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Abstract: The design of cecropin-melittin hybrid analogues is of interest due to the similarities in the structure 
of the antimicrobial peptides cecropin and melittin but differences in their lytic properties. We suspected that a 
hydrophobic residue in position 2 of milittin (Ile' in the hybrid) plays an important role in the activity of the 15- 
residue hybrid, KWKLFKKIGAVLKVL-NH2, [CA(1-7)M(2-9)NH2] and have now examined its role in the 
analogue toward five test bacteria. Deletion of Ile' reduced activity, and it was not restored by lengthening to 15 
residues by addition of another threonine at the C-terminus. Replacement of Ile' by a hydrophobic leucine 
maintained good activity and Alas was equally active for four organisms, although less active against 
Stqp@ylococcus aweus. Replacement by the hydrophilic Ser' strongly reduced potency against all five 
organisms. Deletion of Leu'5 decreased activity, but addition ofThr16 maintained good activity. The presence of 
hydrophobic residues appears to have a significant effect on the process of antibacterial activity. These peptide 
analogues showed voltage-dependent conductance changes and are capable of forming ion-pores in planar 
lipid bilayers. The antibacterial action of the peptides is thought to be first an ionic interaction with the anionic 
phosphate groups of the membrane followed by interaction with the hydrocarbon core of the membrane and 
subsequent reorientation into amphipathic a-helical peptides that form pores (ion-channels), which span the 
membrane. The analogue also showed an  increase in a-helicity with an increase in hexafluoro 2-propanol 
concentration. 
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I NTRO D UCTlON 

Cecropins are a major group of antibacterial peptides 
discovered in Hyalophora cecropia, which were later 
found in many other moths and in flies, as a 
response to the injection of live bacteria [l-31. 

Abbreviations: CA, cecropin A; CD. circular dichroism; ID-NMR, 
two-dimensional nuclear magnetic resonance: DIEA, N,N-diisopro- 
pylethylamine; HEPES, N-(2-hydroxyethyl)piperazine-N-(2-ethane- 
sulfonic acid): HFIP. heduoro 2-propanol: L€!, lethal 
concentration: M. melittin; IPhy12PtdCho, diphytanoyl phosphati- 
dylcholine: PtdSer, phosphatidyl serine. 
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Peptide antibiotics constitute an important class of 
antibacterial molecules that is being rapidly expand- 
ed [4] owing to the development of resistance in 
pathogenic microorganisms to therapeutically useful 
antibiotics. The principal components in the cecropin 
family (cecropin A, B and D) are strongly homologous 
and are active against a variety of Gram-negative and 
Gram-positive bacteria. Cecropin A is synthesized as 
a preprocecropin precursor and processed in vivo to 
give a linear 37-residue peptide [5]. Synthesis and 
studies, first with cecropin A (1-33) [6], followed by 
cecropin A [7] and a series of analogues with altered 
N-termini [8], showed the importance of an amphi- 
pathic helix. Other medium sized peptides such as p- 
endorphins also revealed the amphipathic helix [9] as 
a structural determinant for activity [lo]. The 
secondary structure of cecropin was predicted to 
have a helix-bend-helix motif from sequence analy- 
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sis and circular dichroism (CD) measurements 
16, 111. This was confirmed for cecropin A in a low 
polarity solvent by 2D-NMR studies 1121. 

The peptides are amphipathic and highly helical in 
the presence of organic solvents and also when in 
contact with a lipid bilayer. Several molecules 
aggregate to form a pore or channel that spans the 
bilayer [ 131 and the N-terminal segment was found to 
be an essential requirement for antibacterial action 
[ 141. A comparable range of susceptible pathogens is 
observed with melittin, a 26-residue toxic peptide 
(Table 1) isolated from bee venom [ 151, with basic and 
hydrophobic segments like cecropin but arranged in 
opposite order. Melittin is also amphipathic [ 161 and 
exhibits antibacterial activity [17], but has the very 
detrimental property of being strongly haemolytic 
and toxic to eukaryotic cells [18]. Interestingly, 
reversal of melittin segments as in M(16-26)M(l- 
13)NH2 [ 191 gave an active peptide that did not lyse 
red cells. 

Our interest in the design and synthesis of 
chimeric peptides that are cecropin-melittin hybrids 
is mainly due to the similarities in structure of these 
two peptides but differences in their lytic properties. 
In addition, two hybrids tested were also active 
against the malarial parasite Plasmodium falcipanun 
[ 191. With the aim of finding potent antibacterial 
peptides we have designed and synthesized various 
hybrid peptides from the N-terminal segments of 
cecropin A and melittin with enhanced antimicrobial 
activity [7, 8, 201. The problem of iden-g optimal 
structural requirements for activity was further 
examined with the aid of a series of model peptides 
[21], and the retro sequences 122). To determine the 

minimum size of cecropin analogues that was 
actually needed for activity we synthesized several 
shortened cecropin A-melittin hybrids with as few as 
15 residues (60% size reduction relative to cecropin 
A) "231. These hybrid analogues were more potent 
with respect to the parental peptide cecropin A and 
interestingly did not retain the cytotoxic character of 
melittin. More recently the hybrid peptide with 12 
residues in length CA( 1-7)M(5-9)NH2 was found to 
have high antibacterial activity. Further reduction in 
size led to inactive analogues [23]. 

Loss of antimicrobial activity in the analogue 
obtained by replacement of Ile' by Pro' in cecropin 
A [24], led us to study the important role of Ilea 
(position 2 of the melittin segment) in the antibacter- 
ial activity of the hybrid peptide analogues. Therefore 
we synthesized various short cecropin A-melittin 
hybrid analogues (Table 1) to understand the role of 
a hydrophobic residue at position 8 in the antimi- 
crobial action of these peptide molecules The pore- 
forming ability and the voltage-dependent conduc- 
tance of these analogues was also studied. 

MATERIALS AND METHODS 

Synthesis and Purification of the Peptides 
All the peptides were synthesized by the solid-phase 
peptide synthesis technique [25]. They were prepared 
on pmethyl benzhydrylamine resin [26] (0.64- 
0.76 mmol per g) (Peptide International, Louisville, 
Ky) either manually by our most effective methods [6] 
or on an Applied Biosystems model 430A synthesizer. 
Protected amino acids were obtained from Peninsula 

Table 1 Primary Structures of Cecropin A-Melittin Hybrid Analogues 

Peptide amide No. of residues 

Cecropin A 37 
(CAI 

Melittin 26 
(MI 

Hybrid analogues 

1 CA(1-7)M(2-9) 15 
2 CA( 1-7)M(2-8) 14  
3 CA(1-7)M(2-10) 16  
4 CA( 1-7)M(3-9) 14  
5 CA(1-7)M(3-10) 15  
6 CA(1-7) [L2]M(2-9) 15 
7 CA( 1-7) [A2]M(2-9) 15 
8 CA(1-7) [S2]M(2-9) 15 

Amino acid sequence 

KWKLFKKIEKVGQNIRDGII 
KAGPAVAWGQATQIAK 

GIGAVLKVLTJXLPALISWI 
mQQ 

1 (CAI 7 2 (M) 10 

KWKLFKK IGAVLKVL 
KWKLFKK IGAVLKV 
KWKLFKK IGAVLKVLT 
KWKLFKK GAVLKVL 
KWKLFKK GAVLKVLT 
KWKLFKK LGAVLKVL 
KWKLFKK AGAVLKVL 
KWKLFKK SGAVLKVL 
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Laboratories (Belmont, CA), The couplings, with 
dicyclohexylcarbodiimide in dichloromethane, or 
symmetrical anhydrides in dimethylformamide 
(DMF), or HOBt esters in DMF, were monitored by 
the quantitative ninhydrin method [27]. The tert- 
butoxycarbonyl (Boc) group was used for temporary 
Nu-protection of amino acids, and more acid stable 
groups (2-chlorobenzyloxy carbonyl for Lys and 
formyl for Trp) were used for side-chain protection. 
The N*-Boc was removed at each cycle and from the 
completed peptide-resin by 50% trifluoroacetic acid 
(TFA) in methylene chloride. The N'"-formyl protect- 
ing group of tryptophan was removed by reacting 
twice for 1 min each with 50% piperidine in DMF, 
and the peptide was cleaved from the resin using 
either high or low/high HF procedures [28]. 

Peptides were purified by a two-step procdure: gel 
filtration on a 2.4 x 90 cm column of Sephadex G-25 
(Pharmacia LKB, Piscataway, NJ),  eluted with 1 M 
AcOH at 45 ml/h, followed by reverse-phase pre- 
parative HPLC on a 2.2 x 25 cm C-18 Vydac column 
(15-20 pm, 300 A pores, the Separations Group, 
Hesperia, CA) using a linear gradient of 10450% 
acetonitrile in water containing 0.05% TFA at a rate 
of 20 ml/min. the eluent was monitored at 220 nm 
on a Kratos Spectroflow 757 absorbance detector. 
The main peak was assessed for homogeneity by 
analytical HPLC with a reverse-phase column, 
0.46 x 25 cm, packed with 5 pm C-18 silica beads, 
and the composition determined by amino acid 
analysis. Hydrolysis of free peptides was done with 
6 N  HCl in evacuated, sealed tubes at 110 "C, 18 h 
and the peptide resins were hydrolysed in 12N 
HCl/propionic acid (1:l v/v) at 130 "C, 15 h [29]. 
The homogeneity and the molecular weight of the 
purified peptide was determined by electrospray 
mass spectrometry [30]. 

Antibacterial and Erythrocyte Lysis Assays 

Thin agar plates were prepared with 6 ml of rich 
medium containing 1-4 x lo5 colony-forming units 
of the respective log-phase test bacteria [31]. Wells of 
3 mm diameter were punched in the plates, and for 
each peptide and each test bacterium, 3 p1 aliquots of 
a series of peptide dilutions were placed in the small 
wells. The concentration of each peptide was deter- 
mined from its absorbance at 280 nm 
( ~ = 5 . 6  x 103cm-' M-'). Plates were incubated 
overnight at 38 "C, the diameters of the zones of 
inhibition measured and the lethal concentration 
(LC), the lowest concentration that completely in- 
hibits growth, was calculated as described [32]. 

An erythrocyte lysis assay was adapted from the 
antibacterial plate assay. The plates contained 6 ml 
of 1% agarose, 0.9% NaCl and 10% sheep erythro- 
cytes suspended in Alsever's solution. The dilution 
series of the peptide was placed in the wells. After the 
incubation at 38 "C for 20 h, the diameters of the 
clear zones were recorded and the LC values 
calculated as before [32]. The LC is the lowest 
concentration of peptide in which the diameter of 
the clear zone is no larger than the sample well. This 
is determined by extrapolation of the square of the 
zone diameter against the log of the peptide concen- 
tration. 

Circular Dichroism Analyses 

CD spectra were recorded in an Aviv 62DS spectro- 
polarimeter. Peptides (final concentration of 25 p ~ )  
were dissolved in 2.5 mM sodium phosphate buffer, 
pH 7.4, containing 0-20% (v/v) hexafluoro 2-propa- 
no1 (HFIP). Five consecutive 250-190 nm scans were 
made in a 1 mm path length cell at 22-25 "C. The 
data were averaged and analysed by the prosec 
program (331 to determine the percentage of a-helix, 
/I-sheet, 8-turn and random coil. 

Electrical Conductivity Measurements 

The equipment and procedures were similar to those 
described previously [ 13, 341. Bilayers of Mueller- 
Rudin type [35) were formed from lipids (15 mg/ml) 
consisting of 75% diphytanoyl phosphatidyl choline 
([PhyIpPtdCho) and 25% phosphatidyl serine (PhtSer) 
(both from Avanti Polar Lipds, Pelham, AL) across a 
0.5 mm diameter hole in a teflon septum separating 
two half cells of 1.5 ml volume each. The entire cell 
assembly was washed with 30% methanol and 
sonicated each time prior to use. To each half cell 
was added 1.5 ml solution of 0.1 M NaC1/ 10 mM 
HEPES, pH 7.1-7.4. The hole was pretreated with 
0.2 pg of [PhyI2PtdCho dissolved in 0.2 p1 of hexane 
to each side, and the organic solvent was evaporated. 
The cell was fured in the cell holder, and KCl- 
saturated calomel electrodes (Ingold, Wilmington, 
MA) connected the aqueous compartments to the 
measuring circuit. The mixture of lipids dissolved in 
one of the organic solvents (decane, hexadecane or 
squalene, Aldrich, Milwaukee, WI, gold label) were 
applied across the hole with a fine brush or a pipette. 
On standing for a few minutes the solvent diffused 
out and the lipid self-organized into a black lipid 
bilayer. Bilayer formation was followed by an in- 
crease in capacitance. The rear compartment (trans) 
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was held at ground and voltage was applied to the 
front (cis) compartment. Current measurements 
were performed with a home-built current-to-voltage 
converter (based on a Zeltex 133 operational ampli- 
fier) with a feedback resistance of lo9 ohms and a 
feedback capacitance between 10 and 300 pF, yield- 
ing cutoff frequencies between 3 and 100 Hz. The 
amplifier output was recorded on a chart recorder 
(series 4900 super scribe, Houston Instruments, 
Austin, TX) and was observed simultaneously on a 
Biomation 802 transient recorder (Gould, Santa 
Clara, CA). 

The membrane thickness was estimated from its 
measured capacitance using the relation d = EA/C, 
where d is the thickness of the bilayer in A, E is the 
dielectric constant of the lipid, A is the area of bilayer 
in mm2 and the C is the capacitance in faradays. The 
basic conductance of the bilayer was recorded for at 
least 15 min. The conductance did not exceed 
0.02 nS and no channel activity was observed. The 
peptides at 30-4000 ng/ml concentrations were 
dissolved in water and added to the cis compartment 
at 0 mV, an equal volume of water was added to the 
trans compartment. They were allowed to equilibrate 
for at least 30 min. A potential of - 70 mV was 
applied until the pore activity was observed, and then 
the voltage was varied from negative to positive 
values. The voltage was applied for enough time 
( -  10 min) to collect signals from pores opening and 
closing. 

RESULTS 

The primary structures of cecropin A-melittin hybrid 
analogues reported here are depicted in Table 1, 
along with parent cecropin A and melittin for 
comparison. All peptides were prepared as C-term- 

inal amides by the solid-phase technique using 
Boc/benzyl chemistry, cleaved with HF, and were 
purified on Sephadex G-25 followed by reverse-phase 
chromatography in satisfactory yields (3846% over- 
all yield). All synthetic peptides had the expected 
amino acid composition by amino acid anlaysis 
( f approximately 3%) and the correct molecular 
weights determined by electrospray mass spectro- 
metry (precision f 0.3 mass unit) [30]. The antibiotic 
and haemolytic activities of these analogues were 
measured by inhibition zone assays from which the 
lethal concentrations were derived (Table 2). A good 
correlation was found between the assays performed 
independently in two of our separate laboratories at 
New York and Stockholm. 

Replacement of Ilea by Proa in cecropin A (241 
reduced the activity and the observed helicity, and a 
correlation was made between the loss of helicity and 
decrease in antibacterial activity in a series of 
peptides. Our present investigation is aimed at 
understanding the role of a hydrophobic residue at 
position 8 in short cecropin-melittin hybrid analo- 
gues. Deletion of Ilea as in CA(1-7)M(3-9)NH2 (4) 
decreased activity, while retention of Ilea and addi- 
tion of Thr" (3) maintained good activity (Table 2). In 
order to further investigate the role of Ilea in CA(1- 
7)M(2-9)NH2 (1). it was replaced with hydrophilic Ser, 
(8). and hydrophobic Leu, (6). or Ala, (7). (Table 1). 

Antimicrobial Activity 

Deletion of Leu", CA(1-7)M(2-8)NH2 (2) (Table 1) 
reduced the activity (3 to 16-fold) against Escherichia 
colt StaphyrocoCcus aweus and Bacillus subtilis 
(Table 2) when compared with CA( 1-7)M(2-9)NH2 
(1). while addition ofThr" in CA(1-7)M(2-10)NH2 (3) 
significantly enhanced the activity against Staph  
aureus (Table 2). In order to understand the sig- 

Table 2 Lethal and Lysis Concentrations ( p ~ )  for Cecropin A-Melittin Hybridsa 

Peptide amide Size D2 1 OT 97 BS 1 1  sac 1 

1 CA( 1-7)M(2-9) 
2 CA( 1-7)M(2-8) 
3 CA(1-7)M(2-10) 
4 CA( 1-7)M(3-9) 
5 CA(1-7)M(3-10) 
6 CA(1-7) [L2]M(2-9) 
7 CA( 1-7) [A2]M(2-9) 
8 CA(1-7) [S21M(2-91 

15 1 .o 
14 8.6 
16 1.4 
14 3.9 
15 9.1 
15 1.6 
15 1.5 
15 9.7 

4.0 
7.5 
3.7 
14 
14 
4.5 
3.5 
6.2 

0.5 
8.0 
2.7 
10 
6.3 
7.5 
5.2 

28.6 

0.3 
0.5 
1 . 1  
0.9 
1.2 
0.8 
0.5 

17.8 

4.0 
14.8 
0.9 
2.9 

> 200 
0.9 

13.5 
89.2 

SRC 

> 300 
>280 
>400 
> 320 
> 600 
> 360 
> 200 
>300 

a Lethal concentrations calculated from inhibition zones on agarose plates seeded with the respective 
organisms: D 21 =Escherichia colt OT 97=Pseudomonas aeruginosa: Bs 1 1  =Bacillus subtUis: SP 
1 = Streptococus pyogenes; Sac 1 = Staphylococcus aureus strain cowan 1: SRC = sheep red cells. 
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nificance of a hydrophobic residue and rule out the 
possible contribution of the chain length, analogue 5 
was synthesized by deletion of Ile8 and lengthening 
the chain by addition of Thr" at the C-terminus of 
CA( 1-7)M(2-9)NH2. The resulting analogue, CA( 1- 
7)M(3-10)NH2 (5). was generally less potent than 
CA(1-7)M(2-9)NH2 (23) and against Staph aweus 
(LC > 200 PM) it was much less potent, which further 
documents the selective effects of cell membrane 
composition on the antimicrobial activity of peptides. 

Replacement of Ile' by the hydrophilic residue, 
Ser' (Table 2). showed strong reduction in the activity 
against all the bacteria tested. The presence of either 
Ile' or Leu8 at position 8 maintained equal activity 
with two Gram-negative and one Gram-positive test 
bacteria (Table 2) but the two other Gram-positive 
bacteria 1 and 6 showed opposite effects. CA(1- 
7)M(2-9)NH2 (1). containing Ile' (LC=O.5 p ~ ) ,  is 15- 
fold more active on B. subtilis than peptide 6 
containing Leu' (LC=7.5 p ~ ) .  However, analogue 6 
possesses significantly enhanced activity against 
Staph aweus ( L C = O . 9  p ~ )  when compared with 1 
(LC = 4 pM). Replacement of Ile' with Ala' in 7 
decreased the activity against Staph aweus and B. 
subtilis but did not affect the activity against other 
test bacteria (Table 2). 

Peptide Conformation 

Peptide CA(1-7)M(2-8)NH2 (2) and CA( 1-7)M(3- 
9)NH2 (4). in 2.5 mM sodium phosphate buffer 
showed significant levels of /?-sheet conformation. 
With CA( 1-7)M(3-9)NH2 the helix content rose to 
69% at 16-20% hexafluoro 2-propanol (HFIP), while 
CA( 1-7)M(2-8)NH2 showed a lower tendency to adopt 
an a-helix structure, 49% a-helix at 20% HFIP (Table 
3). The other six analogues had no defined structure 

in the absence of HFIP, but a tendency to adopt an a- 
helix structure was observed at 8 %  HFIP which was 
more prevalent at higher HFIP concentrations (Table 
3). Two analogues CA( 1-7)M(2-10)NH2 (3) and CA( 1- 
7) [L2]M(2-9)NH2 (6), showed significant a-helix 
structure, 11% and 24% respectively in 2 . 5 m ~  
sodium phosphate buffer, which increased with 
increasing concentrations of HFIP. The tendency of 
these two peptides to aggregate may account for 
some loss of helicity at 20% HFIP. 

Electrical Conductivity 

In order to study the ability of the short cecropin- 
melittin hybrid analogues to form ion-channels and 
disrupt membranes, electrical conductivity measure- 
ments, showing the channel activity of these pep- 
tides, was examined in artificial lipid bilayers. Lipid 
membranes formed across a small hole in a Teflon 
partition have a relatively large area and thus a high 
capacitance [36]. 

Analogue 1, CA(1-7)M(2-9)NH2 (0.1 p ~ ) ,  showed 
an average pore conductance of 0.5 f 0.07 nS and a 
maximum conductance of 1.1 nS (Table 4). CA(1- 
7)M(2-10)NH2 (3). produced currents with definite 
channel openings and closings (Figure 1) at a 
concentration of 0.05 p ~ .  Our attempts to measure 
a change in conductance with analogue 5,  CA(1- 
7)M(3-1O)NH2, and a 14-residue analogue CA(1- 
7)M(2-8)NH2 (2), over a time range of 6 h were 
unsuccessful. These chimeric peptides did not in- 
duce channel activity or conductivity increase 
though the peptide concentration was slowly in- 
creased from 0.05 p~ to as high as 2.6 p~ (for 
analogue 5)  and 2.3 pM (for analogue 2) at regular 
intervals of time (Table 4). These two analogues did 
not show channel activity even with the lipid 

Table 3 Percentages of a-helix, /?-sheet and Random Coil in Cecropin A-Melittin Hybridsa 

Peptide amide 0% HFIP 4% HFIP 8% HFIP 12% HFIP 16% HFIP 20% HFIP 

a f l r a B r a b r a b r a B r a B r  

1 CA( 1-7)M(2-9) 
2 CA( 1-7)M(2-8) 
3 CA(1-7)M(2-10) 
4 CA(1-7)M(3-9) 
5 CA(1-7)M(3-10) 
6 CA(1-7) [L2]M(2-9) 
7 CA(1-7) [A2]M(2-9) 
8 CA(1-7) [S21M(2-9) 

0 0  
6 20 

11 0 
2 16 
0 0  

24 0 
0 0  
0 0  

69 
74 
68 
67 
65 
57 
87 
94 

0 
7 

45 
8 
0 

68 
4 
0 

8 62 
68 25 
0 37 

25 56 
11 59 
0 21 
0 93 
0 100 

28 
25 
59 
33 
0 

53 
60 
50 

63 9 91 
55 20 34 
7 34 89 

18 49 64 
44 45 63 
0 29 59 
0 40 100 
0 50 100 

0 9  
46 20 
0 11 
0 36 
0 37 
0 25 
0 0  
0 0  

100 
51 
97 
68 
91 
70 

100 
100 

0 0 100 
46 3 49 
0 3 88 
0 32 69 
0 9 100 
0 22 63 
0 0 100 
0 0 100 

0 
49 
0 
0 
0 
0 
0 
0 

0 
2 

12 
31 
0 

36 
0 
0 

a Calculated from circular dichroism measurements. 
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Figure 1 Demonstration of pore activity of CA(1-7)M- 
2-10)NHz (31, 0.05 PM on the cis side of PtdSer/[PhylzFtd- 
Cho bilayer, at different applied voltage (mv). 

membranes as thin as 16 A. Overall the system was 
found to be stationary for the duration of the 
recording and showed that there was no increase in 
the current flowing through the bilayer with time. 

In order for a short peptide to span the membrane 
and form channels, the thickness of the bilayer 
formed by using the lipid solution in squalene or 
haxadecane was appropriate. The capacitance, thick- 
ness and composition of the bilayer vary as a 
function of hydrocarbon solvent used in their forma- 
tion [37]. The thickness of the artificial lipid mem- 
brane in A was estimated from the capacitance 
measured in faradays, with the dielectric constant 

of 2.8 and the area of the bilayer measured in mm2. 
From several measurements the thicknesses of the 
bilayers formed in squalene and in hexadecane were 
calculated as 16-24 A and 22-28 A respectively. 
These distances were found to be adequate for these 
14 and 15-mers to span the membrane 
(1.5 A x 15 = 22.5 A). When the bilayers were formed 
in decane the calculated thickness was 30-38A. 
which is approximately the length of the two polar 
phospholipid hydrocarbon chains. These peptides 
showed similar channel behavior with the bilayers 
formed from lipids in both hexadecane and squalene. 

In the experiment with analogue 3, CA(1-7)M(Z- 
10)NH2, the maximum pore conductance was very 
large, corresponding to an ion flow of roughly 1 x lo7 
to 6 x 10' ions per second at - 70 mV. The large ion 
flow is possibly due to the multiple conductance 
levels formed by the simultaneous presence of pores, 
but the quantitative determination of number of 
channels and conductance levels in each pore was 
not possible. The minimum conductance observable 
was -0.02 nS while the maximum went as high as 
1.4 nS. The average channel conductance observed 
for CA(1-7)M(2-10)NH2 (3) was 0.5~t0.06 nS at an 
applied voltage of - 70 mV. The optimum peptide 
concentration required for the pore activity in this 
case was 0.05 PM (Table 4). Reversal of the voltage 
source to positive on the peptide side caused the 
current to reverse and then to increase linearly 
within a few minutes ( -  20 min). The steady state 
of conductance was observed with time but no 
channels were noticed (Figure 1). Switching back to 
the negative voltage led to the formation of fluctua- 
tions or pores. Over the time scale of the experiment 

Table 4 Channel (GI) and Macroscopic (G,) Conductances" Induced by Short 
Cecropin A-Melittin Hybrid Analogues on Planar Lipid Bilayers 

~~ ~ 

Peptide amide Conc.b G1 G, GJConc. Biological 
(PM) (nS) (nS) (nS/w) activity 

1 CA( 1-7)M(2-9) 0.1 0.5 f 0.07 1 .1  11.0 Highly active 
2 CA( 1-7)M(2-8) 2.3 None' None' << 0.009 Less active 

3 CA(1-7)M(2-10) 0.05 0.5 f 0.06 1.4 28.0 Highly active 
5 CA(1-7)M(3-10) 2.6 None' None' << 0.008 Less active 

6 CA( 1-7) [Lz]M(2-9) 0.3 0.25 f 0.04 1.2 4.0 Highly active 
8 CA( 1-7) [S2]M(2-9) 2.7 None' None' << 0.007 Less active 

< 0.02 < 0.02 

< 0.02 < 0.02 

< 0.02 < 0.02 

a Macroscopic conductance is the maximum conductance observed at the given peptide concentra- 
tion. 

' No channels observed. A conductivity of < 0.02 nS could have been seen. 
Concentrations necessary for optimum channel activity. 
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the peptide channels in the membrane were con- 
stant. Analogue 3 was found fo be a very good 
example of rectification. 

A decrease in potential from -70 to -50 mV in 
analogue 3, did not induce any conductance or 
channel formation (Figure 1). and an increase from 
-70 to -100 mV also did not correspondingly 
increase the pore formation. At - 100 mV there was 
an increase in the open time of the channels to 
N 80 s, as compared to those open for approximately 
30 s at -70 mV. However, the conductance observed 
from the channels open for a long time did not exceed 
N 0.02 nS. For this peptide a cricial voltage appears 
to be necessary to obtain an observable open 
channel. The electric field is apparently involved in 
conformational changes of the peptide channel 
aggregate. 

In the case of the other three analogues studied, 1 
with Ile8, 6 with Leu', and 8 with Ser', large 
variations were recorded. Analog 1, CA( 1-7)M(2- 
9)NHz (0.1 p ~ ) ,  showed an average pore conductance 
of 0.5+0.07 nS and the maximum conductance of 
1.1 nS (Table 4). and is comparable with the channel 
activity of analogue 6 (0.3 p ~ ) .  Analogue 6, CA(1-7) 
[L2]M(2-9)NH2, induced channel activity at a con- 
centration of 0.1 p~ though the conductance ob- 
served was only N 0.02 nS or less. After recording for 
an hour without any significant increase in pore 
conductance the concentration of the peptide was 
increased to 0.3 pM, resulting in a large increase in 
the level of channel activity and pore conductance. 
Multiple pore conductance levels were observed 
(Figure 2), which are probably due to the simulta- 
neous presence of several small open channels 
within the bilayer. The average pore conductance 
was approximately 0.25f0.04 nS (Table 4) and the 
large conductance showed an enormous ion flow of 
4 x 106-5 x lo8 ions per second at -70 mV. The 
minimum conductance observable was N 0.02 nS, 
even at 0 mV which may be considered as ground 

mV 
+70 

0 
-70 

Figure 2 Current response of CA(1-71 [L2]M[2-9)NH2 (6). 
0.3 pM on the cis side of PtdSer/[PhyJ2PtdCho bilayer. at 
applied voltage (mv). 

level noise, while the maximum conductance re- 
corded was 1.2 nS. After further increasing the 
peptide concentration to 0.5 pi, the level of activity 
was hgh, non-stationary and rapid, resulting in 
disruption of the membrane, presumably due to large 
bursts of ions lysing the membrane. It was possible to 
observe a regular and stable ion-channel formation 
only in a narrow range of CA(1-7) [L21M(2-9)NH2 (6) 
concentrations. 

Reversing the voltage source to positive on the 
peptide side with CA(1-7) [L2]M(2-9)NH2 (6) showed 
fewer (10-fold) pores compared with those observed 
at negative voltage on the peptide side (Figure 2) 
revealing the voltage dependent behaviour of the 
macroscopic current for analogue 6. Similar experi- 
ments carried out with CA(1-7) [S21M(2-9)NH2 (8) did 
not induce conductance increase or channel activity 
with the bilayer formed in squalene (thickness 
estimated to be 18 A). Increasing the concentration 
of the peptide to 2.7 p~ (9-fold) as compared to the 
concentration of analogue 6 (0.3 p ~ ) ,  and analogue 1 
(0.1 p ~ )  or reducing the thickness of the lipid 
membrane did not induce conductance or channel 
activity over a period of 6-8 h. 

DISCUSSION 

Studies on cecropin-melittin hybrid analogues 
showed that a hydrophobic residue at position 8 
made a significant contribution to their function, 
suggesting a possible apolar interaction with the 
artificial lipid bilayer and, probably, the bacterial 
membrane with the amino acid at position 8 of the 
peptide molecule. The effect was seen with all the test 
bacteria, but StQPhylococcus weus was found to be 
more selective. Analogues 1 (Ile8) and 7 (Ala8) showed 
a significantly lower activity against Staph. aureus 
than analogue 6 (Leu'), possibly due to the differ- 
ences in hydrophobicities. The hydrophobicity and a- 
helical propensity of an amino acid side chain are not 
correlated with each other, but each contributes to 
the stability of the amphipathic a-helix [38]. The 
direct evaluation of the hydropathy may be related to 
the ensemble average of the side chain to prefer the 
interior to the exterior of the peptide, which in turn 
may be correlated with the activity. I t  is reasonable to 
assign a lower, but necessary, hydrophobic force to 
the peptide containing Leu as compared to those 
possessing Ile and Ala, from the water-vapour 
transfer free energies (Ile: 4.4; Ala: 3.9: Leu: 4.5) 
[39] and the interior-exterior distribution of amino 
acid side chains (Ile: 4.5; Ala: 5.3: Leu: 3.2) [40]. 



These differences in responses encountered indicate 
that a single unique mechanism is not common to all 
bacteria for interaction of antimicrobial peptide, and 
Staph aureus appears to be more selective when 
compared with other organisms. 

CA( 1-7)M(2-9)NH2 (1) with Ile', CA( 1-7)M(2- 

showed high antibacterial activity against both 
Gram-positive and Gram-negative bacteria, while 
analogue 2, CA(1-7)M(2-8)NH2 flacking Leu'5 and 
CA( 1-7) [S2]M(2-9)NH2 (8) with Ser', were less active 
against all the test bacteria (Table 2). None of the 
analogues tested lysed red blood cells. These results 
demonstrate the specificity of activity of the cecropin- 
melittin hybrids only for bacteria and not for 
eukaryotic cells. 

The helical content of analogue 2, (CA(1-7)M(2- 
8)NHz] which is <50% even at 20% HFIP, a 
structure-inducing solvent, correlates with its low 
activity against all the test bacteria (Table 2). 
Analogues CA( 1-7)M(2-10)NH2 (3) and CA( 1-7) 
[L2]M(2-9)NH2 (6) showed a significant a-helix struc- 
ture even at 0% HFIP (Table 3), which may be 
correlated with their high activity (Table 2) and 
channel-forming ability (Table 4). The length of the 
peptide analogue 2 may be too short to span the 
membrane and the weakened helical character could 
have decreased the ability to induce channels in 
bilayers (Table 4). while the helix stability of analo- 
gues 3 and 6 correlates with their channel-forming 
ability. 

In aqueous organic solvents and lipids the short 
cecropin-melittin hybrid analogues are found to be 
helical. The helices are thought to form trans- 
membrane ion-channels by aggregating in bundles 
with their hydrophilic residues on the inside, making 
a water-filled pore, and their hydrophobic residues 
on the outside, interacting with the hydrocarbon 
chains of the lipid. The membrane has a very non- 
homogeneous environment with a high density of 
polar head groups, at the interface between the thin 
hydrocarbon core and the aqueous solvent imposing 
strong constraints on the favourable peptide con- 
formations that interact and span the membrane. 
The length of the a-helix of a 15-residue analogue 
may approximately be calculated as 22.5 A (15- 
residue x 1.5 &residue), which is rather insufficient 
to span the thickness of the hydrophobic region of 
the phospholipid bilayer formed in decane solvent 
(measured as 3&38&. These analogues did not 
show either conductance increase or ion-channel 
formation in bilayers formed in decane. The thick- 
ness of the bilayer formed in squalene or hexadecane 

10)NHz (3) and CA(1-7) [Lz]M(2-9)NH2 (6) with Leu' 

was of appropriate length for the short analogues to 
span the hydrophobic stretch of the membrane, 
suggesting amphipathic helical peptides are struc- 
tural and functional entities by themselves. The lipid 
bilayers and the cell membranes are chiral and it was 
generally assumed that specific chiral interactions of 
the peptide are essential for the activity. However, our 
earlier study with D-peptide analogues suggested no 
stereo-selective interaction with a chiral receptor or 
lipid 141, 421, but only self-interactions to form 
membrane-spanning structures. 

Peptide analogues (1, 3 and 6) were effective pore 
formers, while analogues 2, 5, and 8 did not induce 
channels and increase conductance in artificial lipid 
membranes. The precise sequence of residues is 
generally not critical for channel formation as long as 
the peptide is amphipathic, long enough and capable 
of forming hydrophobic interactions with the bilayer 
so as to stabilize the channel aggregate. A variety of 
interactions of peptides with lipid membranes is 
possible. Insertion of a hydrophobic helix into a 
membrane is thermodynamically favourable with a 
stabilization energy of 15 kcal/mol [43]. The voltage 
sensing may result from the interaction between the 
dipole formed from the amino acid backbone and the 
electrical field across the membrane 1441. These short 
analogues are thought to have first an ionic interac- 
tion with the anionic phosphate groups of membrane 
followed by hydrophobic interactions involving the 
amino acid residue at the eighth position with the 
hydrocarbon core of the membrane and subsequent 
reorientation into amphipathic a-helical peptides 
that form pores (ion-channels). To our knowledge, 
there is no direct experimental evidence to simulta- 
neously elucidate the orientation of the peptide at the 
membrane interface, the mechanism of interaction 
with the bilayer and the peptide conformational 
preferences in membranes. 

The frequency of channel activity correlated with 
the concentration of the peptide and showed regular 
and stable channel activity at a particular concen- 
tration, while higher concentrations led to large pores 
destabilizing the membrane and resulting in its 
disruption. The different levels of multistate conduc- 
tance observed were not the integral multiples of a 
unit conductance, which implies that there are 
different states of the pores formed due to the 
different sized aggregates. The concentration of the 
peptide in the membrane eventually reaches a point 
causing an increase in the membrane potential, as 
observed for melittin 1451, and disrupting the lipid 
organization, which leads to lysis. The strong con- 
centration dependence of frequency of channel for- 
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mation may reflect the necessity of relatively large 
numbers of molecules to form functional channels. 
This behavior is comparable to that of alamethecin 
I461 and its synthetic analogue [47]. The membrane 
was stable for more than 8 h when the optimum 
peptide concentration was employed. Therefore, 
these results show that the disruption of membranes 
by high voltage is not due to a simple detergent effect. 

Comparison of the activity with the structure and 
conformation of these short peptides emphasizes the 
presence of hydrophobic residues as an important 
factor for the antibacterial activity in addition to the 
amphipathicity of the analogues. The thickness of 
the bilayer could be varied as a function of different 
organic solvents owing to the difference in the 
capacity of organic solvents to promote interdigita- 
tion of lipids. The calculated length of the a-helix of 
15-residue analogues matches the hydrocarbon 
thickness of lipid bilayers made under certain 
conditions and facilitates ion-channel formation. 
Interestingly the presence of a hydrophobic residue 
at position 8, and the helical nature of these short 
cecropin A-melittin hybrid analogues also facilitated 
voltage-dependent conductance changes and en- 
hanced their channel-forming ability. 
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