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Cecropins are a family of small, basic antibacterial polypeptides which can be
isolated from pupae of immunized Lepidoptera. They are active against both
gram-negative and gram-positive bacteria. We studied a mutant of Escherichia
coli, strain SB1004, which is more sensitive to cecropin D than is the parental
strain. The mutant was selected as resistant to a host range mutant of a Serratia
marcescens phage. When the protein composition of the outer membrane was
examined, strain SB1004 and some other phage-resistant mutants were found to
be deficient in the OmpC protein. It was concluded that the OmpC protein is the
receptor of the phage. Strain SB1004 was found to differ from other ompC mutants
in being especially sensitive to hydrophobic antibiotics and to cecropin D.
Furthermore, strain SB1004 has a tendency for spontaneous autolysis. A genetic
analysis showed the mutations in strain SB1004 and a suppressor mutant to map in
the ompC region. The activity of cecropin D against different strains ofE. coli was
specifically enhanced when divalent cations were absent. No such effect was
found with cecropins A and B, which are less hydrophobic than the D form.

Cell-free immunity in the Cecropia moth and
several other higher insects is due mainly to the
antibacterial action of a new class of small, basic
polypeptides, the cecropins. Cecropins A and B
are made up of 37 amino acid residues; the
sequences show them to be very polar molecules
with seven or eight lysine residues in the N-
terminal part, whereas the C-terminal is quite
hydrophobic (22). Cecropin D contains only 36
amino acid residues and is more hydrophobic
than the A and B forms. All three cecropins
show a potent lytic activity toward Escherichia
coli; cecropins A and B also show such activity
against other gram-negative as well gram-posi-
tive bacteria (15).

It has not been possible to isolate mutants
resistant to immune hemolymph, presumably
because of the presence of several bactericidal
factors with different modes of action. Shortage
of material has so far made it impossible to
isolate mutants resistant to a single isolated
factor, such as one of the cecropins. However,
earlier studies of the sensitivity of Serratia
marcescens Dbll (isolated as a Drosophila
pathogen) showed that mutants with an in-
creased sensitivity to immune hemolyph of Ce-
cropia could be isolated if mutants resistant to
phage 4J were selected (12). We have now
isolated a host range mutant of 4J which can
grow on E. coli. By using this phage, XJE, we
have isolated phage-resistant mutants of E. coli
with an altered response to insect immunity,

especially to cecropin D. This paper contains a
genetic and biochemical characterization of
some of these mutant strains and a study of
some factors which influence the activity of
cecropin D.

MATERIALS AND METHODS
Bacteria, phage, and media. Strain SB100 is believed

to be a derivative of a prototrophic E. coli K-12 strain,
HfrH. It was obtained from D. Pfeifer, Institute for
Genetics, Cologne, Germany, in 1980. When tested,
its origin and direction of transfer did not agree with
the published data on HfrH (2). Instead, the transfer of
strain SB100 goes clockwise with the origin of transfer
at about 10 min. Thus, if our SB strains are related to
HfrH, they must represent mutants in which the F
factor has moved and changed orientation. A summary
of the properties of the bacteria and phage used is
given in Tables 1 and 2.

Bacteria were normally grown in LB broth (18) at
37°C on a rotary shaker. LEG medium (16) was used
for the isolation of one revertant. LA plates contained
LB medium with 1% agar. Phage stocks were prepared
on LA plates by a method described previously (18).
Soft agar contained 0.6% agar and 1.3% nutrient broth.
Dilution of phages was done in 0.1% nutrient broth
containing 0.5% NaCl.

Independent phage-resistant mutants were isolated
on LA plates by mixing in soft agar 4 x 10' PFU of the
respective phages and 3 x 108 cells from different
clones of the parental strain (0.1 ml of a fresh over-
night culture). After incubation overnight at 37°C,
colonies were picked and purified three times.

Revertants of the mutant strain SB1004 were isolat-

170

http://jb.asm.org/


CECROPIN D-SENSITIVE E. COLI MUTANTS 171

TABLE 1. Main strains of E. coli K-12, genetic
markers, and references

Strain Genotype Source or reference

AB1157 thi thr leu his proA (1)
argE lac mtl xyl
ara gal rpsL tsx
sup-37uGA

SB100 Prototrophic Hfra D. Pfeifer
SB101 gyrA Derivative of SB100
SB1001 ompCI 4JE-resistant deriva-

tive of SB100
SB1004 ompC4 4JE-resistant deriva-

tive of SB100
Supersensitive to im-
mune hemolymph

SB1011 ompF Tula-resistant deriva-
tive of SB100

SB1023 ompC6 TuIb-resistant deriva-
tive of SB100

SB1032 ompA TuII*-resistant deriv-
ative of SB100

SB1101 ompCI gyrA Pl(SB101) SB1001
SB1104 ompC4 gyrA P(SB101) SB1004
SB1106 ompC6 gyrA Pl(SB101) SB1023
SB1110 ompC4 SUPompC4 "Revertant" of

SB1004b
SB1115 ompC4 gyrA Pl(SB11O4) SB100
D21 proA trp his lac (5)

rpsL ampAl
D21e7 proA trp his lac (5)

rpsL ampAl
lpsAI

D22 proA trp his lac (14)
rpsL ampAl
envAl

a See text.
b Strains SB1111 and SB1112 are similar to SB1110

but are isolated in different ways.

ed in three different ways. (i) Clones were selected
which grew on LA plates containing 1.25% immune
hemolymph from Hyalophora cecropia. The parental
strain SB100 gave confluent growth on these plates,
whereas only two colonies were obtained with a fresh
stationary-phase culture of mutant SB1004. One of the
colonies was purified and designated SB1110. (ii)
When strain SB1004 was streaked on LA plates and
incubated for 3 days at 37C, it produced a few small
thick colonies on a background of confluent, transpar-
ent growth. Of these small colonies, 26 were picked,
restreaked on LA plates, incubated overnight at 37°C,
and then left in the cold for 1 additional day (after
which the transparent appearance of mutant SB1004
becomes more pronounced and thereby more easily
distinguished from the revertant). One of the small
thick colonies was further purified by restreaking for
single colonies (strain SB1111). (iii) One colony from
an LA plate was used to inoculate 1 ml of LEG
medium, which then was incubated overnight. From
this culture, 0.1 ml was transferred to 1 ml of the same
medium and again incubated overnight. The procedure
was repeated twice. From the last culture, a sample
was streaked on an LA plate. The colonies obtained
were all thick and yellow, as opposed to the thinner

and more transparent appearance of mutant SB1004.
One of the colonies was used for further work (strain
SB1112). All revertants were tested by growth on
minimal agar and sensitivity to phages +JE, Tula,
Tulb, Tull* and P1.

Preparation of outer membrane proteins. The essen-
tial steps in the protocol were taken from Wolf-Watz
and Masters (24). Each strain was grown overnight in
50 ml of LB supplemented with 0.2% glucose. The
bacteria were harvested by centrifugation at 12,000 x
g for 10 min. The pellet was suspended in 10 mM Tris-
hydrochloride-1 mM EDTA (pH 8.0) and sonicated
four times for 15 s. Afterward, debris and remaining
intact cells were removed by centrifugation at 3,000 x
g for 20 min. The supernatant fluid was centrifuged for
1 h at 40,000 rpm in a Sorvall ultracentrifuge OTD2
with rotor T865. The pellet, containing undissolved
outer and cytoplasmic membranes, was dissolved in
0.5% Sarkosyl and left in the cold overnight. Sarkosyl
selectively dissolves the cytoplasmic membrane, and
the purified outer membrane can therefore be isolated
by an additional ultracentrifugation as described above
(11). Finally, the otuer membrane was dissolved in 50
idl of 40%o sucrose-0.05% bromphenol blue-2% sodi-
um dodecyl sulfate (SDS) in 0.125 M Tris-hydrochlo-
ride (pH 6.8).

SDS-polyacrylamide gel eletpbhoresis. The follow-
ing modification of the method of Laemmli was used
(H. Wolf-Watz, personal communication). The gel was
19 by 21 by 0.2 cm and contained 16% acrylamide,
0.09%o N,N'-methylenebisacrylamide, and 0.1% SDS
in 0.375 M Tris-hydrochloride (pH 8.8). It was poly-
merized by the addition of 50 mg of ammonium
peroxodisulfate and 50 ,ul of N,N,N',N'-
tetramethylethylenediamine (TEMED) per 100 ml of
acrylamide solution. The stacking gel contained 3%
acrylamide, 0.085% N,N'-methylenebisacrylamide,
and 1% SDS in 0.032 M Tris-hydrochloride (pH 6.8).
The electrophoresis buffer contained, in 1 liter, 3 g of
Tris, 14.4 g of glycine, and 1 g of SDS. Before
application, all samples (15 id) were boiled for 5 min.
Electrophoresis was carried out at 60 V until the
samples had entered the running gel, at which time the

TABLE 2. Phages, host ranges, and receptorsa
Plating efficiency

Indicator strain
Tula TuIb TuII* 4J *JE

E. coli SB100 1.0 1.0 1.0 10-6 1.0
E. coli B" NDc 0.5 ND <10-8 0.5
E. coli C ND ND ND <10-8 10-5
S. marcescens <10-8 <10-8 10-6 1.0 10-5
DblO

S. marcescens ND ND ND <10-8 <10-8
SM6

a The Tu phage (8) were obtained from U. Henning.
Phage 4J has been described previously (12), and 4JE
is described in this paper. The receptor proteins are:
Tula, OmpF; TuIb, OmpC; TuII*, OmpA; 4J, un-
known; and 4JE, OmpC.

b Our strain of E. coli B is atypical because it can
function as host for phage TuIb, known to require the
OmpC protein. A similar strain has been reported
previously (21).

c ND, Not determined.
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voltage was raised to 170 V and electrophoresis was
continued for 7 to 8 h. All gels were stained with
Coomassie blue.

Genetic techniques. Conjugation was performed as
described by Miller (18). Transduction with P1 was
done essentially as previously described (18), with the
following exceptions. Before adsorption, the recipient
bacteria were concentrated 10 times. After adsorption
of the phage, 0.1 ml of 0.2 M sodium citrate was added
to 0.2 ml of the culture, which then was added to soft
agar and poured on LA plates. All plates were incubat-
ed for 3 h at 37°C, and then 3 ml of soft agar with 1.5
mg of nalidixic acid was added. Incubation was contin-
ued for 24 to 36 h at 37°C.

Antibacterial assays. The inhibition zone assay used
is essentially the classical Fleming method for antibiot-
ics, as modified by Hultmark et al. (15) to permit
calculation of lethal concentrations. Inhibition zones
were measured around 3-mm wells, into which the
serial dilutions of the antibacterial agent were added.
Each thin-layer agar plate (diameter, 9 cm) contained 6
ml of LA medium with about 105 bacterial cells and,
when indicated, 0.5 mM EDTA.

Killing of buffer-suspended bacteria was done by the
method of Boman et al. (6), except that dithiothreitol
was omitted from the reaction buffer. About 106 expo-
nentially growing bacteria, suspended in buffer solu-
tion, were incubated at room temperature with 0.2%
immune hemolymph. Samples were withdrawn be-
tween 0 and 6 min, and viable count was determined.
Immune hemolymph from diapausing pupae of H.
cecropia was collected 7 to 10 days after immunization
(10). Cecropins A, B, and D were purified as described
by Hultmark et al. (15).

RESULTS
Properties of phage +JE. The parental phage

4J was isolated as specific for an insect-patho-
genic strain, S. marcescens DblO. When phage-
resistant mutants of strain DblO were tested for
susceptibility to cecropins, they were found to
be more sensitive than the parental strain (12).
To be able to study the same phenomena in E.
coli, we first isolated 4JE, a host-range mutant
of 4XJ which grew well on E. coli SB100 and E.
coli B (Table 2). Neither phage 4J nor 4JE could
infect E. coli C or S. marcescens SM6, and 4JE
had lost its ability to grow on strain DblO (Table
2). Phage 4JE has a burst size of about 50, an
eclipse period of 11 min, and a latent period of 15
min. On all strains, it produced clear plaques
with a halo. The receptor is the OmpC protein
(see below).

Resistance to +JE as a way of obtaining mu-
tants sensitive to immune hemolymph. Spontane-
ous 4JE-resistant mutants of E. coli SB100 were
isolated as described above. Of 12 independent
mutants, 5 were selected for further studies. For
a first characterization of these 4,JE-resistant
mutants, the bacteria were incubated in vitro
with immune hemolymph from H. cecropia pu-
pae (details in Materials and Methods). Condi-
tions were chosen to give only a slight reduction
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of viable count of the parental strain SB100 (Fig.
1). All five mutants tested were more sensitive
to immune hemolymph than the parental strain.
However, the mutants differed in susceptibility,
and strain SB1004 was found to be the most
sensitive mutant.

Identification of 4JE receptor. Phage OJE ap-
pears to be a virulent phage, and it does not
adsorb to the resistant mutants isolated. Thus,
the +JE-resistant bacteria were assumed to be
affected in the receptor of the phage. The recep-
tors of phages Tula, TuIb, and TuII*, respec-
tively (Table 2), are the major outer membrane
proteins OmpF, OmpC, and OmpA (8). We
therefore isolated additional mutants of strain
SB100 which were resistant to these phages. The
cross-resistance pattern indicates that phages
TuIb and 4JE could share a receptor, the OmpC
protein. To test this directly, outer membranes
were prepared from strains SB1001 and SB1004
(4JE resistant), SB1011 (TuIa resistant), SB1023
(TuIb resistant), and SB1032 (TuII* resistant).
All bacterial strains were grown in LB medium
supplemented with glucose, and the main porin
protein was therefore the OmpC protein (3). The
outer membrane proteins were then separated
by SDS-polyacrylamide gel electrophoresis. The
protein patterns obtained showed that the OmpC
protein was missing in strains SB1001, SB1004,
and SB1023 (Fig. 2). We have not been able to
identify the OmpF protein, which, under our
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FIG. 1. Susceptibility of different 4JE-resistant
mutants of SB100 to immune hemolymph from H.
cecropia pupae. Growing bacteria were incubated at
room temperature with 0.2% immune hemolymph.
Samples were withdrawn at different intervals and
plated for viable count. SB100 (0), the parental strain,
and strains SB1001 (0), SB1002 (U), SB1003 (A),
SB1004 (A), and SB1005 (O) are all 4JE-resistant
mutants.

http://jb.asm.org/


CECROPIN D-SENSITIVE E. COLI MUTANTS 173

i Xm X a 0iv)c0 zu
0

at u t cn X

45K .......

45K-+.rv o OmpC
31K- __-:

- _ -OmpA

22K-

FIG. 2. SDS-polyacrylamide gel electrophoresis of
the outer membrane proteins of the strains indicated
above the gel. On the left side of the gel, SB100 is the
parental strain, SB1001 and SB1004 are 4JE resistant,
SB1011 is Tula resistant, SB1023 is TuIb resistant, and
SB1032 is Tull* resistant. The right side of the gel
includes preparations from strains SB1110 and SB1111
containing suppressor mutations. The arrows on the
left indicate the positions and sizes in kilodaltons of
three molecular weight markers.

growth conditions, is a minor component. How-
ever, the presence of the OmpF protein was
monitored as sensitivity to phage TuIa. Only
strain SB1011 was resistant to this phage. No
new protein bands could be seen in the prepara-
tions from strain SB1004, although the relative
amounts of some of the proteins, especially one
with a size around 25,000, had increased (Fig. 2).

Correlation between OmpC deficiency, sensi-
tivity to cecropin D, and autolytic character. The
parental strain SB100 and most OmpC-deficient
mutants grew normally. However, the growth
behavior of the 4)JE-resistant mutant SB1004
was different. When the cells entered stationary
phase, they started to aggregate. A fraction of
the cells then lysed, thereby giving a lower
growth yield. On agar plates, colonies of SB1004
were whiter and thinner than those of the paren-
tal strain. The strain was also supersensitive to
immune hemolymph (Fig. 1).
We isolated revertants of SB1004 by the three

methods described in detail above. Three differ-
ent revertants were selected which grew normal-
ly and did not show any tendency to lyse sponta-
neously. They were all found to be 4JE and
TuIb resistant but to retain their sensitivity to
the phages TuIa, TuII*, and Pl. As shown in
Fig. 2, these strains were not true revertants
with restored synthesis of the OmpC protein but
rather suppressor mutant strains. Two of these
strains, SB1110 and SB1111, still lacked the
OmpC protein. The third strain, SB1112, did not
differ from SB1111 (results not shown). None of
the strains showed any new proteins in their
outer membranes.

Genetic characterization of +JE resistance.
Since strain SB1004 was super sensitive to im-
mune hemolymph, deficient in the OmpC pro-
tein, and showed aberrations in growth, it was
considered necessary to map its mutation. The
mutations in two other 4JE-resistant mutants,
SB1001 and SB1023, as well as the suppressors,
were also mapped. For all strains, the respective
mutations were first transferred to strain
AB1157 by conjugational crosses. Selection was
made for markers in three regions of the chro-
mosome, argE at 89 min, his at 44 min, and leu
at 2 min. Recombinants obtained from strains
SB1001, SB1004, and SB1023 showed that 4XJE
resistance was linked to his (data not shown),
indicating that the mutations could reside in the
ompC gene at 47 min on the E. coli chromosome
map (2).
We next mapped the mutations by cotrans-

duction with gyrA (Table 3). Moreover, all sup-
pressor mutations in strain SB1110, SB1111, and
SB1112, which counteract the autolytic charac-
ter of SB1004 without restoring the synthesis of
OmpC protein, were also found to map close to
gyrA. These results agree well with data previ-
ously published for ompC mutations (3).

Sensitivity to antibiotics and melittin. As we
had reason to believe that strain SB1004 had a
changed permeability barrier, we tested resist-
ance to various antibiotics. Earlier studies have
indicated that a change in the permeability barri-
er, notably alterations in lipopolysaccharide
(LPS), leads to increased sensitivity to various
hydrophobic compounds, whereas sensitivity to
hydrophilic agents is unaffected (7, 19). Howev-
er, the results in Table 4 do not support such a
simple relationship. Strain SB1004 showed an
increased sensitivity to some hydrophobic anti-
biotics, such as erythromycin, nalidixic acid,
chloramphenicol, and novobiocin. However, no
change in resistance to rifampin and actinomy-

TABLE 3. Cotransduction between gyrA and alleles
of ompC

Cotrans-
duction

Donor" Recipient fre-
quency
(%)

SB101 gyrA ompC+ SB1001 gyrA+ ompCI 35
SB101 gyrA ompC+ SB1004 gyrA+ ompC4 57
SB101 gyrA ompC+ SB1023 gyrA+ ompC6 45
SB1101 gyrA ompCl SB100 gyrA+ ompC+ 27
SB1104 gyrA ompC4 SB100 gyrA+ ompC+ 29
SB1106 gyrA ompC6 SB100 gyrA+ ompC+ 43

a TransductionwasdonewithphagePl, andgyrA was
the selected marker. A total of 300 transductants in
each experiment were scored for ompC by cross-
streaking with phage 4JE.
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TABLE 4. Resistance of strain SB100 and two of its
ompC mutants to antibiotics

Concen- Partition Inhibition zone
Antibiotic trationa coeffi- diameter (mm)

(aLg/disk) cientb SB100 SB1004 SB1110

Rifampin 30 65 15 15 13
Actinomycin D 12.5 20 <6 <6 <6
Novobiocin 50 20 7 13 12
Chloramphenicol 30 12.4 18 25 18
Nalidixic acid 30 17 24 20
Erythromycin 15 10 24 9
Bacitracin 30 0.12 <6 <6 <6
Tetracycline 30 0.07 18 18 18
Penicillin G 10 0.02 9 10 10
Ampicillin 10 0.01 20 20 20

a The diameter of the disks was 6 mm.
b All values of partition coefficients were taken from

Nikaido (19), except for rifampin, which was from
Grundstrom et al. (14). Note that Grundstrom et al.
determined the partition coefficient in a different sys-
tem from that used by Nikaido. A higher value means
that the substance is more hydrophobic. A substance
is considered to be hydrophilic if its partition coeffi-
cient is less than 0.02.

cin D, which are also hydrophobic antibiotics,
was found. None of the strains was altered in its
response to the hydrophilic antibiotics tested.
With the inhibition zone assay, we tested our
mutants for sensitivity to the bee venom toxin
melittin and gramicidin S (Fig. 3), two peptides
believed to disrupt lipid bilayer membranes (9,
13). The mutant SB1004 was significantly more
sensitive to melittin and gramicidin S than both
the parental strain SB100 and the suppressor
mutant SB1110.

Cecropin sensitivity of different outer mem-
brane mutants. For strains SB100 and three of its
ompC mutants, we determined the lethal con-
centrations for cecropins A, B, and D with the
inhibition zone assay and calculations by the
method of Hultmark et al. (15). We also included

007 0.13 0.25 0.5 1.0 2.0
Amount of agents added (pg/well)

FIG. 3. Susceptibility of different bacterial strains
to melittin and gramicidin S.

the LPS mutant D21e7, the envA mutant D22,
and their common ancestor, strain D21. The test
bacteria were grown in LA medium in either the
presence or absence of EDTA (Table 5). The
two ompC4 strains SB1004 and SB1115 were
specifically sensitive to cecropin D, whereas all
SB strains showed the same susceptibility to
cecropins A and B. In the suppressor mutant
SB1110, the specific sensitivity toward cecropin
D was lost. Strains D21e7 and D22 were also
more sensitive to cecropin D than their parental
strain, D21. All three strains that were insensi-
tive to cecropin D (SB100, SB1110, and D21)
became susceptible when EDTA was added to

TABLE 5. Sensitivity of strains SB100 and D21 and some of their derivatives to purified cecropins
Lethal concentrationa (>M)

Strain Relevant genotype Cecropin A Cecopin B Cecopin D
NA +EDTA NA +EDTA NA +EDTA

SB100 Wild type 0.32 0.27 0.32 0.24 5.7 0.45
SB1004 ompC4 0.30 0.21 0.23 0.21 0.51 0.20
SB1110 ompC4 suPompc4 0.30 NT 0.25 NT 5.6 0.19
SB1115 ompC4 0.21 NT 0.21 NT 0.62 0.25
D21 Wild type 0.35 0.24 0.37 0.37 2.8 0.19
D21e7 IpsAI 0.23 NT 0.26 NT 0.47 0.22
D22 envA 0.25 NG 0.25 NG 0.56 NG

a Lethal concentrations were calculated by the method of Hultmark et al. (15). For parallel determinations,
using standardized conditions for dilutions, the accuracy is believed to be 10 to 20%o for values <1.0 F.M; for
higher values (with small zones), the errors may be around 50 to 100%o. NA, No addition; NT, not tested; NG, no
growth.
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the growth medium. The addition of either
MgSO4 or CaCl2 in a concentration exceeding
that ofEDTA by 1 mM fully canceled the effects
of EDTA. Other ompC mutations were tested
and found to be less sensitive to cecropin D than
strains SB1004 and SB1115. There was no uni-
form pattern because strain SB1023 was just as
resistant as the parental strain SB100, whereas
strain SB1001 had an intermediate level of sensi-
tivity (data not shown).

DISCUSSION
What is the nature of the ompC4 mutation?

Strain SB1004 grows normally until the onset of
stationary phase, at which time the cells begin to
aggregate and eventually to lyse. The ompC4
mutation in strain SB1004 is pleiotropic because
it affects growth behavior, sensitivity to cecro-
pin D and melittin, and the response to some
hydrophobic drugs (Fig. 3 and Tables 4 and 5).
The suppressor mutant SB1110 has lost the
pleiotropic phenotype, but it does not produce
the OmpC protein. The respective mutations in
strains SB1004 and SB1110 both map in the
ompC region (Table 3). The ompC4 allele can
therefore be explained in two different ways.
First, the mutation could lie in the ompC gene
itself. If so, it could either change the OmpC
protein in such a way that it cannot be properly
translocated to the outer membrane, or it could
affect some unknown regulatory function of the
OmpC protein. Second, the mutation could af-
fect a nearby gene involved in sensitivity to
cecropin D. The suppressor mutation would
then abolish the deleterious effect of the ompC4
mutation without restoring the synthesis of the
gene product. One could argue that the pleiotro-
pic effects of the ompC4 mutation are due to an
independent mutation outside the ompC locus.
However, the mutation occurred spontaneously,
and P1 transduction experiments have never
given rise to any transductant being 4JE resis-
tant and lacking the ompC4 phenotype.
Some mutants resistant to phage TuIb were

also found to be sensitive to cecropin D, but
none of these mutants was more sensitive than
SB1004. Altogether, 25 independently isolated
ompC mutants (isolated as resistant to phage
4JE or TuIb) were tested for sensitivity to
cecropin D; only 12 were found to be more
sensitive than the parent. Thus, sensitivity to
cecropin D and certain mutations in the ompC
region must in some way be coupled phenome-
na. However, the reverse is not always true.
What makes a bacterium cecropin D sensitive?

Cecropin D differs from the A and B forms in
two important respects: it is less basic than the
two other forms (a net difference in four or five
positive charges), and it has a stretch of 19
amino acid residues without a single charge (15,

22). Both of these differences make the D form
more hydrophobic. When tested for bactericidal
activity against a number of different bacteria,
cecropin D was significantly less active than the
A and B forms (15). Table 5 shows that the
susceptibility of E. coli to cecropin D was in-
creased by several different mutations as well as
by the removal of Ca2+ and Mg2+ by EDTA.
Our earlier assays (15) included medium E (22),
which contains enough citrate to produce the
same increase in sensitivity as we obtained here
with EDTA. Therefore, one must not compare
lethal concentrations for cecropin D (and per-
haps for other hydrophobic agents) without con-
sidering the concentration of divalent cations.
The major outer membrane protein OmpC

was lost in strain SB1004 (Fig. 2). The mutation
in strain SB1004 also decreased the lethal con-
centration of cecropin D by a factor of 10,
without altering the sensitivity to the other two
cecropins (Table 5). In addition, the mutation
makes the bacteria more sensitive to several
hydrophobic antibiotics (Table 4) and to gramici-
din S and melittin (Fig. 3), two agents known to
act on membranes (9, 13). These results, togeth-
er with the observation of spontaneous autoly-
sis, suggest that the mutation in strain SB1004
leads to a weakening of the outer membrane. It
would be easiest to assume that this alteration
could be fully explained by the sole loss of the
OmpC protein. However, two findings would
then be difficult to explain: (i) not all mutants
lacking the OmpC protein have the properties of
strain SB1004, and (ii) the suppressor mutant
SB1110, despite the fact that it still lacks the
OmpC protein, has regained the parental levels
of sensitivity to cecropin D and some hydropho-
bic antibiotics and has lost the tendency for
spontaneous autolysis.
We also included in Table 5 two other outer

membrane mutations which lead to an increased
sensitivity to cecropin D. The IpsAl mutation in
strain D21e7 leads to the loss of phosphates
bound to heptose and ethanolamine (20), alter-
ations which make the LPS and the cell surface
considerably more hydrophobic. Moreover, the
envAl mutation in strain D22 makes the bacteria
more hydrophobic, presumably by decreasing
the amount of LPS present in the outer mem-
brane (14). Also, divalent cations are necessary
for the organization of the outer membrane of E.
coli, and low concentrations of EDTA lead to
the release. of LPS (4) and increased permeabili-
ty (17). This in turn can explain the effects of
EDTA on the activity of cecropin D (Table 5).
Taken together, the information presented

here on the activity of cecropin D and the
properties of strains SB1004, D2le7, and D22
can be interpreted as follows. (i) The mutation in
strain SB1004 has increased the hydrophobicity
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of the cell surface. (ii) In comparison to the A
and It forms, cecropin D is restricted in its
penetration through the outer membrane. (iii)
Genetic information for sensitivity to cecropin D
is linked to the ompC locus. (iv) The penetration
of cecropin D through the outer membrane is
facilitated by alterations which make this sur-
face layer more hydrophobic. A more refined
genetic analysis, direct measurements of the
hydrophobicity of the bacterial surfaces, and
binding studies with labeled cecropins are need-
ed to substantiate these tentative conclusions.
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