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ompF cells were completely resistant to colicin A, whereas bruB cells were
partially resistant. The OmpF protein, in the presence of added lipopolysaccha-
ride, inactivated colicin A. This inactivation was enhanced by added btuB gene
product. btuB gene product with lipopolysaccharide did not inactivate colicin A.
These data, together with the observation that vitamin B,, protected btuB* cells
from the Kkilling effect of colicin A, suggest that the colicin A receptor in
Escherichia coli K-12 is composed of the OmpF protein, the bruB gene product,

and lipopolysaccharide.

Colicins are a class of protein antibiotics
which kill sensitive cells after initially adsorbing
to a specific receptor located on the cell surface.
Where colicin receptors have been identified in
gram-negative bacteria, they are associated with
the outer membrane. They are formed, at least
in part, by outer membrane protein (22, 31).
Certain colicin receptors participate in other
cellular functions, such as the uptake of nutri-
ents such as iron complexes (4, 28), vitamin B;,
(9), and nucleosides (16). In addition, certain
colicin receptors, such as the receptors for coli-
cins E, K, and M, also serve as receptors for
specific bacteriophages (for reviews see ref-
erences 18 and 19). Thus, colicin receptors may
participate in the binding of up to three distinct
classes of biologically active materials.

The receptor for colicin A has not been identi-
fied, although coa (colicin A resistance) mutants
have been identified (20). coa mutants are allelic
with ompF mutants and lack the OmpF outer
membrane protein (Foulds, unpublished data).
Colicin A is a group A colicin which kills sensi-
tive cells by a mechanism which is at least
superficially similar to the killing action of coli-
cin E1. The primary biochemical effect of colicin
E1, and presumably of colicin A, is an interrup-
tion of energy metabolism after the collapse of
membrane potential (15).

The Escherichia coli outer membrane serves
as a partial permeability barrier which excludes
potentially harmful agents, such as bile salts and
antibiotics, while allowing the passage of small
hydrophilic molecules (24) (molecular weight,
up to about 650). The membrane is composed of
proteins, phospholipids, and lipopolysaccha-

rides (LPSs). The protein composition of the E.
coli outer membrane is such that only a few
(three to five) proteins account for about 70% of
the protein associated with this membrane.
These abundant proteins are called the major
proteins and include the OmpF protein (23, 33,
34). The OmpF protein has also been called
protein Ia, b, and 0-9.

The OmpF protein is a peptidoglycan-associ-
ated protein with a molecular weight of about
36,000 (30). The OmpF protein is one of the
major outer membrane proteins that functions as
a general pore to facilitate the diffusion of small
hydrophilic molecules across the outer mem-
brane (24). It forms at least part of the receptor
for bacteriophages Tula (9) and T2 (17), and
purified OmpF protein can inactivate bacterio-
phage Tula. This inactivation requires added
LPS and is not enhanced by the addition or
omission of phospholipid (8). The inactivation of
bacteriophage Tula is specific for the OmpF
protein. A similar preparation of the OmpA
protein can inactivate bacteriophage K3 but not
bacteriophage Tula (36). The inactivation of
specific bacteriophages by purified outer mem-
brane proteins such as the OmpA protein (8), the
OmpC protein (8), and the PhoE protein (7) also
requires added LPS. These results, obtained in
vitro, strongly suggest that these proteins inter-
act with LPS in vivo.

E. coli mutants lacking demonstrable amounts
of the OmpF protein in the outer membrane can
be isolated, for example, by selection for resist-
ance to bacteriophage Tula (8) or colicin L (12).
In addition, since the OmpF protein functions to
form a pore, mutants lacking this protein can be
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TABLE 1. E. coli K-12 strains used

Strain Description” f:;:ce:g:
JF404 HfrH thi-1 thyA
JF568 proC25 proA357 his-53 7
purEA4l ilv-277 met-75
lacY29 xyl-14 rpsL97
cycAl cycB2? tsx-63
e
JF703 JF568 aroA* ompF254
JF733 JF568 aroA* ompA252 13
ompC262
JF7152 JF733 btuB451? This paper
JF177 JF703 btuB451? This paper
RK4662  Hfr KL96 lacZ(Am) nalA  R. Kadner
rpsL supD43,74(Ts)
btuB451(Am)
JF385 0:6H16, colicin A pro- P. Fredericq
duction

2 Gene symbols are those proposed by Bachmann
and Low (1).

identified by their altered permeability of nucle-
otides (3), metal ions (21), or antibiotics such as
chloramphenicol and tetracyclines (29).

The ompF gene (formerly called tolF) is the
structural gene for the OmpF protein (32). The
ompF gene is allelic with certain cmiB and cry
mutants (11).

We have purified the OmpF protein, and we
show here that in the presence of added LPS,
this protein inactivated colicin A. This inactiva-
tion was enhanced by added btuB gene product.
The btuB gene product is a minor outer mem-
brane protein which binds vitamin B, and func-
tions in the energy-independent phase of vitamin
B, uptake (2). It also serves as part of the
receptor for type E colicins and bacteriophage
BF23 (9).

The data presented here suggest that at least
three outer membrane components, i.e., the
OmpF protein, the btuB gene product, and LPS,
interact to form the colicin A receptor in the E.
coli outer membrane.

MATERIALS AND METHODS

Strains and media. The E. coli strains used in this
study are described in Table 1. These strains were
grown in a rich medium (proteose peptone-beef extract
medium) or in Vogel-Bonner minimal medium supple-
mented with 2 g of glucose per liter and appropriate
levels of growth requirements. These media and
growth conditions have been described previously
(11).

Preparation of cell envelopes. The cell envelope
fraction was, prepared as previously described (6).
Briefly, cells were grown in proteose peptone-beef
extract medium, collected by centrifugation, washed,
and disrupted by passage through a French pressure
cell. The cell envelope fraction was purified by differ-
ential centrifugation.
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Solubilization and separation of outer membrane
protein fraction. Differential solubilization of cytoplas-
mic and outer membranes with Triton X-100-EDTA
was accomplished as described by Schnaitman (34).

Preparation of LPS. LPS was prepared from strain
JF568 as described by Galanos et al. (14).

Purification of the OmpF protein. The OmpF protein
was isolated from strain JF752. This strain does not
contain detectable amounts of the OmpA or OmpC
outer membrane proteins. It also carries an amber
mutation in the btuB gene and presumably lacks this
gene product. The Triton X-100-EDTA-solubilized
cell envelope fraction prepared from strain JF752
contained primarily the OmpF protein. The OmpF
protein was purified by chromatography of this frac-
tion on a DEAE-cellulose column (2.5 by 100 cm) as
described by Schnaitman (34). The protein composi-
tion of selected fractions was determined by electro-
phoresis in polyacrylamide gels containing sodium
dodecyl sulfate. Fractions containing the OmpF pro-
tein were pooled, and the protein was precipitated
with 2 volumes of ethanol. To remove other contami-
nants, primarily LPS and phospholipids, the ethanol-
precipitated material was extracted first with
acetone-water (5:1, vol/vol) and then with chloroform-
methanol (2:1, vol/vol). These extractions were re-
peated three times in the order given. This procedure
yielded an electrophoretically homogeneous prepara-
tion of the OmpF protein containing a low level of LPS
(0.2% by weight).

Preparation of crude colicin A. Crude colicin A was
prepared from strain JF385 as previously described
(12). The crude colicin A preparation contained 6.4 X
10° arbitrary units of colicin A per ml. The colicin
activity was estimated by the critical dilution method
10).

Purification of colicin A. A sample of crude colicin A
containing about 4.6 mg of protein and 5 x 10°
arbitrary units of colicin A activity was applied to a
DEAE-Sephadex column (0.9 by 30 cm) which had
been previously equilibrated with 0.01 M Tris-hydro-
chloride (pH 7.8) containing 1 mM disodium EDTA
and 1 mM B-mercaptoethanol. Chromatographic sepa-
ration was accomplished under the initial conditions
by washing the column with the equilibration buffer. A
distinct band of material remained at the top of the
column, and all of the colicin A activity eluted was
found in the earliest fractions which adsorbed light at
280 nm. No additional colicin activity was eluted from
the column by a 0 to 1 M NaCl gradient. About 25% of
the colicin A activity added to the column was recov-
ered in a single peak. No other colicin active on the
indicator strain was detected. Fractions containing
colicin A activity were pooled, and 1- to 2-ml samples
were stored frozen at —20°C. Electrophoresis of an
unheated sample (20 pg of protein) in a polyacrylamide
gel containing sodium dodecyl sulfate revealed, after
staining with Coomassie brilliant blue G, a predomi-
nant band (molecular weight, ca. 56,000). This is likely
to be colicin A (5). At least eight additional minor
bands were also seen on the gel.

Genetic techniques for preparation of strains JF752
and JF777. Preparation of bacteriophage P1 vir lysates
and transduction techniques were as described by
Signer (35). A lysate prepared on strain RK4662 was
used to transduce strain JF703 or JF733. After centrif-
ugation to remove unadsorbed bacteriophage, the cells
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TABLE 2. Killing effect of colicin A

Outer membrane protein . %
Strain present Colicin | o Vival
A + SD?
OmpF | OmpC | OmpA | BtuB e
JFS68| + + + + 1.0 143
JF733| + + 1.0 155
JF752| + 50.0 151
JF703 + + + 320 >99

2 In arbitrary units per milliliter. Crude or purified
colicin was added with no significant difference in
survival level. The arbitrary units of colicin A were
determined by using strain JF568 as the indicator
strain.

5 The survival was measured by mixing freshly
grown cells (5 x 10%/ml) with colicin and determining
the number of survivors after a 10-min incubation.

were diluted 40-fold into PPBE medium lacking added
Ca®?* and containing citrate. Next, the cells were
grown for 2 h and spread onto proteose peptone-beef
extract agar together with 10* arbitrary units of colicin
E2. Several survivors were purified by successive
single-colony streaks and checked for resistance to
colicins E1 and E2 and bacteriophage BF23. All colo-
nies tested (16 of 16 from each transduction) were
resistant to bacteriophage BF23 and to both colicins
E1 and E2; these were presumed to be bruB mutants.
Although we do not know whether JF752 and JF777
contain the btuB451 allele of strain RK4662, the num-
ber of survivors after the transduction mixture was
plated with colicin E2 was increased 40-fold compared
with a control transduction with a bacteriophage P1
lysate prepared on strain JF568.

Determination of colicin A adsorption and inactiva-
tion. The adsorption and killing of sensitive E. coli
cells by low doses of colicin A is a single-hit process.
Freshly grown sensitive cells (5 x 10® cells per ml)
were mixed with an equal volume of colicin A, and the
mixture was incubated for 10 min at 25°C. At the end
of the incubation period, adsorption of colicin was
considered to be complete, and the number of survi-
vors was determined by spreading an appropriate
dilution onto plates containing proteose peptone-beef
extract agar. For inactivation experiments, strain
JF568 was used as the colicin A-sensitive strain,
whereas for adsorption experiments, strain JF404 was
used. The use of strain JF404 allowed the enumeration
of JF404 cells in the presence of JF568 cells.

Adsorption of colicin A by intact JF568 cells was
determined by an estimation of the colicin which
remained in the supernatant fraction.

Effect of vitamin B,, on colicin A activity. Freshly
grown cells were washed once with saline and sus-
pended at 4 x 108 cells per ml in minimal medium. A
0.8-ml portion of this suspension was mixed with 0.1
ml of saline or a solution of vitamin B;,, and the
mixture was incubated at 37°C for 5 min. A 0.1-ml
portion of saline or colicin A was then added, and after
the mixture was incubated at 37°C for 10 min, the
viable count was determined.

In vitro inactivation of colicin A. Purified OmpF
protein prepared from strain JF752 (ompF* btuB) was
mixed with solubilized outer membrane protein pre-
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pared from strain JF703 (ompF btuB*) and LPS. The
solubilized outer membrane protein was the Triton X-
100-EDTA-solubilized material described by Schnait-
man (34). This material contains 10 to 20% LPS by
weight. The mixture was incubated at 37°C for 15 min
in 0.05 M Tris-hydrochloride buffer (pH 7.8), and 2.0
arbitrary units of colicin A was added. The incubation
was continued for 15 min at 37°C. Next, an equal
volume of a freshly grown early-log-phase culture of
colicin A-sensitive cells was added so that the final
concentration of cells was about 3 x 10? cells per ml.
The mixture was incubated for 10 min and plated
directly to determine the number of surviving cells.

RESULTS

Comparison of crude and partially purified
colicin A. Colicin A killed ompF* cells but had
no effect on ompF cells. The Killing of sensitive
cells by low levels of colicin A can be used to
estimate the amount of colicin A remaining after
adsorption or inactivation. A Killing curve with
strain JF568 as the indicator (data not shown)
showed that 1 arbitrary unit of colicin A con-
tained approximately 2 x 10° killing units. A
comparison of the killing effect of crude and
purified colicin A on various strains showed that
the two preparations were equivalent. Strain
JF703 (ompF) was completely resistant to coli-
cin A, whereas strain JF752 required about 50-
fold more colicin to exhibit the same decrease in
survival as ompF* btuB* strains JF568 and
JF733 (Table 2).

Adsorption of colicin A. ompF™ cells adsorbed
colicin A, whereas no adsorption could be de-
tected when ompF cells were used (Fig. 1). The
most striking alteration in the composition of the
outer membrane of ompF cells was the absence
of the OmpF protein. The adsorption of colicin
A by the ompF* btuB strain JF752 was similar

UNABSORBED COLICIN A (A.U./mi)

COLICIN A (A.U./mi)

FIG. 1. Adsorption of colicin A. The adsorption of
colicin by freshly grown JF703 (ompF btuB*) or JF568
(ompF* btuB™) cells was measured as described in the
text. A. U., Arbitrary units.
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0.002

COLICIN A (A.U./ml)

FIG. 2. Effect of the bruB mutation on colicin
sensitivity. Various amounts of colicin A were mixed
with freshly grown cells (5 x 10%/ml), and after the
mixture was incubated for 10 min, the viable count
was determined. Strains JF568 (ompF* btuB*) and
JF703 (ompF btuB*) were grown at 37°C, whereas
strain RK4662 [ompF™* btuB(Am)] was grown at either
30 or 42°C. Strain JF777 [ompF btuB(Am)] was grown
at 30°C. A. U., Arbitrary units.

to the adsorption by the ompF* btuB* strain
JF568 (data not shown).

Role of btuB* gene product in colicin A sensi-
tivity. Figure 2 shows the Kkilling of cells which
contain a btuB(Am) allele and a supD(Ts) allele.
When cells were grown under nonsuppressing
conditions (42°C), strain RK4662 showed a de-
monstrable, albeit markedly reduced, sensitivity
to colicin A. When these cells were grown at
30°C, a temperature at which the supD(Ts) allele
permits a low-efficiency expression of an amber
mutation (27), the colicin A sensitivity was
somewhat increased. These data indicate that a
cell is sensitive to colicin A in the absence of
btuB gene product and that this sensitivity is
enchanced by increased levels of this protein.
ompF cells were completely resistant to even
32,000 arbitrary units of colicin A, regardless of
whether the strain was btuB* or btuB (Fig. 2).

J. BACTERIOL.

Effect of vitamin B, on colicin A killing. The
killing of sensitive cells by colicin E1 is com-
pletely inhibited by sufficient amounts of vita-
min By, (9). We confirmed that strain JF733,
after preincubation in the presence of 1.0 pg of
vitamin By, per ml, was completely insensitive
to the Kkilling effect of 100 arbitrary units of
colicin E1 per ml (data not shown). The killing
effect of colicin A on ompF* btuB* cells was
also largely prevented by pretreatment of cells
with vitamin B, (Table 3). Although this rever-
sal was not complete at 100 arbitrary units of
colicin A per ml, these data suggest a role of the
btuB gene product in colicin A killing. Vitamin
B2 had no effect on the Kkilling of bzuB cells by
either crude or partially purified colicin A (Table
3).

In vitro inactivation of colicin A. Purified
OmpF protein was able to inactivate colicin A.
This inactivation was enhanced by LPS. All of
the added colicin A was inactivated by a mixture
of purified OmpF protein and LPS (Table 4).
The inactivation of colicin A by OmpF protein
and LPS was enhanced by Triton X-100-EDTA-
solubilized material prepared from an ompF
btuB™* strain (Table 5). A similar preparation
from an ompF btuB strain had no effect, indicat-
ing that the btuB™ gene product was an active
component.

DISCUSSION

Colicin A has a mode of action similar to that
of colicins such as E1, Ia, and K. These colicins
depolarize the cytoplasmic membrane, resulting
in the formation of ‘‘ion channels’’ (15). For this

TABLE 3. Inhibition of colicin A killing effect by

vitamin B,
Vitamin Bn . B % Survival + SDb

(hg/ml) Colicin A JF733 JF752
0 0 100 100
0.1 0 97
1 0 105 113
0 1 7+1 60 =5
0.1 1 305
1 1 100+8 651
0 10 0.001 14+4
0.1 10 8+ 2
1 10 78+3 165
0 100° 0.001 0.05
0.1 100 1
1 100 17 0.05

¢ In arbitrary units per milliliter.

% Survival was measured by mixing freshly grown
cells with vitamin B, and, after a 5-min incubation,
adding colicin A. After a 10-min incubation, the num-
ber of survivors was determined.

€ Only a single experiment was done at this colicin
concentration.
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interaction with the cytoplasmic membrane to
occur, at least a portion of the colicin molecule
must breach the barrier formed by the outer
membrane. This is accomplished after an inter-
action of the colicin molecule with a specific
receptor located on the outer membrane, which
may be followed by the translocation of the
colicin molecule or a portion of it through the
outer membrane to a site of action on the
cytoplasmic membrane.

A number of colicin receptors located in the
outer membrane have been described for E. coli
(19). For several of these, specific outer mem-
brane proteins have been identified which serve
in three distinct but related roles: colicin recep-
tion, phage reception, and transport of hydro-
philic molecules across the outer membrane
barrier. The common role that the receptor plays
is to assist in the transport of materials across
the outer membrane.

E. coli porin proteins participate in the forma-
tion of water-filled holes or pores in the outer
membrane, which facilitate the uptake of small
hydrophilic molecules (24, 25). The data pre-
sented here suggest that a specific porin protein,
the OmpF protein, interacts with colicin A and
that the colicin A receptor may be a complex
which involves this protein, the btuB gene prod-
uct, and LPS. The btuB gene product is a
receptor for bacteriophage BF23 and group E
colicins and participates in the uptake of vitamin
B2 (9). The role of the btuB gene product in the
activation of colicins A and E in vitro, together
with the observation that btuB and ompF cells
are tolerant to colicin A, suggests that these two
proteins may be located close together in the E.
coli outer membrane. The btuB gene product
may stabilize the colicin A-OmpF protein com-
plex or facilitate the translocation of the colicin
A molecule across the outer membrane by form-
ing a specific pore.

TABLE 4. Role of LPS in inactivation of colicin A

by purified OmpF protein
OmpF .

. % Colicin A
p{zgzn LPS (ng) inactivated®
0 20 0
18 0 40
2 20 60
6 20 75
18 20 100

% OmpF protein was purified from strain JF752 by
DEAE-Sephadex chromatography. This preparation
contained approximately 2% LPS by weight, but did
not contain the BtuB protein. LPS by itself did not kill
the sensitive bacteria or inactivate colicin A.

b Colicin A was added at a final concentration of 1
arbitrary unit per ml.
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TABLE 5. Role of btuB gene product in inactivation
of colicin A

Outer membrane prepn (ug)®

% Colicin A
ompF* btuB  ompF btuB*  ompF btuB inactivated*
1 25
2 60
20 80
1 20 80
2 20 100
20 20 100
1 20 30
2 20 50
20 20 75
2 Colicin A was added at a final concentration of 1
arbitrary unit per ml.

b Triton X-100-EDTA-solubilized fraction. This
material contained 10 to 20% LPS by weight. The
following strains were used for these preparations:
ompF* btuB, JF71252; ompF btuB*, JF103; ompF
btuB, JF771.

We suggest that the association of these two
outer membrane proteins in the formation of the
colicin A receptor may reflect a similar associa-
tion in the physiological function of the btuB
gene product. For example, a minor outer mem-
brane protein (the btuB gene product) may inter-
act with a major outer membrane protein (the
OmpF protein) to form a specific pore which, in
this case, would be involved in the uptake of
vitamin B,,.
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