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The ability of cecropin A to permeabilize and depolarize the membranes of Escherichia coli ML-35p bacteria
has been compared to its bactericidal activity in an extension of earlier studies performed on synthetic lipid
vesicle membranes (L. Silvestro, K. Gupta, J. H. Weiser, and P. H. Axelsen, Biochemistry 36:11452–11460,
1997). Our results indicate that differences in the concentration dependences of membrane permeabilization
and depolarization seen in synthetic vesicles are not manifested in whole bacteria. The concentration depen-
dences of both phenomena roughly correlate with bactericidal activity, suggesting that the bactericidal mech-
anism of cecropin A is related to membrane permeabilization.

Cecropin A is one of the most extensively studied antimi-
crobial polypeptides among the many that are produced by
insects as components of their host defense systems against
bacterial infection (6, 7, 14). While there is a broad consensus
that the site of antibacterial action of these polypeptides is the
plasma membrane, the precise mechanism—and the way in
which they discriminate between bacterial and host cell mem-
branes—remains unclear.

Studies of cecropin A and related peptides have shown that
cecropin A is a linear 37-residue polypeptide composed en-
tirely of ordinary L-amino acids (21). It is unstructured in
aqueous solution but has the potential to form a-helices in
partially organic solvent (8, 19). Early studies of their bacteri-
cidal mechanism suggested that cecropins bind to negatively
charged membrane lipids and form a closely packed layer (20)
or “carpet” of peptide (5, 15) which renders the membranes
permeable. Later studies demonstrated that cecropins form
partially selective ion channels (2). Evidence against a mech-
anism involving specific chiral receptors was provided by stud-
ies showing that analogues composed entirely of D-amino acids
retained full activity (22). Models have been proposed for the
ion channel formed by cecropins (3), and evidence is available
indicating that they aggregate and assume a transbilayer ori-
entation in membranes (12, 13). We have recently shown that
the action of cecropin A on synthetic lipid vesicles is concen-
tration dependent, forming ion channels at low peptide/lipid
ratios and “pores” large enough to pass various probe mole-
cules at higher peptide/lipid ratios (16). In that set of experi-
ments we demonstrated that leakage of water-soluble probe
molecules was “all or nothing,” supporting the idea that the
pores through which the probes escape are stable, water-filled
transmembrane conduits.

One limitation of many studies of antimicrobial peptide ac-
tion is that they have been performed on synthetic lipid vesicles
rather than bacteria. This is necessary in many cases to make
particular types of studies feasible or interpretable. However,
vesicle studies leave important questions open about the true
nature of antimicrobial peptide action in a vastly more complex

chemical milieu. Therefore, we have extended our earlier stud-
ies of cecropin A action on phospholipid vesicles to whole
bacteria.

MATERIALS AND METHODS

Materials. Cecropin A, with the sequence 1KWKLFKKIEK VGQNIRDGII
KAGPAVAVVG QATQIAK-CONH, was synthesized by standard solid-phase
methods at the Mayo Peptide Core Facility (Rochester, Minn.). After purifica-
tion by reversed-phase high-performance liquid chromatography (LC), it was
confirmed to have a molecular weight of 4005 by mass spectrometry (MS).
DiSC3(5) (3,39-dipropylthiodicarbocyanine) was obtained from Molecular
Probes (Eugene, Oreg.) and prepared as a stock solution of 2 mM in ethanol.
EDTA and valinomycin were obtained from Fluka (Uppsala, Sweden). Melittin,
ONPG (o-nitrophenyl-b-D-galactopyranoside), and Tris were obtained from
Sigma (St. Louis, Mo.). Melittin was prepared as a 1-mg/ml stock solution in 10
mM Tris buffer. ONPG was prepared as a 25 mM stock in the same buffer and
shielded from light during storage. Peptide concentrations were determined by a
bicinchoninic acid assay (Pierce, Rockford, Ill.) with an albumin standard. Esch-
erichia coli strain ML-35 (lacI lacY lacZ1) transformed with plasmid pBR322 (to
yield ML-35p) (11) was a gift from Robert I. Lehrer (University of California—
Los Angeles).

Bactericidal activity. Bacteria were grown to mid-log phase at 37°C in Luria-
Bertani medium, centrifuged (1,000 3 g; 10 min), resuspended in buffer (150 mM
Tris, pH 7), washed twice in 10 mM Tris, pH 7, and brought to 108 CFU/ml
(assuming an optical density at 620 mm [OD620] of 0.35 corresponded to 108

CFU/ml). They were then diluted 10 times in 135 ml of 10 mM Tris buffer
containing cecropin A (0 to 5 mM). After 10-min incubations at 25°C, the
suspensions were placed on ice and diluted 10- to 10,000-fold in 10 mM Tris
buffer, and 10-ml aliquots were spotted on Luria-Bertani agar plates for overnight
culture at 30°C and manual counting of CFU with the assistance of a dissecting
microscope.

Inner membrane integrity. E. coli ML-35p constitutively expresses cytoplasmic
b-galactosidase and periplasmic b-lactamase and is ampicillin resistant and lac-
tose permease deficient (10, 11). The expression of b-lactamase is not relevant to
these experiments, but the presence of b-galactosidase in the cytoplasm enables
one to assess inner membrane integrity by immersing the cells in a solution of a
chromogenic substrate. The organisms were grown to stationary phase at 37°C,
centrifuged, and washed as described above and then diluted to an OD620 of 0.35
in 10 mM Tris buffer, pH 7. A 15-ml aliquot of the washed suspension was further
diluted in 135 ml of 10 mM Tris buffer containing 2.5 mM ONPG and between
0 and 20 mM cecropin A in 96-well microtiter plates for a final volume of 150 ml
per well. The hydrolysis of ONPG to o-nitrophenol (ONP) in each well was
followed by measuring the absorbance at 415 nm at 1-min intervals for 60 min at
25°C with a Bio-Rad 550 plate reader. For positive and negative controls, melit-
tin (23 mM) or DiSC3(5) (12 mM) was substituted for cecropin A.

Membrane depolarization. Membrane depolarization measurements were
performed with DiSC3(5), a lipophilic potentiometric dye that changes its fluo-
rescence intensity in response to changes in transmembrane potential. Bacteria
in mid-log phase were centrifuged (1,000 3 g; 10 min), washed in 150 mM Tris,
incubated with 1 mM EDTA in 150 mM Tris buffer (pH 7) for 15 min at 25°C,
washed twice with 10 mM Tris (pH 7), and finally diluted to an OD620 of 0.35 in
10 mM Tris buffer (pH 7). A 100-ml aliquot of the bacterial suspension was added
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to 900 ml of the dilution buffer, followed by 1 ml of DiSC3(5) stock (17). The
steady-state fluorescence intensity at 668 6 1.7 nm was measured in a 4- by
10-mm stirred cell with a Fluorolog 2 spectrofluorimeter SPEX (Edison, N.J.) in
a right-angle configuration and with excitation at 606 6 1.7 nm. After allowing
the dye signal to stabilize for about 4.5 min, 5 ml of a solution of cecropin A in
10 mM Tris at pH 7 was added. The concentration of the peptide solution added
was adjusted to yield final concentrations between 0 and 5.0 mM. In experiments
similar to those previously conducted with liposomes, we demonstrated that light
scattering due to bacteria was negligible under these conditions (data not shown)
(16). The level of ethanol from the DiSC3(5) stock solution did not exceed 0.1%
in any experiment. Fluorescence intensities after various additions were volume
corrected, and the results are expressed as a percentage change in signal inten-
sity.

LC-MS. To measure the concentration of cecropin A remaining free in solu-
tion during the membrane depolarization experiments (i.e., peptide that had not
adsorbed to bacteria), a bacterial suspension with 2.5 mM cecropin A prepared
as for a membrane depolarization experiment was centrifuged to produce a
bacterium-free supernatant. A 10-ml aliquot of the supernatant along with a set
of cecropin A standards was spiked with an internal standard (substance P) and
separated via high-performance LC on a 1.0-mm by 25-cm Phenomenex (Tor-
rance, Calif.) Primesphere C18 column operated at a flow rate of 400 ml/min, with
a mobile phase of 0.05% trifluoroacetic acid in water and an acetonitrile gradient
increasing from 18 to 45% over 30 min. The separation was monitored by a mass
spectrometer (Quattro II; Micromass Inc., Beverly, Mass.) equipped with a
coaxial electrospray probe and triple-quadrupole analyzer. The sampling-cone
voltage was set to 40 V, the capillary voltage was set to 3.5 kV, and the source
temperature was set to 65°C. The mass analyzer was set in single-ion recording
mode for the analyte and internal-standard ions.

RESULTS

Bactericidal activity. Cecropin A killed E. coli ML-35p
quickly and at low concentrations. We observed 50 and 90%
killing after 10-min incubations in 0.9 and 1.7 mM cecropin A,
respectively (Fig. 1), and .99% killing after 10 min at 2.5 mM.
These concentrations are comparable to the antimicrobial ac-
tivity we reported previously for cecropin A against K-1 and
K-12 strains of E. coli (16). Control experiments showed that
23 mM melittin was .99.9% lethal but that 12 mM DiSC3(5)
was not toxic.

Inner membrane integrity. Permeabilization of the inner
membrane of E. coli strain ML-35p was followed by adding a
suspension of bacteria to a buffer containing ONPG and
cecropin A and measuring the absorbance of ONP at 415 nm
versus time. ONP is produced by the action of cytoplasmic
b-galactosidase on ONPG. ONPG does not penetrate the in-
ner membranes of intact bacteria and remains extracellular
because E. coli strain ML-35p is deficient in lactose permease.

Agents that compromise inner membrane integrity permit
ONPG to diffuse into the bacterial cell, where it is hydrolyzed
to ONP.

The addition of bacterial suspensions to a solution of
cecropin A and ONPG caused [ONP] (i.e., the concentration
of ONP) to rise and plateau (Fig. 2A). This plateau represents
substrate depletion, because the same amount of ONPG sub-
strate was present in each experiment. The addition of bacteria
to 23 mM melittin caused this plateau to be reached faster than
the highest concentration of cecropin A used (20 mM), while
control substances [including DiSC3(5)] did not accelerate
ONP production beyond baseline levels. Centrifugation of a
bacterial suspension treated for 20 min with 2.5 or 5.0 mM
cecropin A, or 23 mM melittin, resulted in a supernatant de-
void of measurable b-galactosidase activity, indicating that
these treatments did not release b-galactosidase from bacterial
cells into the medium. Neither valinomycin nor DiSC3(5) (used
as described below for membrane depolarization studies) per-
meabilized the membrane enough to result in measurable
ONP production.

We analyzed these data assuming that there are three basic
processes influencing d[ONP]/dt, the rate of ONP production
at any given concentration of cecropin A. First, simple hydro-
lysis of ONPG produces ONP at a constant rate, i.e., d2[ONP]/
dt2 5 0. Second, permeabilization increases ONP production
only insofar as it is a rate-limiting process. As the membrane is
permeabilized, the opportunity for b-galactosidase to act on
ONPG increases, and d2[ONP]/dt2 . 0. Third, substrate de-
pletion decreases the rate of ONP production and yields a
d2[ONP]/dt2 value of ,0.

To simplify our analysis, we analyzed only the first 10 min
(after a 1-min mixing period) to eliminate the influence of
substrate depletion on the rate of ONP production (Fig. 2B).
The concentration of ONP over this interval, which is propor-
tional to its absorbance [A(t)], is well described by a second-
order polynomial: [ONP]t 5 k z A(t)415 5 at2 1 bt 1 c, where
k is a scaling constant. The rate of ONP production is therefore
given by the equation d[ONP]/dt 5 2at 1 b, and changes in rate
are given by the equation d2[ONP]/dt2 5 2a. Plots of the
second- and first-order coefficients (a and b) recovered versus
cecropin A concentration are shown in Fig. 3.

The second-order coefficient a (Fig. 3B) and the constant c
(not shown) are virtually 0 over the range of cecropin A con-
centrations examined. This indicates that membrane perme-
abilization is fast on the time scale of these measurements and
is not a rate-limiting process over this time period. The rate of
ONP production appears to be a first-order process described
by the coefficient b, and this coefficient is linearly related to the
log of the peptide concentration. This relationship between b
and peptide concentration suggests that a process other than
peptide-induced permeability limits the rate of ONPG hydro-
lysis, e.g., substrate diffusion. If b was an exponential function
of [cecropin A], this would suggest that several cecropin A
molecules were required to form a structure that permeabil-
ized the membrane. This may be the case at lower concentra-
tions and over shorter times. On the time and concentration
scales of these experiments, however, the linear dependence of
b on the logarithm of [cecropin A] indicates that progressively
smaller fractions of cecropin A are involved in permeabilizing
the membrane as [cecropin A] increases.

Membrane depolarization. Cecropin A-induced changes in
the bacterial membrane potential were measured with the po-
tentiometric dye DiSC3(5). Upon addition to a suspension of
bacterial cells, DiSC3(5) partitions into the cell membranes
and equilibrates within 20 s (Fig. 4). Cecropin A was added
approximately 4 min after the fluorescence emission intensity

FIG. 1. Viability of E. coli ML-35p bacteria after a 10-min incubation with
cecropin A. The error bars represent 6 1 standard deviation for an n of 3.
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stabilized. This caused an immediate increase in fluorescence
intensity, indicating rapid membrane depolarization (Fig. 4).
The dye response in whole bacteria was further characterized
by adjusting external potassium ion concentrations in the pres-
ence of valinomycin. This demonstrated that some depolariza-
tion occurred with 5 mM external potassium (implying that the
internal potassium concentration is somewhat lower) and that
25 mM potassium could be expected to cause a greater-than-
100% increase in fluorescence intensity (Fig. 5). In response to
cecropin A, depolarization was minimal at concentrations of
#1.25 mM, but 5 mM peptide caused a .60% increase (Fig. 6).

Experimental constraints required that cecropin A be added

as a small volume of concentrated stock solution to a much
larger volume of bacterial suspension. This transiently exposed
some bacteria in the suspension to concentrations much higher
than the nominal concentration, and those bacteria may have
absorbed enough peptide to make the actual concentration of
free peptide lower than the nominal concentration. Therefore,
bacterial suspensions prepared as for a membrane depolariza-
tion experiment with a nominal peptide concentration of 2.5
mM were centrifuged for 10 min at 1,000 3 g. The supernatant
was assayed for cecropin A by LC-MS with substance P as an
internal standard and a set of cecropin A solutions in buffer as
calibration and retention time standards. This experiment

FIG. 2. ONP production kinetics. Each datum point represents an average of three independent trials. Experimental conditions were chosen so that complete
hydrolysis of ONPG yielded an absorbance of 1.0. Valinomycin and DiSC3(5) resulted in ONP levels indistinguishable from those of the buffer control; melittin
produced ONP faster than 20 mM cecropin A. (A) Results for 60 min. (B) Results for the first 10 min.
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found 1.4 mM cecropin A remaining in the supernatant—a
concentration sufficient to kill at least 80% of the bacteria
present.

DISCUSSION

Two technical considerations bear critically on the interpre-
tation of these results. First, we measured the bactericidal
activity of cecropin A by using a survival assay in liquid me-
dium. This was the most appropriate measurement because
our purpose was to compare antimicrobial activity to the con-
centrations required to permeabilize the inner bacterial mem-
brane. Because permeabilization is most likely a lethal rather
than inhibitory event, MICs derived from growth inhibition
assays were not suitable for our purpose. Furthermore, pub-
lished methods for determining MICs for cecropin A appear to

depend on assumptions about peptide diffusion in agar or
agarose (9), and the results vary with the technique and ma-
terials used (1).

Second, inner membrane integrity was measured by adding
aliquots of a bacterial suspension to a known concentration of
peptide. This approach avoided the exposure of some bacteria
to high concentrations of peptide that occurs when aliquots of
a concentrated peptide solution are added to a bacterial sus-
pension. The same approach was used when measuring bacte-
ricidal activity, but for technical reasons this approach was not
possible when measuring changes in membrane potential.

These technical considerations are relevant to a comparison
of the bactericidal and the permeabilizing activities of cecropin
A (Fig. 1 and 3). The threshold concentrations for the onset of
both activities are similar and on the order of 0.25 mM. By
itself, this suggests that the bactericidal activity of cecropin A
is related to its permeabilizing activity. However, bactericidal
activity was maximal at 2.5 mM peptide, while this concentra-

FIG. 3. First- (A) and second (B)-order coefficients for polynomials describ-
ing the rate of ONP production shown in Fig. 2B. The vertical axes are scaled so
that points at identical positions in both graphs would make equal quantitative
contributions to the amount of ONP produced at 10 min.

FIG. 4. Fluorescence intensity of DiSC3(5) in E. coli. Increases and decreases
in fluorescence intensity represent membrane depolarization and hyperpolariza-
tion, respectively. After the addition of DiSC3(5) to the bacterial suspension,
equilibration is nearly complete within 30 s. Data collection was stopped for 10 s
while dye and cecropin A were added so that injection artifacts would not be
seen.

FIG. 5. Fluorescence intensity changes of DiSC3(5) in E. coli in the presence
of valinomycin and various external potassium ion concentrations, showing that
depolarization by elevated external potassium can result in a fluorescence inten-
sity increase of over 100%.

FIG. 6. Fluorescence intensity changes of DiSC3(5) in E. coli upon exposure
to cecropin A. The error bars represent standard deviations.
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tion yielded only a half-maximal rate of ONP production.
Thus, permeabilizing activity lagged behind bactericidal activ-
ity as the peptide concentration was increased.

The simplest explanation for this lag is that any permeabi-
lization of the membrane is lethal but that the hydrolytic ca-
pacity of cellular b-galactosidase exceeded the amount of
ONPG that entered the cells through the membrane perme-
abilized by 2.5 mM peptide. The enzyme was unlikely to be
saturated with substrate, since its extracellular concentration
(0.7 mM) was the same as the Km of b-galactosidase at low
magnesium concentrations (18). Thus, higher concentrations
of peptide can increase the rate of ONPG hydrolysis by in-
creasing the extent to which the membrane is permeabilized.
They would not, however, be any more effective at killing
bacteria. It remains entirely possible that bactericidal activity
and permeabilizing activity are not directly related (as demon-
strated recently for another cationic antimicrobial peptide [4]),
but a close relationship between these activities is suggested by
their similar thresholds of activity. This contrasts sharply with
our earlier studies of lipid vesicles, which indicated that much
higher concentrations of cecropin A were needed to cause
permeability changes (16).

We could not measure the depolarizing activity of cecropin
A by the same technique used to measure bactericidal or per-
meabilizing activity because the intensity of DiSC3(5) depends
on its partitioning across a membrane. As a consequence,
injecting DiSC3(5)-labeled bacteria into a known concentra-
tion of peptide (as we did to measure bactericidal and perme-
abilizing activities) dilutes extracellular DiSC3(5) and causes
changes in its signal intensity that are not related in a simple
way to dilution or changes in membrane potential. For this
reason, we elected to add small volumes of concentrated
cecropin A to a bacterial suspension equilibrated with
DiSC3(5).

Therefore, the results of these membrane depolarization
studies must be interpreted cautiously. They are most remark-
able for what did not happen: a nominal peptide concentration
of 1.4 mM is .80% effective in a bactericidal assay (Fig. 1), but
a free concentration of 1.4 mM did not even come close to fully
depolarizing bacterial membranes. While a rigorous quantita-
tive comparison cannot be made because of differences in
technique, Fig. 3, 5, and 6 suggest that the amount of depo-
larization is roughly comparable to the limited level of ONP
production expected at the same concentration. This again
contrasts sharply with our earlier lipid vesicle experiments, in
which permeability changes required much higher concentra-
tions of peptide than did membrane potential changes (16).

Our ability to establish the bactericidal mechanism of
cecropin A by comparing the time dependences of various
phenomena is limited because the time dependences of the
three assays we have employed in this study (survival, perme-
ability, and potential change) are all fundamentally different.
The effect of cecropin A on inner membrane integrity over a
10-min period may not reflect peptide-induced lethal effects
that persist after the bacteria have been exposed to peptide for
a 10-min period. On the other hand, the concentration depen-
dence of depolarization and permeabilization in whole bacte-
ria is roughly similar to the concentration dependence of bac-
tericidal activity, suggesting that both bactericidal activity and
membrane depolarization may be consequences of membrane
permeabilization. These results are in sharp contrast to the
concentration dependence we had previously observed in lipid
vesicles (16), and they underscore the difficulties of drawing
conclusions about bactericidal mechanisms from studies of
synthetic membranes.

In other antimicrobial peptides it has been possible to ma-

nipulate antimicrobial activity by means of experimental con-
ditions and to show that it is independent of membrane-per-
meabilizing activity, leading some investigators to the critical
suggestion that the site of action may not be the cytoplasmic
membrane (23, 24). This may eventually prove to be the case
with cecropin A as well, although our data neither support nor
refute this possibility. This conclusion awaits a demonstration
that the antimicrobial and membrane-permeabilizing activities
of cecropin A can be manipulated separately by means of
experimental conditions. In the meantime, the thrust of the
results presented here indicates that these activities exhibit
similar concentration dependences in whole bacteria and that
differences in the concentration dependences of membrane
permeabilization and depolarization observed in synthetic ves-
icles are not manifested in whole bacteria.
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