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A natural antibacterial peptide, cecropin B (CB), and
designed analogs, CB-1 and CB-3, were synthesized. The
three peptides have different structural characteristics,
with CB having one hydrophobic and one amphipathic
a-helix, CB-1 having two amphipathic a-helices, and
CB-3 having two hydrophobic a-helices. These differ-
ences were used as the rationale for a study of their
efficacy in breaking liposomes with different combina-
tions of phosphatidic acid and phosphatidylcholine. Bi-
osensor binding measurements and encapsulating dye
leakage studies showed that the higher binding affinity
of CB and CB-1 to the polar heads of lipids is not neces-
sary for the peptides to be more effective at lysing lipid
bilayers, especially when liposomes have a higher phos-
phatidic acid content. Kinetic studies, by intrinsic and
extrinsic fluorescence stopped-flow measurements, re-
vealed two transitional steps in liposome breakage by
CB and CB-1, although only one kinetic step was found
for CB-3. Circular dichroism stopped-flow measure-
ments, monitoring the formation of secondary structure
in the peptides, found one kinetic step for the interac-
tion of all of the peptides with the liposomes. Also, the
a-helical motif of the peptides was maintained after in-
teracting with the liposomes. Based on these results, the
mechanisms of liposome lysis by CB, CB-1, and CB-3 are
discussed.

Antibacterial peptide groups such as the magainins (1), de-
fensins (2), and cecropins (3) are found widely in the animal
kingdom. Within each group their sequences are highly con-
served and have a high proportion of basic amino acids.
Cecropins and magainins have a propensity to form a-helices,
and, when helical, these peptides can permeate the lipid bi-
layer membranes of most Gram-positive and Gram-negative
bacteria causing cell death (4, 5), yet they do not affect normal
eukaryote cells (4). Unlike melittin (6) or designed amphipathic
peptides with the exception of (KLGKKLG)3 (7), the antibacte-
rial magainins and their analogs were also found to be able to
lyse hematopoietic tumor and solid tumor cells with little toxic
effect on normal blood lymphocytes (5). Thereafter, other anti-
bacterial peptides were found to have similar abilities to kill
cancer and/or viral cells (8–10). Based on the findings noted

above, these short peptides may be renamed as antibacterial/
antimalignant (aBaM)1 peptides.

Although the mechanisms by which the aBaM peptides cause
cell death are not fully understood, it is generally considered
that the peptides associate with the membrane and form struc-
tural segments that either aggregate and form pores in the
membrane or cover the membrane with a detergent-like “car-
pet” of peptides which then destabilizes the packing of the
lipids in the membrane (11–13). Pore formation, a “perpendic-
ular” assembly of the peptides, and the transport of ions as the
means of cell death are supported by observations of discrete
conductance changes across the membrane (14–16). Recently,
the b-sheet-containing defensins and the a-helical peptide,
melittin, were shown to form multimeric pores when interact-
ing with lipid bilayers by use of a technique that also allows the
size of the pore to be estimated (17, 18). A “parallel” arrange-
ment of peptides on the membrane surface, as an alternative
method of cell killing, is suggested by an absence of a mem-
brane potential and the high peptide stoichiometry required for
membrane lysis (13, 19).

Because aBaM peptides are capable of lysing a variety of
cells but are less effective on other types of cells, understanding
the factors behind this variability may lead to the design of
viable peptide antibiotics. The initial association of the peptide
with the membrane might be an important determinant of the
specificity and effectiveness of the peptide. Differences in the
construction of the outer leaflet of the cell membrane, such as
the lipopolysaccharides found on Gram-negative bacteria, the
microvilli on cancer cells (20), or the greater anionic nature of
some membranes, such as tumor cells (21), might influence
this. It has been shown, for example, that the binding affinity
between bactericidal permeability-increasing protein and li-
popolysaccharide is a preliminary step to the protein enhancing
the permeability of bacteria (22). Microvilli on a cell will in-
crease the surface area of the membrane which can interact
with a peptide, and many aBaM peptides have an amphipathic
helix with a cationic face that would be expected to interact
more efficiently with an anionic membrane. Extensive studies
on the role of electrostatic interactions in the binding of cati-
onic, designed peptides and small toxins to anionic lipid bilay-
ers, using both theoretical and experimental approaches, have
been undertaken by the Honig and McLaughlin groups (23–26).
The significance of the anionic content of the membrane on the
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ability of cationic peptides to cause lysis has been demon-
strated by White and co-workers in their studies of defensins
(17, 27).

The physical nature of the peptide itself may also have an
important role. The extent of the cationic charge of the peptide,
whether it is amphipathic over its entire length or has am-
phipathic and hydrophobic segments or if it forms a hinged or
continuous structural motif could be factors that influence its
efficacy, selectivity, or mode of action. Cecropins, originally
isolated from the immune hemolymph of the moth Hyalophora
cecropia (3, 4, 28), have both antibacterial and anticancer prop-
erties (8, 29–32). To date, the three-dimensional structures of
three cecropin peptides have been determined. Cecropin A (33)
and sarcotoxin IA (34) have a helix-hinge-helix motif, whereas
the mammalian cecropin P1 (35) forms a continuous a-helix.
The NH2-terminal helix (or region) is amphipathic with a
strongly basic face, and the COOH-terminal helix (or region) is
largely hydrophobic.

To investigate further the role of the composition of the
membranes and the physical characteristics of aBaM peptides
in cell lysis we have studied the action of cecropin B (CB) and
two designed analogs on membranes consisting of varying ra-
tios of phosphatidic acid (PA) and phosphatidylcholine (PC).
Based on circular dichroism (CD) measurements (32) and se-
quence comparisons with the cecropins of known structure, CB
can be expected to have the helix-hinge-helix motif of cecropin
A (33) and sarcotoxin IA (34). The expected NH2-terminal helix
is amphipathic with many lysine residues, the supposed
COOH-terminal helix is largely hydrophobic, and a hinge re-
gion is expected at Gly23-Pro24. To examine the role of the
physical character of the peptide, we constructed two analogs of
CB with different properties. CB-1 has two amphipathic heli-
ces, and CB-3 has two hydrophobic helices, thereby allowing us
to characterize the role of these regions in membrane lysis. The
sequences and structures of the peptides are shown in Fig. 1.

We examined the binding of the peptides to lipid bilayers
with respect to both the concentration of the peptides and the
varying degrees of acidity of the liposomes by means of biosen-
sor measurements. The ability of the peptides to disrupt lipo-

somes was investigated by dye leakage (DL). Finally, kinetic
studies based on stopped-flow fluorescence (both tryptophanyl
and dye leakage) and stopped-flow CD were used to determine
rate constants for the interaction of the peptides with the
liposomes. These observations elucidate further the role of
membrane composition and the physical character of the pep-
tide in the action of aBaM peptides on membranes and suggest
that the mechanisms of liposome lysis by these peptides are
also consistent with other observations on channel formation
(13, 19, 36) and membrane destabilization (14–16).

EXPERIMENTAL PROCEDURES

Materials

PC was prepared and purified from fresh egg yolk to a purity of
approximately 99%. PA was prepared from egg yolk PC using cabbage
phospholipase D. The purity of PA was approximately 98%. 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFP) and Triton X-100 were purchased from
Sigma. The fluorescent dye, calcein (710.5 Da), was a product of Be-
hring Diagnostics. Sodium dodecyl sulfate (SDS) was obtained from
Sigma. Isooctane (HPLC grade) was from Fisher Chemical Co. Phos-
photungstic acid was a gift from Dr. D. K. Banfield, Department of
Biology, Hong Kong University of Science and Technology. The water
used for these experiments was deionized and distilled.

Preparation of Vesicles

Small Unilamellar Vesicles (SUVs)—SUV dye-encapsulating (100
mM calcein) liposomes and blank liposomes with different compositions
(b 5 PA/(PA 1 PC) from 0 to 1) were prepared using a sonicator
(Laboratory Supplies Co. model G112 SPIT). Detailed procedures for
producing these liposomes have been described elsewhere (32). Lipo-
somes were separated from free (unencapsulated) calcein dye through a
Sephadex G-25 column.

Large Unilamellar Vesicles (LUVs)—To produce LUVs for investiga-
tion by transmission electron microscopy, liposomes were prepared by
an extrusion method. A 20-mg mixture of PA and PC, with b varied
from 0 to 1, was dissolved in 1 ml of chloroform. The solvent was then
removed by an argon stream. The solute lipid, left on the bottom of the
glass tube, was hydrated and dispersed into 2 ml of 10 mM phosphate-
buffered saline (PBS) at pH 7.4. The lipid solution was then treated by
10 cycles of freezing in liquid nitrogen and thawing in a 50 °C water
bath. The milky solution was extruded, seven times, through 100-nm
polycarbonate filters by a LiposoFast extruder (AVESTIN, Inc.). Mono-
layer lipids were prepared by shaking a mixture of 100 mM SDS (beyond
the critical micellar concentration) and 10 mM PBS at pH 7.4 in room
temperature. Lipid concentrations were determined using a phospho-
lipid assay reagent (Wako Pure Chemical Industries) in a method based
on the Bartlett (37) assay, and the results are expressed in terms of the
concentration of phosphorus.

Preparation of Peptides

CB, CB-1, and CB-3 peptides were generated by an Applied Biosys-
tems Inc. 431 peptide synthesizer as described previously (32). The
characteristics of another cecropin analog, CB-2, were similar to those
of CB-1 (32), and therefore CB-2 was omitted from these experiments.
After purification, the peptides were lyophilized. The peptide content
was calculated by performing quantitative amino acid analysis with
norleucine as an internal reference amino acid, and the purity of the
peptide was measured by HPLC. This showed that the purity/peptide
content for CB, CB-1, and CB-3 are 95%/71%, 96%/73%, and 95%/76%,
respectively. For each peptide the net weight was calculated by multi-
plying the raw weight by the purity (percent) and peptide content
(percent). The concentrations of peptide stock solutions were deter-
mined from the net weight of peptides and their molecular weights.
Concentrations measured by the above method were confirmed with a
bicinchoninic acid assay (Micro BCA protein assay; Pierce Chemical
Co.). A negligible deviation between these two methods (less than 6%)
was observed.

Transmission Electron Microscopy (TEM)

The liposome specimens for TEM were prepared with a negative
stain. A carbon-coated grid was clamped by a pair of forceps with the
carbon film face up, and the grid was covered by a drop of 0.4 mM

liposomal solution for 1 min. Then, the liquid phase of the liposome drop
was drawn off using a wedged filter paper (Whatman no. 1) held
perpendicular to the plane of the grid. Before the grid film dried, a drop

FIG. 1. Amino acid sequences and structures of CB, CB-1, and
CB-3. In CB, the underlined segments indicate the NH2-terminal am-
phipathic and COOH-terminal hydrophobic helices. The hinge between
the two helices is at Gly23-Pro24 (*). In CB-1 the COOH-terminal hy-
drophobic helix was replaced by the NH2-terminal amphipathic helix of
CB, and in CB-3 the NH2-terminal helix was replaced by the COOH-
terminal hydrophobic helix of CB. The peptide structures are indicated
by the diagrams with the net charges of the peptides indicated. Am-
phipathic and hydrophobic helices are represented by partly shaded
and open rectangles, respectively.
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of staining solution (2% phosphotungstic acid at pH 7.4) was added.
This solution was left for 1 min and then drawn off by a filter paper. The
grid containing the liposome sample was dried further in air. TEM
investigations were conducted using a JEOL 2010 electron microscope
with 0.2-nm resolution. 100-ml mixtures of liposomes (b 5 0.25, 0.4 mM)
with CB, CB-1, or CB-3 (20 mM) were incubated for 20 min and then
prepared for TEM observations using the same procedure.

CD Measurements

CD spectra of the peptides were measured with a Jasco J-720 spec-
tropolarimeter. Water-jacketed quartz cells with a light path of 1 mm
were used. Analysis of CD spectra was done according to the procedure
of Chang et al. (38). The peptide concentrations were 20 mM with 2.5 mM

sodium phosphate buffer, and the pH was adjusted to 6.4. A standard
chemical, D-10-camphor sulfonate, at a concentration of 0.06% (w/v in
water), in a 1-cm path length cuvette was used for calibration, and the
CD was taken as 1190.4 millidegrees at 290.5 nm. After the calibration,
experiments were conducted at a temperature of 23 °C which was
maintained by a circulating water bath. Experiments were repeated at
10 mM for b 5 0.25 and 0.50 and gave results very similar to those with
the 20 mM data when a cuvette path length of 2 mm was used.

Binding Analysis by Biosensor

Liposomes with various compositions of PA and PC were prepared by
the sonicating method described before. To obtain a lipid monolayer, the
liposomes in Dulbecco’s phosphate buffer saline (5 mM, 120 ml) were
poured into the sensor chip HP A at a flow rate of 2 ml/min. Irregular
and loosely bound adsorbents such as multiple lipid layers and unbro-
ken fused liposomes were removed by increasing the flow rate to 100
ml/min for 5 min and then injecting washing solutions such as NaOH or
HCl (100 mM) at a flow rate of 10 ml/min for 1 min. The monolayer can
be recycled and used for other peptide binding studies by removing the
bound peptides with 100 mM NaOH or HCl. 1–2 min was required to
wash the peptides from the lipid monolayers. Two steps of injecting 10
ml of 100 mM NaOH followed by 10 ml of 100 mM HCl at a flow rate of
10 ml/min were used. After this process, the base line returned to the
level seen before adding the peptides.

Surface plasmon resonance (SPR) detects changes in the refractive
index of the surface layer of peptides and lipids in contact with the
sensor chip. A sensorgram is obtained by plotting the SPR angle against
time. The curve of resonance signal (RU) as a function of time displays
the progress of the interaction between the peptides and monolayer
lipids at the sensor surface. A standard protein, bovine serum albumin,
was used to assess the extent of coverage of the monolayer surface.
Association and dissociation rate constants were calculated from the
primary sensorgram data by nonlinear fitting (39, 40) using the soft-
ware supplied by the manufacturer. The dissociation constant, kd, is
derived from the following equation:

ln~St/S0! 5 2kd~t 2 t0! (Eq. 1)

where St is the SPR signal in RU at time t, S0 is the response at an
arbitrary time before the starting time of dissociation, t0. The associa-
tion constant, ka, can then be obtained from the equation:

ln~dS/dt! 5 2~kd 1 kal!t 1 ln~kalSmax! (Eq. 2)

where dS/dT indicates the rate of change of the SPR signal, l is the
concentration of analyte, and Smax is the maximum analyte binding
capacity in RU. The Gibbs free energy of DGa was obtained by the
following equation (24):

~DGa! 5 2RTln~ka! (Eq. 3)

where R is the gas constant (1.987 cal K21 mol21) and ka is the associ-
ation constant. This calculation of DGa is based on the simplifying
(inaccurate) assumption that there is a one-to-one to association be-
tween peptide and lipid (24). Possible differences between the calcula-
tions of Ben-Tal et al. (24) and the calculations reported here are that
Ben-Tal et al. assume that the partition constant is a reasonable esti-
mate of the equilibrium association constant, and the association con-
stant calculated here is determined under steady-state conditions.

Dye Leakage Measurements

The lipid concentration used for the experiments was about 2 mM

(stock solution). For a typical DL assay, an aliquot of peptides (0.5–6
mM) in PBS buffer was added into the liposome or reversed micellar
solution. The solution was incubated for 2 h before fluorescent meas-
urements were conducted. The intensity of fluorescence was measured

by a Perkin-Elmer luminescence spectrofluorometer (model LS 50B)
with an excitation wavelength of 496 nm and an emission wavelength of
517 nm. The 0% and 100% DL levels were measured as the fluorescence
intensity of a vesicle solution including the encapsulated dye without
and with Triton X-100 (0.1%), respectively. The percentage of DL in-
duced by a peptide was calculated by the following equation:

DL~%! 5 ~~F 2 F0!/~Ft 2 F0!! 3 100 (Eq. 4)

where F is the fluorescence intensity induced by the peptide, and F0 and
Ft represent the intensities at the 0% and 100% DL levels, respectively.
Because the different mixing modes of the liposomes and peptides may
influence the lipid-breaking process during the DL assays (41) a single
peptide stock solution and the same stirring conditions and sample
volume were used for each experiment. The experiments were repeated
three times, and the results were averaged. If it is assumed that each
liposome includes the same amount of encapsulated dye, then DL% will
give the percentage of liposmes lysed by the peptides if all of the dye
leaks from a liposome. Because the size of the fluorescent dye used in
these experiments is about 700 Da, approximately the size of the small
dye used by White and co-workers (17), the leakage of dye from the
vesicles is likely to be “all-or-none” whether a pore forms or the liposome
is destabilized completely (17, 42). Lysis of the liposomes studied here
is then defined by the release of the encapsulated dye in an all-or-none
manner. However, as shown in our TEM studies (see Fig. 2), liposomes
treated with peptides were broken and the resulting pieces aggregated.

Stopped-flow Fluorescence Measurements

A kinetic study of the interactions of peptides and liposomes was
conducted using a SX.17MV stopped-flow ASVD spectrofluorometer
(Applied Photophysics Ltd., U. K). The nominal mixing time was 2 ms.
The system temperature was maintained at 23 °C, which is higher than
the lipid phase transition temperature (for lipid egg yolk, its range is
between 217 °C and 7 °C). The ratio of liposomes to peptides was 10:1.
For intrinsic tryptophan fluorescence measurements, the excitation
wavelength was set at 289 nm, and the intensity above 335 nm was
recorded as a function of time. For the encapsulated calcein fluores-
cence experiments, the excitation wavelength was 496 nm, and the
emission intensity above 550 nm was recorded. For each experiment, a
121 mM liposome solution was mixed with a 27.5 mM solution of CB,
CB-1, or CB-3. The voltage used was 650 V, and 400 data points were
collected for each run. Analog signals were converted into digital signals
(12 bits), and a nonlinear least square fit was performed with software
(Bio sequential SX.17MV) supplied by the manufacturer. This program
is based on the Marquardt (43) algorithm. The curve was fitted using
the following exponential equation:

~F` 2 Ft!/~F` 2 F0! 5 A0 1 A1exp~t/t1! 1 A2exp~t/t2! 1 A3exp~t/t3! (Eq. 5)

where F`, Fn, and F0 are the fluorescence intensity at t $ 100 s, time t,
and zero time, respectively. Ai and ti are the normalized amplitude and
the time constant (or relaxation time) for the ith reaction. The best fit
to the number of the exponential terms was determined from the chi
square error (44). Measurements were repeated three times at a given
condition to ensure reproducibility.

Stopped-flow CD Measurements

A kinetic study of the peptide secondary structural change induced
by the interactions with the liposomes (at b 5 0.25) was performed
using a SX.17MV stopped-flow ASVD spectrofluorometer. The instru-
mentation setup was similar to that for the stopped-flow fluorescence
measurements; but instead of fluorescence, the probe is CD. The tem-
perature was maintained at 23 °C; the mixing ratio, by volume, was set
at 10 (1.3 mM liposome solution) to 1 (25 mM peptide solution). Analog
CD signals were recorded at 222 nm and then converted into digital
signals (12 bits) before nonlinear least square fitting (as described
above) was performed. Measurements were repeated three times at a
given condition to ensure reproducibility.

RESULTS

TEM Morphological Observations of Liposomes Affected by
CB, CB-1, and CB-3—To confirm the existence and observe the
morphology of liposomes, with or without peptides, negative
stain TEM was used. The complete shape of the liposomes
could be observed with the boundary of the vesicles clearly
distinguishable from the gray staining solution. Typical TEM
micrographs for liposomes (with b 5 0.25) with and without
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peptides are shown in Fig. 2. Fig. 2a shows the liposomes in the
absence of peptides, and they have an elliptical or circular
shape. The largest diameter of the liposomes is about 250 nm.
When the magnification was enhanced, a small percentage of
multilayer liposomes was observed as shown in Fig. 2b. When
peptides CB and CB-1 were added (20 mM), the circular or
elliptical shapes of the intact liposomes became rare, and bro-
ken liposome predominated. The resulting broken liposome
pieces aggregated, as shown in Fig. 2, c and d, for CB and CB-1,
respectively. This demonstrates that liposomes can be severely
disrupted by CB and CB-1. Irregularly shaped broken lipo-
somes were observed after treatment with CB-3 (Fig. 2e).

Secondary Structures of CB, CB-1, and CB-3 in SUV Bilayers
and SDS Monolayers by CD—The structures of the peptides
CB, CB-1, and CB-3 in water are random coils (32). However,
a-helical structures formed if lipid vesicles were involved (32).
These results show that the peptides form a-helices as they
approach a polar environment with the backbone hydrogen
bonding removing the unfavorable interaction of the peptide
bond with a hydrophobic environment (45). The secondary
structure of the peptides in the presence of SUVs was investi-
gated, and typical CD curves for the peptides with SUVs of b 5

0.25 and b 5 0.50 are shown in Fig. 3, a and b, respectively.
From the CD it can be determined that the a-helical contents of
CB, CB-1, and CB-3 at b 5 0.25 and 0.50 are 65.9, 62.8, and
27.3% and 65.7, 54.0, and 58.0%, respectively. CB and CB-1
show similar levels of secondary structure at these b values,
whereas CB-3 showed a different effect. At b 5 0.25 the level of
secondary structure in CB-3 was reduced, but a higher level
was observed at b 5 0.50. This greater formation of secondary
structure at higher levels of b might correlate with the greater
efficacy of CB-3 on liposomes with higher b values (see below).
On liposomes containing other compositions (b 5 0.15 and
0.75), all three peptides showed an a-helical structure (e.g. b 5
0.15, CB, 60.4%; CB-1, 59.1%; CB-3, 11.0%; b 5 0.75, CB,
42.5%; CB-1, 46.7%; CB-3, 59.6%). Monolayer experiments are
undertaken using SDS lipids, and the CD spectra of peptides on
SDS monolayers are shown in Fig. 3c. The helical contents of
CB, CB-1, and CB-3 were 58.7, 60.9, and 44.6%, respectively.
The secondary structure of peptides on monolayers seems more
close to those on bilayers with higher content of acidic lipids
(compare Fig. 3, a and b, with c). This may reflect the similar
charged environment for bilayers lipids with higher b and the
anionic (net charge –1) SDS monolayer. However, the differ-

FIG. 2. Negative stain TEM. Micro-
graphs of liposomes (with b 5 0.25) are
shown with or without peptides. Panel a,
liposomes without peptide. Liposomes
with characteristic circular or elliptical
shapes are observed. The largest diame-
ter of these liposomes is about 250 nm.
Panel b, liposomes without peptide at
higher magnification. Some multilayers
liposomes can be observed. Panels c and
d, liposomes with CB and CB-1, respec-
tively. Pieces of broken liposome frag-
ments are seen. Panel e, liposomes with
CB-3. Broken liposomes with irregular
shapes are observed.
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ences in the CD spectra (Fig. 3b shows CB-1 having lower
helicity than CB-3, whereas Fig. 3c shows CB-3 having the
least helicity) may indicate that there is not a direct relation-
ship between the actions of the peptides on bilayers and
monolayers.

Binding Affinity of CB, CB-1, and CB-3 on Lipid Monolayers
of Different Compositions by SPR—Different mixtures of lipid
monolayers, with b ranging from 0 to 0.75, were generated and
adsorbed onto the sensor chip HPA. Typical sensorgrams of the
bimolecular bindings between the peptides and lipid monolay-
ers (at b 5 0.25) are shown in Fig. 4, a, b, and c, for CB, CB-1,
and CB-3, respectively. A series of concentrations (2, 4, 8, and
10 mM) of peptides CB and CB-1 was used (Fig. 4, a and b), and
RU signal intensity increased as the peptide concentration
increased. This indicates that the amount of peptide bound to
the lipids is proportional to the increase in the peptide concen-
tration. Fig. 4c shows that there was no binding between CB-3
and the lipid monolayers because the level of RU for association
(rising curve) is equal to that for dissociation (falling curve).
Similar results were obtained for CB-3 from lipid monolayers
constructed with other values of b. Sensorgrams indicating the
binding relationship between peptides and lipid monolayers
constructed with b varying from 0 to 0.75 are shown in Fig. 5,
a and b, for CB and CB-1, respectively. The binding capacity of
both peptides increased as the content of PA in the lipid in-
creased, as shown by the higher RU level.

The binding constants of association (ka) were determined by
nonlinear fitting to the primary sensorgram data (Fig. 5). Table
I gives the values of ka for CB and CB-1 interacting with lipids
where b ranges from 0 to 0.75. Standard Gibbs free energies of
binding (DGo) based on the assumptions of the models of Honig
and co-workers (24, 25) were calculated from the apparent
association constant and are also shown in Table I. When
compared with their experimental results and theoretical cal-
culations (24, 25) based on the application of the Poisson-
Boltzmann equation (46) we found that the free energy of
binding was somewhat smaller on a per net charge basis, with
a slight increase for the more cationic CB-1 (Table I). When the
anionic content of the membrane increased, there was also an
increase of about 20% in the binding free energy. The similar
binding capacity for CB and CB-1 on lipid monolayers with b 5
0 and b 5 0.25 (Fig. 5) may result from the contribution to
binding from the polar nature of the lipid heads being close to
that from liposomes with small amounts of charged lipids. CB-1
would bind more strongly (Fig. 5b) because of its higher cati-
onic content. Because the CD spectra of CB and CB-1 associ-

ated with liposomes at b 5 0.25 and 0.5 (see Fig. 3, a and b,
respectively) show that the peptide conformation does not
change significantly, the increase in binding from b 5 0.25 (Fig.
5) onward is most likely caused by peptide aggregation.

Efficiency of Lipid Bilayer Lysis by CB, CB-1, and CB-3 on
Liposomes of Different Composition as Measured by Dye Leak-
age—Bilayer lysis by all of the peptides on neutral liposomes,
those constructed with PC only, was negligible (data not
shown). However, when liposomes contained PA, DL from the
liposomes was detected. Fig. 6a shows the DL from liposomes
(with b 5 0.15) induced by concentrations of the peptides from
0.1 to 6.0 mM. Throughout Fig. 6, CB is represented by filled
circles, CB-1 by open circles, and CB-3 by filled triangles. The
activity of liposome lysis of CB and CB-1 caused 100% DL at
concentrations of 1 mM and 1.5 mM, respectively. However, neg-
ligible DL was observed for CB-3. As the content of PA in the
liposomes was increased the relative abilities of the peptides to
induce DL altered. DL began to be observed for CB-3 at a b
level of 0.18 (Fig. 6b), and DL increased further at b 5 0.22
(Fig. 6c). At these levels CB still reached a 100% DL level but
with a higher concentration of peptide required (2.5 mM), and
the maximal level of DL caused by CB-1 started to decrease.
When b was 0.25 (Fig. 6d) CB caused 100% DL at 2.5 mM; and
CB-1, although still showing a DL pattern similar to that of CB,
reached a plateau of about 80% DL at 2 mM. CB-3 was now more
able to cause DL and reached the level achieved by CB-1 when
the CB-3 concentration was 6 mM. At a b value of 0.5, CB-3
became the most effective peptide at causing DL from the
liposomes, whereas CB and CB-1 showed a similar pattern of
effectiveness with CB still slightly more efficient (Fig. 6e).
When the liposomes had a b value of 0.6 (Fig. 6f) CB-1 became
marginally more effective than CB at causing DL, although
both were considerably less efficient than CB-3, which reached
its maximum effectiveness at a concentration of 5 mM. Fig. 6g
shows the highest level of b examined, and CB-3 causes 100%
DL at a concentration of 2.5 mM and is much more effective than
CB-1, which is slightly more effective than CB.

The effect of the peptides in this experiment is summarized
in Fig. 6h, which shows the concentration of peptide required to
achieve a DL of 50% (DL50) for each value of b. It can be seen
that CB and CB-1 exhibit a similar pattern with the DL50

increasing as b increases. CB-3 shows the opposite effect, being
most efficient at liposome lysis at the highest b level and also
having a much smaller range of DL50 values than CB and CB-1.
The peptides have approximately equal DL50 values when b is
0.5. Another summary of this experiment is provided by the

FIG. 3. CD spectra of peptides. Panel a, on SUVs at b 5 0.25. Panel b, on SUVs at b 5 0.5. Panel c, on SDS monolayer micelles.
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plot of the concentration at which maximal DL was obtained for
each of the peptides at each b level (Fig. 6i). It should be noted
that the maximal DL level achieved was often not the same for
the different peptides at a given b level nor for a given peptide
at different b levels. As in Fig. 6h both CB and CB-1 show
similar trends with the concentration of peptide increasing
steadily to achieve (a reducing) maximal DL level. Again, CB-3
shows the opposite trend with respect to both concentration

and DL level.
Kinetic Study of the Interactions of CB with Liposomes (with-

out Encapsulated Dye) by Fluorescence Stopped-flow Measure-
ments—Because CB possesses only one Trp residue, at position
2 in the NH2-terminal amphipathic a-helix (see Fig. 1), the
change in the microenvironment of this region of the peptide
can be monitored during the peptide’s interaction with a lipo-
some. If the fluorescent intensity is enhanced, the Trp residue
is in a more hydrophobic environment (41). Fig. 7 shows the
fluorescence intensity changing as a function of time for the
interaction of CB with liposomes of various compositions (b
ranging from 0.15 to 0.75). Fluorescence intensity increased
with the increase of PA in the liposomes, implying that the Trp
of CB tends to be in a more hydrophobic environment in lipo-
somes that contain more PA. Based on the best fit to the data
(solid lines shown in Fig. 7), two rate constants (ti) were ob-
tained for the reaction of CB with liposomes of different com-
positions and are given in Table II. There are two steps or
transition periods (t1, t2) through the complete reaction be-
tween CB and liposomes. As the PA content of the liposomes
increased, the time constants of t1 and t2 became smaller
(except for t1 at b 5 0.75). This implies that the effectiveness of
the association of the peptides with the lipid bilayers is en-
hanced by the increasing content of PA. In this experiment,
neither CB-1 nor CB-3 was used because the former has two
tryptophans (positions 2 and 26), and the latter has none.

Kinetic Study of the Interactions of CB, CB-1, and CB-3 with
Dye-encapsulating Liposomes by Fluorescence Stopped-flow
Measurements—Fluorescence measurements were on calcein-
encapsulating liposomes with the extrinsic fluorescence of the

FIG. 4. Sensorgrams of the binding between various concentrations of the peptides and monolayer lipids with b 5 0.25. Panels a
and b, CB and CB-1 (respectively) at concentrations of 2, 4, 8, and 10 mM, showing the increase in binding as the peptide concentration increases.
Panel c, the negligible binding of CB-3 to the monolayer lipids.

FIG. 5. Sensorgrams of the binding between peptides and
monolayer lipids of varying compositions. Plots of RU versus time
for the binding of CB (panel a) and CB-1 (panel b) at 10 mM to liposomes
with b 5 0, 0.25, 0.5, 0.6, and 0.75.

TABLE I
Binding constants of association (ka) and binding free

energies of association (DGa) for peptides, CB, and CB-1,
with monolayer lipids of different composition

The temperature was 25 °C, and the peptide concentration was 10
mM. The uncertainty in these experiments was less than 10%.

b
CB CB-1

ka DGa ka DGa

M
21 s21 3 104 kcal/mol M

21 s21 3 104 kcal/mol

0.00 0.82 25.32 0.89 25.38
0.25 1.32 25.62 1.52 25.70
0.50 1.78 25.80 1.81 25.81
0.60 1.98 25.86 2.07 25.88
0.75 2.64 26.03 3.04 26.11
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dyes being traced as a function of time as the liposomes were
broken down by the peptides. Experiments were performed on
liposomes with b at 0.25 and 0.5, and typical examples of the
fluorescence intensity change as a function of time for CB, CB-1
and CB-3, acting on the liposomes with b at 0.25, are shown in
Fig. 8, a, b, and c, respectively. CB caused the largest amount
of dye to be released as shown by the largest change in fluo-
rescent intensity among the three peptides (Fig. 8a). CB-1 had
the fastest reaction rate (Fig. 8b), and CB-3 caused the least
change in fluorescence intensity and had the slowest reaction
rate. The time constants were determined from a best fit to the
fluorescent curves for CB, CB-1, and CB-3 and the values,
averaged over three experiments, are presented in Table III.
Two kinetic steps were observed for CB and CB-1, whereas only
one kinetic step was determined for CB-3.

Kinetic Study of the Interactions of CB, CB-1 and CB-3 with
Liposomes by CD Stopped-flow Measurements—Figs. 9, a, b,
and c show the CD intensity change as a function of time for
CB, CB-1, and CB-3, respectively, interacting with liposomes at
b 5 0.25 (note the shorter time scale in Fig. 9b). All of the CD
signals increased after the peptides interacted with the lipo-
somes. From the best fit to the data, only one kinetic step was
obtained, with the time constants being 1.27, 0.15, and 7.70 s

for CB, CB-1, and CB-3, respectively. The uncertainty in the
CD kinetics was 6 15%. CB-1, the peptide with the highest
positive charge, has the fastest rate constant among the three.
In contrast, CB-3, which has the least positive charge, has the
slowest rate constant. Furthermore, we observed that the sec-
ondary structure of the peptides formed during the liposome
breaking action and was maintained after liposome lysis.

DISCUSSION

The efficacy of CB, CB-1, and CB-3 on liposomes and their
helical content in a hydrophobic environment were confirmed
by morphological studies by TEM and by CD. From Fig. 2 it can
be seen that both CB and CB-1 lyse liposomes with a PA
content of 25% (b 5 0.25) in a similar manner, whereas CB-3
has a different effect when producing broken liposomes. In the
presence of liposomes all of the peptides were able to form a
helical structure. Secondary structure was observed in the
peptides when interacting with liposomes that had b values
ranging from 0.15 to 0.75. Fig. 3, a and b, shows the CD spectra
at b 5 0.25 and 0.5, respectively. Whereas CB and CB-1 show
fairly consistent levels of helical content, CB-3 has a somewhat
lower helical content at lower b levels that might be associated
with its lower efficacy on less anionic liposomes. The ability to

FIG. 6. Liposome DL measurements. Percentage dye leakage, DL(%), for CB (filled circles), CB-1 (open circles), and CB-3 (filled triangles)
acting on liposomes with b 5 0.15 (panel a), 0.18 (panel b), 0.22 (panel c), 0.25 (panel d), 0.50 (panel e), 0.60 (panel f), and 0.75 (panel g). The DL50
(panel h) and the DLmax (panel i) values of CB, CB-1, and CB-3 are shown at different liposome b values.
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form a helical structure in the more hydrophobic environment
of the membrane surface, probably influenced by the removal of
unfavorable interactions from the peptide bond (45), is consid-
ered to be the first stage in the action of aBaM peptides on
microbial cells (11). Because all of the peptides had a generally

similar helical content it appears that the secondary structural
content of the peptides, although necessary, is largely inde-
pendent of their efficiency in disrupting liposomes. Therefore,
the particular sequences and physical characteristics of the
peptides may be factors that influence this, and the composi-
tions of the natural and designed peptides used here address
this issue.

An interaction between the cationic face of aBaM peptides
and anionic lipids will attract and hold the peptides to the cell
surface so they can interact with the lipid. Based on the theo-
retical studies of small poly-lysine peptides on anionic mem-
branes by Ben-Tal et al. (24), it might be expected that the
peptides would initially align parallel to the membrane, sepa-
rated by a few angstroms. This charge interaction might also
explain the activity of aBaM peptides on tumor cells, which
have more anionic membranes than normal eukaryotic cells
(21, 31, 32). The binding studies, using a biosensor, undertaken
in this work showed that the cationic peptides, CB and CB-1,
bound effectively to the liposomes (at b 5 0.25), with the
number of peptides bound increasing with the concentration of
the peptide (Fig. 4, a and b). CB-1, which has a greater number
of basic residues (net charge 111), bound more effectively to
the liposomes than CB (net charge 71), consistent with results
from poly-lysine peptides (24). However, the mainly hydropho-
bic CB-3 (net charge 31) did not show any binding to the
liposomes (Fig. 4c). When the concentration of PA in the lipo-
somes was varied (b ranging from 0 to 0.75) CB and CB-1 both
showed increased binding as the acidity of the liposome in-
creased (Fig. 5, a and b) in a manner similar to that seen for
pentalysine (24). Again, the binding of CB-3 was negligible.
Thus, the increasing basic nature of the peptide and the in-
creasing acidity of the lipid enhance the interaction between
peptide and lipid. Although CB-3 did not bind to the monolayer
lipids in the biosensor experiments it was able to lyse liposomes
(Fig. 6). Its association with the lipids is probably driven by
hydrophobic interactions causing it to partition from the sol-
vent to the lipid phase where it forms a helical structure (Fig.
3). The peptide might be driven to cluster onto regions of the
liposome where neutral lipids predominate. This association
would be unlikely under the flow conditions of biosensor meas-
urements. An interaction between the hydrophobic peptide and
the hydrophobic lipid tails is probably the path to lipid lysis.

The binding conditions between the peptides and a lipid
monolayer fixed to a biosensor chip surface are similar to those

FIG. 7. Kinetic studies of CB on liposomes by tryptophanyl
fluorescence stopped-flow measurements. The fluorescence inten-
sity change as a function of time after CB was added to liposomes with
b 5 0.15, 0.25, 0.5, 0.6, and 0.75. The spiky curves are the experimental
data, and the solid lines represent the best fit to the data using Equa-
tion 5 from “Experimental Procecures.”

FIG. 8. Kinetic studies of CB, CB-1, and CB-3 on liposomes by dye-encapsulating fluorescence stopped-flow measurements. Plots
of the fluorescence intensity change as a function of time after CB (panel a), CB-1 (panel b), and CB-3 (panel c) were added to liposomes at b 5
0.25.The spiky curves are the experimental data, and the solid lines represent the best fit to the data using Equation 5 from “Experimental
Procedures.”

TABLE II
Rate constants from fluorescence of Trp-2 in CB

The uncertainty in these experiments was 610%.

b t1 t2

s s

0.15 6.30 10.40
0.25 2.18 5.73
0.50 1.26 4.60
0.60 0.29 3.96
0.75 0.33 3.19
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assumed by Ben-Tal et al. (24, 25) in their models in that they
assume that the structure of bilayers does not change when
peptides or proteins bind. For CB and CB-1 the binding free
energy (DGa

o ) ranges from ;25.3 to 26.1 kcal/mol as b
increases from 0 to 0.75 (Table I). CB-1 has a slightly larger
free energy than CB for each b value probably because of the
greater net positive charge of CB-1, but it does not show the
clear, linear relationship seen in poly-lysine peptides (24). This
is likely the result of more complicated interactions of CB and
CB-1 with the lipids because of their helical tertiary structure,
the steady state (non-equilibrium) binding due to the operation
of biosensor, and interactions with the fixed monolayers rather
than free lipids may also influence the apparent binding en-
ergy. Furthermore, the assumption of one-to-one binding of
peptide and lipid for the calculation of DGo (24) will be more
inaccurate for larger peptides such as CB and CB-1.

DL studies of the efficiency with which the peptides can
disrupt liposomes of varying b levels showed interesting trends
as b increased. At low levels of b, CB was most effective, with
CB-1 nearly as effective, at disrupting the liposomes to release
dye (Fig. 6, a–d). CB-3 was considerably less effective. As the
acidic content of the liposomes increased, however, the effi-
ciency of CB and CB-1 decreased while that of CB-3 increased,
so that at a b value of 0.5 and above CB-3 was the most efficient
at causing dye leakage from liposomes (Fig. 6, e–g). CB and
CB-1 showed nearly similar, decreasing efficiencies as b in-
creased, with CB-1 eventually becoming marginally more ef-
fective than CB. The general increase in efficiency of CB-3 and
the decrease in the efficiency of CB and CB-1 are indicated by
the plot of DL50 and DLmax against b in Fig. 6, h and i,

respectively. This trend in the efficacy of liposome disruption is
opposite to that of binding efficiency. As the peptides CB and
CB-1 bind more effectively to the more acidic lipids their ability
to lyse them decreases. The greater efficiency of CB-3 on acidic
liposomes might be caused by the largely nonpolar CB-3 being
driven to accumulate on the regions of the lipid where PC
dominates. It may then reach a sufficient concentration on the
lipid to disrupt the membrane and cause lysis in a cooperative
manner, similar to that proposed for cecropin P1 (12). When b
is lower, CB-3 might disperse more widely over the membrane
and not reach a critical concentration on the membrane at
lower solution concentrations of peptide. This is suggested by
the results on liposomes at b 5 0.25 (Fig. 6d) where a much
greater concentration of CB-3, than either CB or CB-1, is re-
quired to cause DL. These results imply that the initial binding
step, driven by electrostatic interactions, may not be critical for
the subsequent action of liposome lysis especially as the acid
content of the liposome increases. Stronger binding to the lipid
head groups may retain the peptide on the lipid surface and
inhibit its ability to enter the bilayer and initiate lysis, or it
may assist in forming unproductive aggregates of peptides on
the lipid surface. Efficient lysis of lipid bilayers by peptides
may not require strong binding energy but a strong perturbing
energy in which the structural characteristics of the peptides
and other factors may dominate the electrostatic interactions.
Further experiments are currently being undertaken in our
laboratory to identify these factors.

Because CB has a single Trp residue, located in the NH2-
terminal amphipathic helix at position 2, the environment of
this residue can be monitored by stopped-flow fluorescence
measurements. The change in the fluorescence intensity of
Trp2 over the time course of the experiment is shown in Fig. 7
on liposomes with increasing levels of b. The fluorescence in-
tensity increases rapidly as the peptide associates with the
liposome, showing that the Trp residue is in a more hydropho-
bic environment. As the level of b in the liposomes increases so
does the fluorescent intensity. This is consistent with the bio-
sensor binding studies (Figs. 4 and 5) which showed higher
affinity binding as b increased. When the peptide associates
with the membrane and forms a helix and starts to integrate

FIG. 9. Kinetic studies of CB, CB-1, and CB-3 on liposomes by CD stopped-flow measurements. Plots of the CD intensity change as a
function of time after CB (panel a), CB-1 (panel b), and CB-3 (panel c) were added to liposomes with b 5 0.25. The flat curves are measurements
of the liposome before the peptides were added. The CD intensity increased with time after the peptides were added to the liposomes. The spiky
curves are the experimental data, and the solid lines represent the best fit to the data using Equation 5 from “Experimental Procedures.”

TABLE III
Rate constants from dye fluorescence measurements

b
0.25 0.50

t1 t2 t1 t2

CB 2.00 6 0.20 9.60 6 1.00 0.66 6 0.04 14.79 6 1.10

CB-1 0.86 6 0.08 6.12 6 0.60 0.56 6 0.04 4.86 6 0.40

CB-3 27.82 6 3.20 8.62 6 0.70
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into the membrane, the Trp residue becomes protected from the
hydrophilic environment. Two rate constants for the reaction
were determined for each level of b (Table II), showing a trend
to faster rate constants as b increases. The more rapid initial
rate constant (t1) corresponds to the initial association of the
peptide with the membrane, and the slower second rate con-
stant would correspond to a greater integration of the peptide
into the hydrophobic bilayer of the membrane (47).

A second stopped-flow fluorescence study of all three pep-
tides interacting with liposomes at b values of 0.25 (Fig. 8) and
0.5 was also conducted (Table III). CB was most effective,
followed by CB-1, at causing DL at b 5 0.25 (Fig. 8) consistent
with the earlier results (Fig. 6d). From these measurements,
two rate constants were determined for the interaction of CB
and CB-1 with the dye-encapsulating liposomes, but only one
for CB-3 (Table III). The two rate constants for CB and CB-1
suggest a two-stage process of an initial association and entry
of the peptides into the membrane, which is assisted by the
binding affinity of the peptides to the membrane, and a second
stage of membrane destruction. This is supportive of a mecha-
nism of pore formation (14–16) as the means of cell destruction.
The faster t1 rate at b 5 0.5 corresponds to the increase in
binding affinity as b increases (Figs. 4 and 5); the slower t2 for
CB, and approximately equal value for CB-1, corresponds to
their reduced efficiency on liposomes as b increases. CB-3
shows only one rate constant for its interaction with liposomes,
which increases as b increases, again consistent with earlier
results (Fig. 6, d and e). Because the time constant for CB-3 is
much longer than the initial time constant for CB and CB-1,
this suggests that CB-3 does not associate with the membrane
in the manner proposed for the first stage for the cationic
peptides (consistent with its lack of binding to the membranes
(Fig. 4). Instead, these data are supportive of the carpet-like
layer of peptides (12, 13) being the means by which CB-3
destroys membranes. The kinetic rates determined here for all
three peptides are in the region of seconds, whereas those
determined by Ladokhin et al. (42) for the indolicidin-induced
leakage of 8-aminonapthalene-1,3,6 trisulfonic acid and p-xy-
lene-bis-pyridinium bromide from palmitoyloleoylphosphati-
dylcholine and palmitoyloleoylphosphatidylglycerol vesicles
are of the order of tens of minutes. This may be because in-
dolicidin lacks secondary structure.

A further study of the interaction of the peptides with lipo-
somes (at b 5 0.25) was undertaken by stopped-flow CD to
monitor the secondary structure of the peptides during mem-
brane lysis. This revealed only one rate constant for the inter-
action of all of the peptides with the membrane and showed
that the helical structure formed early in the interaction and
was maintained throughout the process of membrane lysis.
CB-1 had the fastest rate constant, followed by CB, with CB-3
markedly slower. This suggests that the stronger binding of the
cationic peptides to the anionic membranes assists in the initial
formation of secondary structure. In the case of the hydropho-
bic CB-3, the peptides have more difficulty associating with the
membrane and so are slower to form a helical structure.

The results presented in this work suggest a mechanism for
the interaction of the peptides with liposomes, leading to mem-
brane destruction. CB and CB-1, both of which have cationic
properties, associate rapidly with the membrane in an initial
reaction that disturbs the membrane. This is suggested by the
DL caused during this initial phase (Fig. 8). A slower, second
phase occurs as the peptides interact more strongly with the
lipids, possibly forming pores and effectively lysing the mem-
brane. CB-3 shows only one step in its interaction with the
peptide which is considerably slower than the first stage of the
reaction of CB and CB-1 with the membranes. In this case it

seems probable that the peptides will accumulate on the non-
acidic parts of the membranes, destabilizing them and then, by
their strong interaction with lipid tails, cause membrane lysis.

Conclusion—By using liposomes of varying acidity and pep-
tides with differing arrangements of amphipathic and hydro-
phobic segments, several aspects of the interaction of cecropin
peptides and liposomes have been elucidated. Although pep-
tides with a greater cationic content bind more effectively to
liposomes of increasing acidity, as shown by biosensor meas-
urements, their efficiency at lysing these liposomes, as shown
by DL measurements, decreases while the efficacy of hydropho-
bic peptides is increased on acidic liposomes. This shows that
the high affinity binding of the peptides to the liposomes is not
necessary for liposome lysis. As binding affinity increases, the
cationic peptides might be inhibited from penetrating the lipid
bilayer to initiate liposome lysis, whereas hydrophobic peptides
might be assisted to accumulate on the reduced neutral regions
of the more acidic liposomes and then disrupt the membrane.
Kinetic studies showed that although helix formation for all
peptides is a one-step process, the process of liposome lysis is a
two-step process for the cationic peptides and a one-step proc-
ess for hydrophobic peptides. These results raise the possibility
that cationic peptides may act by a pore-forming mechanism,
whereas hydrophobic peptides are more likely to act by a car-
pet-like effect.
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