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Abstract: Natural anti-bacterial peptides cecropin B (CB) and its analogs cecropin B-1 (CB-1), cecropin B-2
(CB-2) and cecropin B-3 (CB-3) were prepared. The different characteristics of these peptides, with
amphipathic/hydrophobic a-helices for CB, amphipathic/amphipathic a-helices for CB-1/CB-2, and hydro-
phobic/hydrophobic a-helices for CB-3, were used to study the morphological changes in the bacterial cell,
Klebsiella pneumoniae and the leukemia cancer cell, HL-60, by scanning and transmission electron
microscopies. The natural and analog peptides have comparable secondary structures as shown by circular
dichroism measurements. This indicates that the potency of the peptides on cell membranes is dependent
of the helical characteristics rather than the helical strength. The microscopic results show that the
morphological changes of the cells treated with CB are distinguishably different from those treated with
CB-1/CB-2, which are designed to have enhanced anti-cancer properties by having an extra amphipathic
a-helix. The morphological differences may be due to their different modes of action on the cell membranes
resulting in the different potencies with lower lethal concentration and higher concentration of 50%
inhibition (IC50) of CB on bacterium and cancer cell, respectively, as compared with CB-1/CB-2 (Chen et al.
1997. Biochim. Biophys. Acta 1336, 171–179). In contrast, CB-3 has little effect on either the bacterium or
the cancer cell. These results provide microscopic evidence that different killing pathways are involved with
the peptides. © 1998 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Cecropins were originally discovered in the pupae of
the cecropia moth (Hyalophora cecropia) [1] and are
involved in humoral immune responses against in-
truders such as non-pathogenic bacteria [2]. More
recently, other non-mammalian and mammalian
cecropins were isolated from the fly, Drosophila [3],
and from pig intestine [4]. High concentrations of
peptides including cecropins A, B, D and P1 were
purified from these two insects and pigs by tradi-
tional chromatographic methods [5,6]. These pep-
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tides have the specific function of killing microbes
and are classified as anti-bacterial peptides. The
natural peptides have limited ability to kill microbes
and therefore to improve the killing ability, non-nat-
ural peptides need to be produced. Solid-phase
chemical synthesis [7] and biological synthesis us-
ing recombinant DNA techniques [8,9] can be uti-
lized to produce these peptides. Of these two
methods, the former has been well developed and
widely used. As the resistance of bacteria to chemi-
cal anti-microbial agents [10] increases, peptide an-
tibiotics [11] such as cecropin [1], melittin [12,13],
magainin [14], and defensin [15], will have an influ-
ential role and may be widely used in the future.

In addition to the cecropins’ anti-bacterial func-
tion, their inability to lyse healthy mammalian cells
[14] while being capable of attacking transformed
cells [16,17] may make them potentially useful as
peptide anti-cancer drugs (a different strategy to the
currently used chemical anti-cancer agents [18]).
Our previous report [17] has shown that certain
custom cecropin-like peptides (e.g. CB-1 and CB-2)
have a greater ability to lyse cancer cells but are
less effective on bacteria when compared with natu-
rally produced CB. In this paper, we focus mainly
on the area of morphological changes induced by
cecropin B and its analogs, CB-1, CB-2 and CB-3
on the bacterium, Klebsiella pneumoniae (KP), and
the cancer cell, HL-60 leukemia (HL-60). The differ-
ent morphological changes of the cells induced by
the different characteristics of the peptides may
possibly be related to the different potencies of
these peptides on cell membranes [17].

MATERIALS AND METHODS

Materials

The strains of KP and HL-60 used were obtained
from the American Type Culture Collection (ATCC),
USA. Penicillin and streptomycin were products of
Gibco (USA). Absolute ethanol, glutaraldehyde, and
sodium cacodylate were obtained from Merk (USA),
Sigma (USA) and BDH (UK), respectively. Propylene
oxide and osmium tetroxide were obtained from
Sigma. The cell culture medium, RMPI-1640, was
the product of Sigma. The fetal bovine serum (FBS)
and Dulbecco’s phosphate-buffered saline (D.PBS)
were purchased from Gibco. The 1,1,1,3,3,3-hex-
afluoro-2-propanol (HFP) was the product of Sigma.
The water used in this experiment was deionized
and distilled.

Peptide Synthesis

The peptides were synthesized using the solid-
phase method originally described by Merrifield [7].
CB, CB-1, and CB-2 were generated by an Applied
Biosystems (ABI) 431 Peptide Synthesizer and were
described previously [17]. Cecropin B-3 (CB-3) was
prepared by replacing the N-terminal 1–10 segment
of CB with the C-terminal sequence of CB (positions
25–35). After purification using reversed phase
HPLC, the purity, molecular weight, peptide content
and amino acid composition of CB, CB-1, and CB-2
were as determined previously [17]. For CB-3, a new
analog peptide used in this experiment, was pre-
pared by the same peptide synthesizer. Fmoc chem-
istry was applied with HBTU/HOBT coupling. The
final product was deprotected and cleaved from the
resin and the resin itself was removed by filtration.
CB-3 peptide was precipitated with diethyl ether
after the organic solvents were evaporated. The
crude materials were desalted on Sephadex G-10
and purified using reverse phase HPLC (Vydac C-18
column) (see Figure 1a for CB-3’s purity). The de-
sired product has been estimated to be sufficiently
pure for microscopic investigations. The molecular
weight of the peptide was determined by mass spec-
troscopy (Finnigan MAT VISION 2000) with the the-
oretical and found values of 3556.34 and 3555.36,
respectively. The peptide content was calculated by
performing quantitative amino acid analysis (AAA)
with norleucine as an internal reference amino acid.
Results of the amino acid compositions and the
amino acid ratios for CB-3 are shown in Table 1.
The sequences of these peptides are shown in Fig-
ure 1b. The concentrations of the peptide stock
solutions were determined by the net weights of the
peptides and their molecular weights.

Circular Dichroism (CD) of Peptides

A spectropolarimeter (Jasco Model J-720) was used
to investigate the secondary structure of the pep-
tides, CB, CB-1, CB-2 and CB-3. The concentra-
tions of CB, CB-1, CB-2 and CB-3 used for CD
measurements were 0.07 mg/ml and the solution
pH was adjusted to 6.4 in 2.5 mM sodium phos-
phate buffer. Detailed descriptions of the CD mea-
surements were given in [17].

Scanning Electron Microscopy (SEM) on KP

KP was inoculated into a Luria-Bertani (LB)
medium and grown in a shaker at 37°C overnight.
The bacterial culture was centrifuged in a 15 ml
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Figure 1 (a) Analytical reversed phase HPLC of the synthetic CB-3. The elution was done by using buffer A (100% H2O,
0.1% TFA) and buffer B (100% CH3CN, 0.1% TFA) with the linear gradient of buffer B from 0 to 60% shown by the dotted
line. The plateau indicates 100% of buffer B was reached. The flow rate was set at ml/min. The CB-3 peptide was eluted
after 47 min. (b) Amino acid sequences of natural cecropin B (CB) and custom-designed cecropins CB-1, CB-2 and CB-3.
In CB, the first underlined segment is a probable amphipathic helix (the NMR structure of CB is currently being
investigated in this laboratory) and the second underlined segment is a probable hydrophobic helix. CB-1 was constructed
by repeating the segment from positions 1 to 10 of CB (underlined in CB) in the region between position 25 and the
C-terminus of CB-1 (underlined in CB-1). CB-2 is similar to CB-1 but with the addition of a Gly-Pro residue pair
immediately after Pro-24. CB-3 was constructed by repeating the segment from positions 25 to 35 of CB (underlined in CB)
in the region between positions 1 and 11 of CB-3 (underlined in CB-3).

tube at 5000 rpm for 10 min at 4°C and then
washed two times with 150 mM NaCl. After this, the
KP pellet was resuspended in 150 mM NaCl and
then diluted to an OD550 nm of 0.5. The diluted
solution (450 ml) was mixed with a freshly prepared

cecropin solution (50 ml at 500 mM). A control sam-
ple was prepared by adding D.PBS buffer instead of
the peptide solution. Samples were placed in 1.5 ml
Eppendorf tubes and smoothly rotated at room tem-
perature for 2 h. After this, the Eppendorf tubes
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Table 1 Amino Acid Analysis of CB-3 Peptide

Amino acid AA comp.P moles Mole % AA ratio

Experimental Theoretical

Asp 1356.6 2.0005.427 1.949 1.960
Glu 1472.9 5.892 2.117 2.128 2.000
Pro 759.4 3.038 1.091 1.097 1.000
Gly 3399.4 13.599 5.0004.885 4.912
Ala 6481.3 25.927 9.314 9.366 9.000
Val 1707.4 6.830 3.0002.454 2.467
Met 695.9 1.0002.784 1.000 1.006
Ile 2441.0 9.765 4.0003.508 3.527

4.000Leu 3013.2 12.054 4.330 4.354
Lys 2339.1 9.357 3.0003.361 3.380

2.000Arg 1331.8 5.328 1.914 1.925

The total AA (experimental)=36.124. The total AA (theoretical)=36.000.

were centrifuged at 5000 rpm for 5 min and the
supernatant was removed. The pellet was resus-
pended in 500 ml of 2.5% glutaraldehyde in 0.1 M of
sodium cacodylate buffer. The fixed samples (200
ml) were further filtered using a polycarbonate mem-
brane filter with a pore size of 0.22 mm. Dehydration
of the sample was then conducted by a series of
soakings in two-repeated washing steps using 30,
50, 70, 90 and 100% ethanol. The specimens were
further dried by using a critical-point dryer (Pelco,
CPD2). These samples were mounted on aluminium
stubs covered by an adhesive epoxy tape and were
then coated with gold to a thickness of 200 nm by
using a sputter coater (Demon). The treated KP cells
were then examined using a Leica 440 SEM
microscope.

Transmission Electron Microscopy (TEM) on KP

Preparation of KP for the TEM study was similar to
that for the SEM investigations. After preparation,
peptide solutions (50 ml at 500 mM) were added to
the washed KP suspension (450 ml at OD550 nm=
1.0). The mixture was incubated for 2 h and then
spun down. The pellet was briefly fixed with 500 ml
of 2.5% glutaraldehyde in 0.1 M sodium cacodylate–
HCl buffer at pH 7.4. The tissue blocks were then
extracted and cut into sizes of 1 mm3. These pieces
were fixed in 2.5% glutaraldehyde in a cacodylate
buffer (0.1 M sodium cacodylate–HCl buffer at pH
7.4) for 2 h. After fixation, the solution was replaced
by cacodylate buffer with 0.1 M sucrose and the
tissue blocks were washed several times with ca-
codylate buffer to remove excess fixatives. Post-fixa-
tion was conducted by putting the sample in 1%

osmium tetroxide in cacodylate buffer for 1 h at
room temperature. Dehydration of the sample was
then carried out on a rotary shaker after the tissue
blocks had been further washed by several changes
of cacodylate buffer. The samples were dehydrated
by successive soakings in 50, 70 and 90% ethanol
for 5 min each, three soakings in 100% ethanol for
10 min each and two soakings in propylene oxide
for 5 min each. The dried tissues were then infil-
trated by a mixture of epoxy resin and propylene
oxide (1:1 v/v) for 1.5 h at 37°C, then by a mixture
of epoxy resin and propylene oxide (3:1 v/v)
overnight at room temperature, and finally by epoxy
resin alone for 1 h at 37°C. After infiltration, plastic
capsules (Micron Moulds) were used to embed the
tissue blocks, which were then polymerized at 60°C
overnight. These samples were removed from the
plastic capsules using blades and were trimmed to
a trapezoid shape. Ultrathin sections (90 nm) were
made by using an ultramicrotome and mounted on
200 mesh copper grids. Following this, the sections
were stained by 2% aqueous uranyl acetate for 20
min, washed well by distilled water, stained by
Reynold’s lead citrate for 15 min, and washed again
with distilled water. Air-drying was applied and the
sections were stored in a labeled Petri disc. TEM
images of the specimens were then obtained using a
JEOL 100SX transmission electron microscope at
100 kV.

SEM on HL-60

HL-60 cells were maintained in a RMPI-1640
medium supplemented with 10% FBS. The seeding
density was about 1×105 cells/ml. The cells were
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harvested after culturing for 2 days and were
washed two times with D.PBS and resuspended in
RMPI-1640 with 0.5% FBS. The HL-60 cells in a
RMPI-1640 medium (450 ml) with 0.5% FBS at a
concentration of 1×106 cells/ml were seeded in a
24-well plate. The plate was incubated at 37°C, 95%
air/5% CO2 overnight. A 50 ml volume of D.PBS
buffer and peptide solutions (500 mM) were added to
the control and test wells, respectively. The plate
was then maintained in the incubator with 95%
air/5% CO2 at 37°C for 15 min. Subsequently, 500
ml of 5% glutaraldehyde in 0.1 M sodium cacodylate
buffer were added into the wells. The solutions were
left for 2 h at 4°C and then 50 ml of the fixed sample
were drawn into a syringe. The sample was filtered
through a 0.45 mm polycarbonate membrane filter
(Millipore) held in a Swinnex membrane filter
adapter (Millipore). The remaining steps for SEM
sample preparation were as described in the section
describing SEM on KP cells. The SEM images of the
HL-60 cells were then examined by a JEOL 6300F
SEM microscope with a cold-cathode field emission
electron gun.

TEM on HL-60

Preparation of HL-60 cells for the TEM study was as
described for the SEM investigation. After adding
peptide solution and fixation, 800 ml of the test cells
in 2.5% glutaraldehyde in a 1.5 ml Eppendorf tube
were centrifuged at 1000 rpm for 5 min. The pellet
was resuspended by adding a small amount of 8%
bovine serum albumin (BSA) in 0.05 M Tris buffer at
pH 7.3. The solution was immediately centrifuged at
1500 rpm for 5 min. Small amounts of 25% glu-
taraldehyde were slid into the mixture and cen-
trifuged immediately at 2500 rpm for 5 min. The
remaining procedures such as gelling, fixation, de-
hydration, polymerization and finally the generation
of ultrathin sections were similar to the procedures
used for KP cells (see section ‘TEM on KP’). TEM
images of the specimens were then obtained using a
JEOL 100SX transmission electron microscope at
80 kV.

Toxicity Measurements

The lethal concentration (LC) measurements and
the cytotoxicity assays (IC50) have been described
elsewhere in detail [17]. In this experiment, the LC
(mol/l) was determined from the slope of the plot of
h2 versus 6 due to the following equation:

h2= (0.47/l LC)6 (1)

where h indicates the zone diameter with unit of
dm, 6 represents moles of peptide and l is the
thickness of the agarose in the plate (0.025 dm in
this experiment). The IC50 was determined from the
curve of cell survival versus concentration of pep-
tide and taken from the concentration at which cell
viability was 50%. The cell survival was measured
by using microtetrazolium (MTT)-based colorimetric
assay.

RESULTS

CD and the Potency Measurements of CB, CB-1, CB-2
and CB-3

Figure 2 shows the CD curves of CB, CB-1, CB-2
and CB-3 without HFP (group I) and with 20% (v/v)
of HFP (group II). In group I, when HFP was not in
the solution, a negligible CD effect (random coil) for
all peptides was observed. In group II, the con-
stituents of the secondary structures were analysed
and this showed that the a-helical contents of pep-
tides were approximately equal (CB: 56.6%; CB-1:
52.4%; CB-2: 50.4%; CB-3: 53.3%).

The LC values of CB, CB-1 and CB-2 were 0.26,
0.39, and 0.36 mM, respectively, and the IC50 values
were 14.1, 7.5, and 9.2 mM, respectively [17]. For
CB-3, the LC and the IC50 were not obtainable even

Figure 2 CD spectra of the peptides, CB, CB-1, CB-2,
and CB-3 without (I) and with (II) 20% (v/v) HFP.
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Figure 3 SEM micrographs of KP. (A) and (B) KP without peptide. (C) and (D) KP treated with CB for 2 h. (E) and (F) KP
treated with CB-1 for 2 h. Magnifications are 10 K× for (A), (C) and (E) and 20 K× for (B), (D) and (F).

when the peptide concentration was increased to 50
mM. Since CB-3 has negligible effects on KP and
HL-60, it was excluded from both the SEM and the
TEM investigations.

SEM of the Effects of CB, CB-1 and CB-2 on KP

Typical SEM photographs of the effects of CB and
CB-1 on KP are shown in Figure 3. Healthy cells
(KPnormal) have an oval-like shape with a regular and
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smooth surface (see Figure 3A and B). Damaged
cells induced by CB (KPCB; Figure 3C and D) and
CB-1 (KPCB-1; Figure 3E and F) were found to have
irregular and bleb-like protrusions on their sur-
faces. Figure 3B, D and F are at two-fold magnifica-
tion compared with Figure 3A, C and E,
respectively. Based on two-dimensional measure-
ments, we observed, in general, that the cells were
swollen or shrunken after treatment with CB or
CB-1, respectively. By considering the cells to be
elliptical, KPCB cells have the largest dimensions,
while KPCB-1 cells possess the smallest dimensions
and KPnormal cells are in the middle. For CB-2
treated cells, we observed similar effects to those
seen for CB-1 treated cells (SEM data not shown).

TEM of the Effects of CB, CB-1 and CB-2 on KP

After the incubation of KP with cecropin B and its
analogs, CB-1 and CB-2, for 2 h, TEM micrographs
were taken in the major-axis section view (MASV)
and the minor-axis section view (MISV) and are
shown in Figure 4. MASV and MISV micrographs of
KPnormal cells (Figure 4A and B, respectively) show
normal ellipse-like shapes. After the cells were
treated with cecropin and its analogs, different
shapes were observed in the bacteria. KPCB cells
show a more convex shape (Figure 4C—MASV, D—
MISV) and KPCB-1 cells show a more concave shape
(Figure 4E—MASV, F—MISV). When compared
with KPnormal cells, KPCB-2 cells showed a similar
effect to KPCB-1 cells (TEM data not shown).

SEM of the Effects of CB, CB-1 and CB-2 on HL-60

Some typical SEM photographs of normal HL-60
cells (HL-60normal) and cecropins (CB, CB-1 and CB-
2) treated HL-60 cells (HL-60CB, HL-60CB-1, and
HL-60CB-2, respectively) are shown in Figure 5. The
results show that the HL-60normal cells (Figure 5A)
are rounded and covered by bulbous projections
and small hair-like processes (Figure 5B). HL-60CB

cells show bleb-like shapes (Figure 5C) and many
rounded protrusions extending from the cell surface
can be observed (Figure 5D). The extent of the ag-
gregation of the dead HL-60CB cells (Figure 5C) is
higher than that of live cells HL-60normal (Figure 5A).
For HL-60CB-1 and HL-60CB-2 cells, a large number
of broken shreds can be observed on the cell sur-
faces (Figure 5E and F, respectively). The morpho-
logical changes in the cells treated with CB-1 and
CB-2 are different from those of cells treated with
CB.

TEM of the Effects of CB, CB-1 and CB-2 on HL-60

The TEM micrograph of an HL-60normal cell is shown
in Figure 6A. A rounded cell (inside ring area) cov-
ered by abundant clusters of cilia and bulbous
projections (outside ring area) is observed. Section
views of HL-60 cells after the treatment with CB-1
and CB-2 for 15 min are shown in Figure 6B and C,
respectively. These results show that the profiles of
both the cell itself and the outer area are seriously
distorted. Many white bubble-like lumps located
outside the cell membrane were formed. The mor-
phological changes caused in HL-60 cells were simi-
lar whether they were treated by CB-1 or CB-2.
After the same incubation times, HL-60 cells treated
by CB (Figure 6D) were relatively less distorted than
those treated by CB-1 and CB-2. The rounded pro-
trusions extending from the surface of HL-60CB

cells observed by SEM (Figure 5D) correspond to the
white bubble-like lumps of the similarly treated
cells observed by TEM (Figure 6D).

DISCUSSION

The potencies of the natural anti-microbial pep-
tides, cecropins, and some cecropin analogs, con-
structed either by minor changes (point mutations)
in their sequences or by making hybrids of cecropin
and other anti-bacterial peptides, have been previ-
ously investigated [5,19,20]. Most of these studies
have focused on bacterial cells whereas eukaryotic
cells, including malignant cells, have rarely been
studied. Since the cell killing action of the peptides
on cell membranes may be improved by an under-
standing of the interactions between lipids and the
peptides, different cell membranes including those
of prokaryotic and eukaryotic cells, as well as vari-
ous types of peptides have to be studied. We have
previously studied the potencies of CB and its
analogs CB-1 and CB-2, which possess a-helical
segments with different characteristics, on bacteria,
liposomes and cancer cells [17]. The roles of the
amphipathic and hydrophobic helices of the pep-
tides in killing those cells have been elucidated [17].
The C-terminal hydrophobic a-helix of the natural
peptide, CB, does play a role in killing bacteria, but
does not appear to be required for killing cancer
cells. Having two amphipathic a-helices (CB-1 and
CB-2) instead of one amphipathic and one hydro-
phobic a-helix (CB) is more effective for killing ma-
lignant cells, but is not as important for killing
bacteria.

© 1998 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 4: 413–425 (1998)
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Figure 4 TEM micrographs of KP. (A), (C) and (E) MISV views and (B), (D) and (F) MISV views of KP without peptide, KP
with CB and KP with CB-1, respectively.

In this paper, a related question is examined: if a
peptide has two hydrophobic a-helices (CB-3) in-
stead of one amphipathic and one hydrophobic a-
helix, what is its lysing ability on both bacterial and
cancer cells? The experimental results show that
CB-3 has little killing effect on both bacterial and
cancer cells and this indicates that hydrophobic
a-helices alone are insufficient for lysing bacterial
and malignant cells. However, a hydrophobic a-he-
lix is still necessary for effective lysing of bacterial

cell membranes as the potency of CB on KP is
higher than that of both CB-1 and CB-2. Another
possibility is that the killing potency of peptides on
these cells could be due to the stability of their
secondary structure, rather than the characteristics
of their a-helices. In this work, the secondary struc-
ture probe, circular dichroism, has been used to
investigate this question. The resultant spectra
show that all peptides possess comparable sec-
ondary structures (see Figure 2) and, therefore, the
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Figure 5 SEM micrographs of HL-60. (A) shows multiple cells and (B) a single cell of untreated HL-60. (C) and (D) are
micrographs of multiple and single HL-60 cells treated with CB for 15 min. (E) and (F) show the morphological changes of
HL-60 cells treated with CB-1 and CB-2, respectively, for 15 min. The magnification is 2.5 K× for multiple cells and 9 K×
for single cells.

© 1998 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 4: 413–425 (1998)
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Figure 6 TEM micrographs of HL-60. (A) is an untreated HL-60 cell. (B) and (C) are HL-60 cells treated with CB-1 and
CB-2, respectively, for 15 min. (D) is the HL-60 cell treated with CB for 15 min.

range of killing potencies of the different peptides
results from the characteristics of their a-helices.

Based on the above observations, it is intriguing
to know how cells are killed by peptides having
different cell killing efficiencies? Are the killing
mechanisms of the different types of peptides (such
as CB, CB-1 or CB-2) the same? An understanding
of the morphological changes induced in cells by
these peptides is necessary before their cell killing
mechanisms can be completely elucidated. Both
SEM and TEM techniques have been used to gain
this understanding. Figure 3 shows SEM micro-
graphs of the morphological changes in the bac-
terium, KP, induced by CB and CB-1. It can be seen
that the action of the peptides has caused changes
in the dimensions and shape of the cells. These
results were reproducible and the number of cells
killed by the mechanical operations of sample
preparation was small. On average, cells treated
with CB (Figure 3C and D) expanded (‘swelling’)
while those treated with CB-1 (Figure 3E and F)
contracted (‘shrinking’) when compared with un-
treated cells (Figure 3A and B).

The ‘swelling’ and ‘shrinking’ phenomena induced
by CB and CB-1, respectively, on KP cells were
further investigated by TEM. Figure 4C and D show
the swelling between the outer and inner-mem-
branes of the cell caused by the action of CB. In
general, the outer membrane has been separated
from the inner membrane of the cell. The swollen
area between these two membranes may be caused
by the in-take of water from the medium into the
cell. The cell membrane breaking (penetration) rate
of CB may be retarded by CB’s hydrophobic helix
being retained in the hydrophobic tail area of the
lipid bilayer. As water and other ions pass through
the channels in the outer membrane, the separation
of the two lipid bilayers will increase, probably fur-
ther inhibiting the passage of CB to the inner mem-
brane. The development of the process of cell death
appears to be restricted to the region between the
outer and inner cell membranes. This observation is
similar to the effect of melittin on Escherichia coli
[21]. An experiment where Escherichia coli was
treated with synthetic CB has shown a similar effect
in breaking cell membranes [22]. However, their
results only showed that the formation of pores in
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ANTI-BACTERIAL PEPTIDES ON K. PNEUMONIAE AND HL-60 LEUKEMIA CELLS 423

the cell membrane was in the final stage of cell death
and the detailed morphological changes of the mem-
brane were not observed.

For CB-1 treated cells the situation is opposite to
that of CB treated cells. Figure 4E and F show the
shrunken shapes of the cells after treatment with
CB-1. A possible interpretation is that as CB-1 has
two amphipathic helices it passes through the outer
membrane without being retained in the lipid bilayer
as CB appears to be. It can then pass through the
inner membrane before extracellular water can en-
ter the cell. The imbalance of osmotic forces between
the inner and outer membranes causes cytoplasm to
leak from the cell causing distortion and shrinkage.
Therefore, the killing mechanisms of CB and CB-1
on KP cells are completely different. However, it is
not immediately clear why the killing efficiency of
CB is higher that that of CB-1 on KP cells. A possible
explanation is that the leakage of cell cytoplasm to
the outside medium is more difficult than the intake
of water from the buffer into the inter membrane
area. The formation of ion channels by CB [23,24]
may allow water to pass through more readily than
the pores formed by CB-1 or CB-2 allowing cyto-
plasm to pass through. Therefore, more CB-1 or
CB-2 than CB may be needed to create the condi-
tions for cell death. Another contribution to the
higher efficiency of CB on bacterial cells may come
from the hydrophobic helix assisting in retaining the
peptide in the membrane, while the amphipathic
helices of CB-1 or CB-2 may be released after an
initial penetration.

The cytotoxicity of cecropin B and its analogs,
CB-1 and CB-2, on cancer cells by observing their
morphological changes during the development of
cell death were explored. Figure 5A and B show the
SEM micrographs of HL-60 cancer cells which are
very different from those treated with CB (Figure 5C
and D), CB-1 (Figure 5E) or CB-2 (Figure 5F). Among
the treated cells, the morphological change caused
by CB is different from that caused by either CB-1 or
CB-2. However, the cells treated with CB-1 and
CB-2 show similar changes. This indicates that the
killing pathway of CB is not the same as that of CB-1
or CB-2; i.e., the replacement of a hydrophobic
a-helix by an amphipathic a-helix can alter the
process of cell killing. TEM micrographs of the bro-
ken cells induced by CB-1, CB-2 and CB are shown
in Figure 6B, C and D, respectively. In all the cell
killings induced by these peptides, the membranes
become badly twisted leading to cell death. The
killing efficiency of CB-1 and CB-2 on these cancer
cells is higher than that of CB. A possible interpreta-

tion is that the higher cationic content (four extra
cationic residues) of CB-1 and CB-2 when compared
with CB leads them to have higher affinities for the
tumor cell which has a greater anionic nature in its
membrane [25]. These peptides may then be more
effectively retained in the anionic membrane, dis-
rupting it more efficiently than the less cationic CB.
It is probable that the peptides associate differently
once retained in the membrane causing the different
morphological features observed.

In this paper, we used the different concentrations
of the peptides to induce the lysis of KP and HL-60
cells and observed that the morphological changes
were similar if the same kind of peptide was used. To
optimize the observations, the cell morphological
changes induced by a higher dose of the peptides (50
mM) were shown. Regardless of the doses, these
results indicate that a different killing pathway lead-
ing to a particularly morphological change of the
cells exists. The amount of peptides on the cells
reflects only the population change of the dead cells.
We believe that the different LC values of peptides on
bacteria are due to their killing efficiency. The differ-
ent efficiency may be a result of the different killing
pathways causing different morphological changes
in the cells. This prediction is especially valid for the
double-membrane cells, like bacteria, when the
TEM results shown in Figure 4 are examined. For
the transformed cell, the morphological changes in-
duced by different characteristics of the peptides are
not clear as compared with the bacteria induced by
the same peptides. The possible reason is that the
abundant clusters of cilia and bulbous projections
covering the cell membrane play a significant role
during the killing action. The morphological changes
in this area thus overlook the deformations of the
membranes. However, in statistics, we observed that
the morphological changes of the cancer cells in-
duced by CB and CB-1/CB-2 were different (see
Figure 5) before the cells are completely destroyed
and followed by the aggregation.

CONCLUSIONS

How is the permeabilization effect of the lytic pep-
tides on membranes achieved and how is the cell
leakage induced by these peptides remain open
questions [26]. Two proposed killing mechanisms,
pore formation [23,27,28] and detergent effect
[19,29], have been reported. However, these predic-
tions were identified only either by models or by
theories. Evidence for real observations was absent.
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In this paper, we have used peptides with different
characteristics to treat bacterium and cancer cells
and found that their morphological changes were
different. These changes are not due to dose-depen-
dent action. For the bacterium, KP, the phenomena
of ‘swelling’ and ‘shrinking’ during the cytolysis in-
duced by CB and CB-1/CB-2, respectively, were
observed. These appear to be caused by an influx of
water into the cell membrane and the leakage of
cytoplasm, respectively, due to the type of the pores
formed by the peptides. The greater cytolytic capac-
ity of CB on KP cells may be due to the influx of
water being more efficient than the leakage of cyto-
plasm or to CB being more readily retained by the
bacterial cells. On cancer cells the greater cytolytic
capacity of the more cationic CB-1 and CB-2 may
be attributable to their being retained more readily
on the anionic membrane. Further development of
lipid bilayer models to explain these different modes
of action are proceeding.
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