Alumina was added at a ratio of 2.5
g to 1 g (wet weight) of cells, and the cell mass was
ground until a paste stage was achieved. The paste was
suspended in a minimum volume of 0.1 M potassium
phosphate, pH 7.0, containing 1 M NaCl and was
transferred to a centrifuge tube, to which DNase (10
,ug/ml), RNase (10 Fag/ml), and 5 mM MgSO4 were
added. After a 5-min incubation at room temperature,
alumina was separated from the lysate by centrifuga-
tion at 3,000 x g for 10 min. The supernatant fluid was
then centrifuged at 100,000 x g for 1 h to remove cell
membranes and cell debris. Ammonium sulfate was
added to the clear supernatant to 20% saturation. The
precipitate from this step was discarded, and the
supernatant fluid was treated with ammonium sulfate
to 60% saturation. The resultant precipitate was dis-

solved in a minimum volume of 0.01 M sodium phos-
phate (pH 7.1) and dialyzed overnight against several
liters of the same buffer. The dialyzed material was
passed over a DEAE-Sephadex column pre-equilibrat-
ed with 10 mM sodium phosphate. The void-eluting
material was retained and chromatographed on a Bio-
Gel P-60 column with elution by 0.10 mM sodium
phosphate, pH 7.1. Material eluting at the void volume
of this column was pure colicin A. Colicin A was
stored at -70°C in 50-pl portions at concentrations
which ranged from 1 to 20 mg/ml. The specific activity
of the final material varied from 2 x 1013 to 2 x 1014
killing units/mg of protein, which is equivalent to 1
cell-killing event per 100 or 1,000 molecules, with
single-hit kinetics assumed.

Colicin El was purified from mitomycin C-induced
strain JSA1 by the procedure of Schwartz and Helinski
(35). The specific activity of the colicin was approxi-
mately 1.3 x 1015 killing units/mg, which corresponds
to 1 active molecule in 10.

Killing activity and titration of colicins. Killing by
colicins was measured by mixing suitable dilutions of
colicins in 0.01 M sodium phosphate, pH 7.1, with
approximately 1.5 x 108 cells per ml in L broth at
37°C. At times after the addition of colicin, portions
were withdrawn and diluted 100-fold in L broth con-
taining 250 p,g of trypsin per ml to stop further colicin
action. After 5 min, samples were diluted further in L
broth and plated for viable counts. Colicin multiplicity
(molecules of colicin per cell) was calculated from the
relationship S/So = e-', where m is the multiplicity,
SO is the number of viable cells per milliliter before
addition of colicin, and S is the number of cells per
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milliliter surviving after incubation with colicin, usual-
ly for 20 min, a time after which little further killing by
colicins occurred.
Measurement of the amount of cell-killing activity

remaining in a cell-colicin mixture at various times
after the addition of colicins was accomplished by
adding suitable amounts of the mixture to 1-ml
amounts of L broth containing 1.5 x 108 cells of a
tetracycline-resistant indicator strain (JSM20). After
exactly 20 min of incubation at 37°C, the mixtures
were diluted 100-fold in L broth containing trypsin.
The amount of colicin was calculated from the number
of tetracycline-resistant survivors exactly as described
above.

Colicin titer was sometimes determined by placing 5
ILI of serial twofold dilutions of colicin or colicin-cell
mix in 0.01 M sodium phosphate, pH 7.1, on lawns of
indicator cells in L soft agar. The colicin titer was
taken as the reciprocal of the highest dilution showing
complete clearing of the lawn after incubation at 37°C.

Colicin sensitivity of various strains was determined
by the halo around stab colonies. Colicinogenic strains
were stabbed into LB agar plates. After overnight
incubation, colicinogenic stabs were subjected to chlo-
roform vapors and overlaid with 3 ml of LB soft agar
containing 2 x 107 cells of indicator bacteria. Colicin-
resistant or colicin-tolerant cells showed little or no
clearing of the zone surrounding the colicinogenic
stab.

Digestion of colidns and generation of fragments.
Colicin products from proteolytic digestion by intact
cells or outer membranes were obtained as follows.
For experiments with whole cells 108 to 3 x 108 cells
were mixed with 50 ,ug of purified colicin in 0.5 ml of
0.01 M sodium phosphate, pH 7.1, and the cell-colicin
mix was incubated with occasional shaking at 37°C for
1 h. Cells were separated from the buffer by centrifu-
gation in an Eppendorf centrifuge for 5 min. The
supernatant was carefully decanted and precipitated
with 3 volumes of ice-cold ethanol. Under these condi-
tions, 50 to 60%o of the colicin protein was recovered in
the ethanol precipitate. No colicin or fragment protein
could be detected in cell pellets after centrifugation.
The ethanol precipitate was dissolved in a minimum
amount of sample buffer (13) prior to polyacrylamide
gel electrophoresis. For experiments with outer mem-
branes, 50 ,ug of colicin was mixed with 100 ,ug of outer
membrane protein in 0.5 ml of 0.01 M sodium phos-
phate, pH 7.1. After incubation for 1 h at 37°C,
membranes were separated from the buffer by centrif-
ugation in an Eppendorf centrifuge for 15 min. Triton-
insoluble membranes were pelleted under these condi-
tions. The supernatants from this step were treated
exactly as above.

SDS-gel e ores. Colicins and digestion prod-
ucts were analyzed by electrophoresis in the sodium
dodecyl sulfate (SDS)-polyacrylamide gel system de-
scribed by Laemmli (13). For the experiments report-
ed here, 12.5% gels were prepared. Gels were stained
for 2 h at 700C by immersion in a solution containing
0.25% (wt/vol) Coomassie blue, 25% (vol/vol) isopro-
panol, and 10o acetic acid. Destaining was accom-
plished by immersing gels in 10%o acetic acid-25%
isopropanol at 70°C for 1 h, followed by successive
washes with 10% acetic acid. In some cases gels were
dried with a Bio-Rad model 224 slab gel dryer.

Transduction techniques. For mapping of ompF, P1

vir was propagated on A597, and 109 phage particles
were mixed with 3 x 108 cells of strain KL188 (pyrD
his trp thyA rpsL) in 1 ml of L broth containing 5 mM
CaC12. pyrD+ transductants were selected and scored
for colicin A resistance by replicating to plates con-
taining colicin A.

Protein assays. Protein was determined by the meth-
od of Lowry et al. (16), with bovine serum albumin as
the standard. For membrane preparations containing
Triton X-100, protein was determined in the presence
of 1% SDS by the Lowry technique.

Chemicals. Triton X-100 was from Rohm and Haas
Co.; Na-p-tosyl-lysylchloromethyl ketone, phenyl-
methylsulfonyl fluoride, and p-aminobenzamidine
were purchased from Sigma Chemical Co.

RESULTS
Identity of the colicin produced by LK235.

Comparison of the colicin produced by our
culture of K235 (designated LK235) with that
from a K235 culture kindly supplied by M.
Nomura showed that the latter colicin con-
formed to the properties expected for colicin K.
A mutant (A597) isolated as resistant to authen-
tic colicin A from strain 06:H16, 23 was specifi-
cally resistant to the colicin from our LK235
culture. The mutation in A597 cotransduced
with pyrD at a frequency of 55%, suggesting that
the defect is in the ompF locus, a gene whose
mutations produce resistance to colicin A and
alter the expression of outer membrane protein
la, which is supposedly involved in the receptor
function (8; see below). As shown in Table 2, the
spectrum of killing activity of the colicin from
LK235 against a series of tolerant and resistant
mutants of C600 further indicated that this coli-
cin is similar, if not identical, to colicin A.

Proteolytic cleavage of colicins A and El. Inter-
action of colicins A and El with cells results in
extensive proteolysis of the colicins. Incubation
of intact colicin A or El with sensitive cells led
to cleavage of these colicins and the appearance
ofmany fragments detectable on SDS-polyacryl-
amide gels. The fragments could be recovered
from supernatants of cells treated with micro-
gram amounts of colicin. In the experiment
shown in Fig. 1 and in most cleavage experi-
ments reported here, the amount of colicin add-
ed represented multiplicities of 10' to 106 colicin
molecules per cell. As can be seen in Fig. 1,
within 60 min of incubation at 37°C, colicin A
was degraded into at least seven peptide frag-
ments of molecular weights ranging from 20,000
to 30,000. Colicin El breakdown products were
of smaller molecular weight, some of them elec-
trophoresing with the solvent front. None of the
observed peptides was cell derived since elec-
trophoresis of total protein from untreated cells
yielded no protein band which stained as in-
tensely as any of the colicin fragments. Neither
colicin was degraded in the absence of cells.
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TABLE 2. Colicin sensitivity of indicator strains

Strains (colicin Indicator strains (genotype)'
produced) C600 RB314 (btuB) A598 (tsx) A592 (tolA) A593 (toWB) A586 (tolC) A597 (ompF)

JSA1(E1) S R S R S R S
A737(E2) S R S R R S S
A881(E3) S R S R R S S
610(A) S pR S R R S R
LK235(A) S pR S R R S R
N033(K) S S R R R S S

a Colicin sensitivity was determined by the halo test described in Materials and Methods. R denotes complete
resistance to the indicated colicin, pR denotes partial resistance, and S denotes sensitivity.
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mixing 2 x 108 C600 c
Lane 1, molecular we:
soybean trypsin inhibi
(30,000). Lane 2, su
colicin A; lane 3, sl
colicin A plus 5 ma
supernatant of cells
supernatant of cells
aminobenzamidine. F
vived after 20 min of

inhibitors were examined for absence of the inhibitor. In some experiments
cleavage reaction. As shown complete conversion of intact colicin El to the
benzamidine, a competitive, large fragments was observed (data not shown).
r of serine proteases (37), Arginine also inhibited the cleavage of colicin A,
d the fragmentation of colicin suggesting that protease(s) cleaves adjacent to
g from colicin El the genera- arginine residues and has trypsin-like specificity
ients larger than seen in the (37). Neither tosyl-lysylchloromethyl ketone (12

mM), phenylmethylsulfonyl fluoride (6 mM),
2 3 4 5 nor the chelator EDTA (10 mM) was an effective

inhibitor of the cleavage of either colicin. Boiled
cells did not mediate cleavage, nor was cleavage
observed if unboiled cells were incubated with
colicins at 0°C (data not shown). The inability of
phenylmethylsulfonyl fluoride to cause com-

_IP 4mUis; plete inhibition of cleavage of colicin A is unex-
pected if the protease activity is similar in spec-
trum of action to other serine proteases (7). For
the purposes of this study, it was decided to
concentrate on the effect of an inhibitor, p-
aminobenzamidine, which blocked the cleavage
of either colicin at some step during proteolysis.
The appearance of fragments in the superna-

tants of colicin-cell mixtures at various times
after the addition of colicin was examined to
detect the presence of possible intermediates.
As shown in Fig. 2A, with colicin A there was a
gradual decrease in the amount of intact colicin
with a corresponding increase in fragments. The
same series of fragments was present at each
time after the addition of colicin, suggesting that
no large intermediate precursor fragments were
being produced. With colicin El the analogous
experiment revealed a two-step process: two
intermediate fragments of molecular weights
26,000 and 30,000 appeared first and then gave

of colicins A and El by whole rise to the smaller fragments (Fig. 2B). The
nents of colicin A or El were intermediate fagments of colicin El were identi-
d in Materials and Methods by cal in molecular weight to the fiagments generat-
:ells with 50 ".g of colicin protein. ed from colicin El in the presence of p-amino-
:ight markers: lysozyme (14,000), benzamidine.
itor (20,000), carbonic anhydrase The fact that p-aminobenzamidine allowed
pernatant of cells treated with fragmentation of colicin El to large peptides but
pemrnatant of cells treated with inhibited further degradation suggests that theA p-aminobenzamidine; lane 4,
treated with colicin El; lane 5, protease which degrades the intermediate frag-
treated with El plus 5 mM p ments may be the same one which cleaves
zewer than 1% of C600 cells sur- colicin A and that a second protease is responsi-
'treatment of colicins. ble for the first fragmentation of colicin El. The
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FIG. 2. Time course of appearance of fiagments of
colicins A and El. (A) Colicin A (50 ,ug) was added to
each of eight tubes containing 1.5 x 108 C600 cells in
0.5 ml of 10 mM NaPO4, pH 7.1. At indicated times
after colicin addition, 25 mMp-aminobenzamidine was
added to terminate cleavage and cells were centri-
fuged. Supematants containing colicin fragments were
analyzed on 12.5% SDS-polyacrylamide gels. (B) Coli-
cin El (50 ,Lg) was mixed with 2 x 108 C600 or RB314
cells. At indicated times, tubes were centrifuged and
supernatants were treated as in A. Left lane, molecu-
lar weight markers; right lane, untreated colicin El.
Less than 1% of input C600 cells survived after 20 min
of treatment with colicins. Arrows denote the position
of migration of the principal fragments of either coli-
cin.

results also suggest that cleavage of colicin El
into intermediate fragments exposes residues
which are not accessible to protease action in
the intact molecule. p-Aminobenzamidine re-
tarded, but did not completely prevent, the
formation of colicin El intermediates.
Fragments do not have cefl-killing activity. The

appearance of fragments in the supernatants of
colicin-treated cells correlated with a loss of
total cell-killing activity in the mixtures (Fig. 3).
Incubation of either colicin with sensitive cells
led to a time-dependent disappearance of killing
activity. p-Aminobenzamidine prevented the
disappearance of colicin A activity completely
and that of colicin El activity only partially. The
protection of colicin A activity by p-aminoben-
zamidine points to proteolysis as the cause of

loss of activity and suggests that fragments are
inactive against cells. That p-aminobenzamidine
only retarded the loss of colicin El activity
correlates with the partial inhibition of fragmen-
tation of this colicin by p-aminobenzamidine

ro (Fig. 1). Colicin El intermediate fragments are
apparently inactive, as are the products of fur-
ther steps in proteolysis.

Proteolysis does not result in colicin activation.
To determine whether proteolysis of these coli-
cins is a step in their lethal action, killing by
colicins was measured in the presence of p-
aminobenzamidine (Fig. 4). The rate and extent
of killing by either colicin A or El were actually
higher in the presence of p-aminobenzamidine
than in its absence. This suggests that p-amino-

k benzamidine, by inhibiting cleavage, causes the
preservation of a greater number of intact, ac-
tive colicin molecules. This is especially clear

k for colicin A, whose fiagmentation was com-
pletely prevented by p-aminobenzamidine.

Localization of proteolytic activity. Inner and
:Ck outer membrane fractions of the cell envelope

were prepared and tested for their abilities to
destroy the activity of colicin and to cleave it.
Colicin-destroying activity was present in the
Triton X-lU0-insoluble, outer membrane trac-
tion. For both colicins El and A, less than 10%

b-

z
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0

TIME AFTER COLICIN ADDITION, MIN.

FIG. 3. Loss of colicin activity caused by exposure
to cells of strain C600. (A) Colicin El (10 ng; 2 x 109
killing units) was mixed with 109 C600 cells in 1 ml of
0.01 M NaPO4, pH 7.1. The amount of colicin activity
remaining in the colicin-cell mixture at times after
colicin addition was calculated as described in Materi-
als and Methods by measuring viability of strain
JSM20. Symbols: 0, no p-aminobenzamidine; O, 5
mM p-aminobenzamidine present with cells. (B) Coli-
cin A (100 ng; 6 x 10i killing units) was mixed with 6 x
108 C600 cells in 1 ml of NaPO4. Symbols as in A.
Survival of C600 was less than 10% after 120 min of
colicin A treatment.
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FIG. 4. Effect ofp-aminobenzamidine on killing by
colicins. (A) At 0 min, 0.1 ,ug of colicin A was mixed
with 1.6 x 108 cells of C600 per ml in a volume of 1 ml.
At the indicated times, 0.1 ml was withdrawn and
diluted 100-fold into L broth containing 250 ,ug of
trypsin per ml to stop colicin action. After 5 min of
digestion of trypsin, cells were further diluted in L
broth and plated for colony-forming ability. Symbols:
0, colicin A alone; O, colicin A plus 5 mM p-
aminobenzamidine; *, 5 mM p-aminobenzamidine, no
colicin. (B) As in A except that 15 ng of colicin El was
mixed with 1.4 x 108 cells of C600 per ml.

of original colicin activity was present after a 10-
min incubation with 100 ,ug of outer membrane
protein, whereas 60% of the colicin activity was
measurable after 10 min of incubation with 100
,ug of Triton-soluble membrane protein. Similar
results were obtained with membrane fraction
prepared by sucrose density gradient centrifuga-
tion. Outer membranes prepared by either tech-
nique mediated complete fraginentation of the
colicins within 30 min of incubation at 37°C,
whereas the gradient-prepared inner membrane
fraction digested less than 50%o of the total
amount of colicin protein (data not shown). The
series of fragments generated by incubation of
either colicin with outer membranes was the
same as that generated by incubation with whole
cells (data not shown).

Interaction of colicin A with cells in the absence
of proteolysus. The fact that p-aminobenzamidine
completely inhibits breakdown of colicin A
makes it possible to explore the question of why
the killing titer of colicin preparations is usually
10- to 1,000-fold lower than the number of
molecules (18, 23). If breakdown of most of the
colicin is a cause of this discrepancy, then
preventing breakdown might bring the two val-
ues together.
When mixtures of colicin A and sensitive

bacteria (incubated in the presence of p-amino-

benzamidine) were added to tetracycline-resis-
tant indicator bacteria, the killing titer did not
diminish with time (Fig. 3B). In this experiment,
6 x 108 "killing units" of colicin A (correspond-
ing to about 6 x 1010 molecules) interacted with
6 x 108 cells, killing 80%o of them after 1 h. With
the assumption that one molecule of colicin is
sufficient to kill one cell (23, 29), a minimum of 5
x 108 colicin molecules consumed in killing 5 x
108 cells must be a small fraction of the number
of molecules present and capable of killing cells,
implying that there are many more active mole-
cules than are scored as "killing units." When
the mixtures were centrifuged and supernatant
and resuspended pellet were tested separately
for killing, almost all colicin activity proved to
be in the resuspended pellet (Table 3). Under
conditions that prevent colicin proteolysis, coli-
cin molecules were rapidly removed from the
medium; a small fraction of them acted lethally,
but most molecules remained attached to the
bacteria in such a way that they cosedimented
with cells while remaining available to desorb
and kill other bacteria. The possibility of such a
reversible colicin-cell interaction has already
been suggested by Shannon and Hedges (36).

Involvement of specific colicin receptors in coli-
cin cleavage. Receptor-deficient mutants were
tested for their abilities to inactivate and cleave

TABLE 3. Adsorption of colicin A by C600 and
A597a

Relative colicin titerb
Prepn

C600 A597C
Mixture 1,024 1,024
Supernatant 256 1,024
Resuspended pellet 512 32
Supernatant of 32 32

resuspended
pellet
a Colicin A (4 ,ug; approximately 2 x 1010 killing

units) was mixed with 6 x 108 cells of either C600 or
the ompF mutant (A597) in 1 ml of 10 mM sodium
phosphate, pH 7.1, containing 5 mM p-aminobenzami-
dine. Cell mixtures were incubated for 2 min at 37°C,
assayed for colicin activity by spot testing and centri-
fuged. The supernatants from each mixture were as-
sayed, and the cell pellet was resuspended in an
appropriate volume of buffer containing 5 mM p-
aminobenzamidine. After 2 min of incubation at 37°C,
colicn present in each resuspended mix was assayed,
as was the colicin activity present in the supematant of
the pellet after centrifugation. The indicator strain was
JSM20.

b Reciprocal of dilution of colicin showing complete
clearing of the lawn.

c Cells of C600 and A597 were grown in L broth
medium lacking added NaCl, conditions under which a
maximum amount of protein la is present in the outer
membrane (31).
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colicins. It is wel established (6, 43) that the
outer membrane receptor for E-type colicins
requires a functional btuB gene product, an
outer membrane protein also involved in the
binding and transport of vitamin B12. As shown
in Fig. 5, cells of the wild type (C600) and the
receptor-deficient btuB mutant (RB314) inacti-
vated colicin El at similar rates. Likewise, the
rate of appearance of colicin El fragments was
largely unaffected by the btuB mutation (Fig.
2B). When cell-colicin mixtures were centri-
fuged and the supernatants were assayed for
residual colicin activity, between 66 and 90%o of
colicin El activity disappeared from the super-
natants of wild-type cells, whereas little or no
activity was removed by the btuB cells (Fig. SB).
Thus, it appears that proteolysis is not greatly
affected by mutational loss of colicin El recep-
tors, an indication that receptors have a nones-
sential role in cleavage. Colicin El can be bound
by wild-type ceUls but not by receptor-deficient
cells.
Analogous conclusions could be drawn for

colicin A (Table 3). When colicin A was incubat-
ed with ompF cells for several minutes in the
presence of p-aminobenzamidine (which pre-
vents fragmentation), followed by centrifuga-
tion, most colicin activity was present in the
supernatant, and little was recoverable from the
resuspended peUet.

4
10 A 10 B

- 18 V ~MIXTURE 10 MIXTURE.

2~~
0~ ~ 01

0:

20 40 6 20 40 60
TIME AFTER MIXiNG, mi

FIG. 5. Destruction of coliSPEl by cells of C600
or RB314. Colicin El (25 ,ug) was mixed with 2 x 108
C600 or RB314 cells in a series of centrifuge tubes
containing 0.5 ml of 0.01 M NaPO4, pH 7.1. At the
indicated times the cell-colicin mixture was titrated by
spot testing on JSM20 and centrifuged. The supema-
tant fluids were also titrated. (A) C600 cells: O, titer
before centrifugation; 0, titer after centrifugation. (B)
RB314 cells; 0, titer before centrifugation. O, titer
after centrifugation.
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FIG. 6. Destruction of colicin A activity by outer
membranes. Colicin A (0.5 Fg) was mixed with outer
membranes (100 ,ug protein) from C600 (0), RB314
(O), A597 (O), or RB330 (O) in 1 ml of 0.01 M NaPO4,
pH 7.1. At the indicated times, the colicin-membrane
mix was diluted and assayed for activity by spot
testing on strain JSM20. As a control, colicin was
mixed with outer membranes of C600 in the presence
of 5 mM p-aminobenzamidine (0). More than 95% of
the total succinate dehydrogenase activity was present
in the Triton-soluble fraction and more than 95% of
total cell wall 2-keto-3-deoxyheptonic acid was associ-
ated with the Triton-insoluble outer membranes, im-
plying very little cross-contamination with inner mem-
brane.

Although adsorption of colicin A is defective
in ompF mutants, proteolysis still occurs. Whole
cells of ompF mutants cleaved and inactivated
colicin A more slowly than did wild-type cells.
There was no difference in the rates of cleavage
and inactivation of colicin El (data not shown).
Consistent with the observation with whole
cells, outer membranes from ompF mutants
cleaved colicin A more slowly than did mem-
branes from the wild type. Colicin A was detect-
able in supernatants of colicin-treated outer
membranes from ompF cells, whereas during
the same incubation period it disappeared from
supernatants of membranes from the wild type
or btuB mutants (data not shown). The rate of
inactivation of the cell-killing activity of colicin
A by outer membrane paralleled the kinetics of
fragment production, indicating that lower rates
of inactivation and cleavage of colicin A are due
to the ompF mutation (Fig. 6). Taken together,
the findings with resistant mutants indicate that
mutational loss of receptors does not cause a
loss of colicin-cleaving activity, although at least
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with respect to colicin A the mutation may alter
the rate of colicin cleavage and inactivation.

DISCUSSION
It is apparent that proteolysis of colicins can

be one of the outcomes of their interaction with
components of the E. coli cell surface. Proteoly-
sis of various colicins has been demonstrated by
several over groups. To account for the failure
of resistant mutants to cleave colicin E4, Cavard
and Lazdunski (2) proposed a model in which
binding of colicin to specific receptors triggered
a protease activity which could cleave the coli-
cin. These authors suggested the possibility that
cleavage of the colicin is necessary as a prelude
to the lethal event. (An "activated fragment"
model for colicin action was put forward by
Watson and Sherratt [40]. The data supporting
this model have been retracted [J. Sherratt,
personal communication].) A mechanism in
which cleavage is essential for the lethal action
of colicin would imply that an "activated frag-
ment" would be the result of proteolysis, as has
been demonstrated for the action of diphtheria
toxin on mammalian cells (9). Bowles and Kon-
isky (1) have shown that membranes from either
the wild type or resistant mutants mediated
cleavage of colicin Ia, suggesting that specific
receptors may not be involved in the proteolytic
reaction.

Experiments reported here included a detailed
analysis of the proteolysis of colicins A and El.
For both colicins there is evidence that proteoly-
sis is unrelated to any mechanism of colicin
killing since an inhibitor of proteolysis increased
colicin activity. Experiments with the protease
inhibitor p-aminobenzamidine suggest that al-
though some molecules participate in cell killing
most of the colicin molecules adsorbed to sensi-
tive cells do not act as killers. That only some
colicin receptors are able to mediate cell killing
has been suggested repeatedly (10, 12, 36).
Although it is probable that extensive proteol-

ysis of colicins A and El does not produce
fragments involved with cell killing, it cannot be
ruled out that a separate proteolytic event might
be part of the killing mechanism. For colicin A
one would have to assume that such a proteolyt-
ic event is insensitive to inhibition by p-amino-
benzamidine. Even if one or more of the frag-
ments derived from the interaction of colicin A
with cells turns out to have some biochemical
activity, it would not necessarily implicate such
fragments in killing by colicins. Fragmentation
of some colicins and bacteriocins into moieties
with biochemical action has been found to result
from digestion by certain proteases (4, 25).

Bacterial mutants that fail to adsorb colicin El
or A can still give rise to proteolytic fragments,
suggesting that receptor function is not required

for colicin cleavage. Thus, proteolysis of either
colicin still occurs in the absence of receptor
activity, supporting the notion that events lead-
ing to killing are separate from interactions
leading to colicin breakdown. Receptors, when
present, may make colicin more accessible to
protease enzymes.
A traditional view would hold that receptors

behave purely as colicin binders (3, 18, 20, 23,
29, 30). Hence, decrease of free colicin activity
in the presence of sensitive cells or isolated
membrane components has been taken as a
measure of binding to specific receptors. Clear-
ly, proteolysis of colicins can mask receptor
activity. The fact that specific adsorption of
colicin A by sensitive cells occurs in the absence
of proteolysis provides evidence that receptor
activity is distinct from proteolytic activity.
The relationship between the activities direct-

ed against colicins A and El and other protease
activities associated with the outer membrane is
not clear. The preponderance of anti-colicin
activity in the outer membrane may distinguish
it from leader peptidase activity which processes
M13 procoat protein (19). Whether this activity
is related to proteolytic activity which degrades
abnormal proteins (21) or to the one which
attacks inner membrane nitrate reductase (17) is
also unknown. Outer membrane proteases may
have broad specificity. In a recent report, Ley-
tus et al. (15) showed that outer membranes
contain a protease activity which activates plas-
minogen to plasmin, presumably an activity also
responsible for cleaving colicin Ia.

If considerable inactivation of colicins occurs
even with receptor-deficient mutants, how can
such strains in the past have been classified as
resistant by a variety of tests of colicin adsorp-
tion (3, 18, 20, 23, 29, 30)? The question may
have several answers. Buffer conditions proba-
bly affect the amount of colicin inactivated: the
small difference between the wild type and the
btuB mutant in colicin El inactivation assayed in
sodium phosphate was amplified when assayed
in L broth, suggesting that ingredients such as
small peptides, amino acids, or ions affect the
degree of proteolysis or colicin binding (unpub-
lished data). In addition, not all colicins may be
substrates for bacterial protease(s): preparations
of colicin E2 are not cleaved by cells or outer
membranes (unpublished data), and colicin Ia is
not cleaved by whole cells (1). Any experimental
protocol designed to purify receptors from mem-
branes should take into account possible colicin
proteolysis.
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