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ABSTRACT: Induced amphipathic a-helical conformations play an  important role in the biological activity 
of peptides. By using reversed-phase high-performance liquid chromatography (RP-HPLC) as a means 
to study the secondary structure of peptides a t  aqueous/lipid interfaces, a sequence (Ac-LKLLKKLL- 
KKLKKLLKKL-NH2) was found to readily adopt an amphipathic a-helical conformation upon interacting 
with the lipid groups of the stationary phase during RP-HPLC. This peptide exhibited potent antimicrobial 
activities against both Gram-positive and Gram-negative bacteria. W e  have prepared a complete set of 
omission, as well as of leucine and lysine substitution, analogs of this sequence. These analogs were used 
to investigate the effects of such alterations on the parent sequence’s antimicrobial and hemolytic activities 
relative to each analog’s behavior during RP-HPLC. The potential for the formation of ion channels 
through cell membranes by this amphipathic model peptide was also evaluated through preparation of 
analogs which varied in length from 8 to 22 residues, while maintaining their amphipathicity. 

Since Fleming discovered penicillin (Fleming, 1929), 
antibiotics have been widely used for the cure of innumerable, 
potentially fatal infectious illnesses. However, the widespread 
use of these agents has caused numerous antibiotic-resistant 
strains to develop, resulting in the continuous need for new 
antibiotics. Isolation from biological sources (bacteria, insects, 
amphibians, mammals, etc.) has served as a common means 
for the discovery of novel antimicrobial peptides such as the 
gramicidins, magainins, defensins, and cecropins [reviewed 
in Blondelle and Houghten (1 992a)l. Studies directed toward 
understanding the relationships between the secondary struc- 
ture and biological activities of these “natural” peptides indicate 
that the amphipathic a-helical conformation plays an im- 
portant role in their biological activities [reviewed in Kaiser 
and Kizdy (1987)l. In an effort to further understand the 
necessary conformational properties of biologically active 
peptides, a number of research groups have designed synthetic 
peptides capable of forming idealized amphipathic structures 
(DeGrado et al., 1981; DeGrado & Lear, 1985; DeGrado, 
1983; Taylor, 1988). 

It is generally thought that the biological activity of 
amphipathic a-helical peptides results from their ability to 
form ion channels through membrane bilayers (Anzai et al., 
1991; Lear et al., 1988; Agawa et al., 1991; Tosteson & 
Tosteson, 198 1; Christensen et al., 1988). Such channels can 
form by the self-aggregation of peptide monomers in which 
the hydrophilic residues face inward and the hydrophobic 
residues interact with the phospholipid groups of the cell wall. 
A length of approximately 20 residues has generally been 
reported to be necessary to provide an a-helix capable of 
spanning the hydrocarbon portion of the lipid bilayer and, in 
turn, causing the formation of an ion channel through the 
membrane (Lear et al., 1988). It was found, however, that 
short cationic a-helical amphipathic model peptides (8-1 2 
residues in length), composed solely of leucine, arginine, and 
alanine residues, were also able to form ion channels (Anzai 
et al., 1991). An oligomeric bundle of head to tail dimers was 
envisioned as an explanatory channel model (Anzai et al., 
1991; Agawa et al., 1991). The potent antimicrobial activity 
against Gram-positive bacteria observed for these amphipathic 
cationic model peptides correlated well with their propensity 
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to form ion channels (Lee et al., 1986). Their lack of activity 
against Gram-negative bacteria was not explained. 

Reversed-phase high-performance liquid chromatography 
(RP-HPLC)] has been found to have significant potential for 
the study of the secondary structures of peptides induced at 
aqueous/lipid interfaces. Using closely related model peptides, 
composed solely of lysine and leucine residues, each having 
a sequence capable of being induced into a different structural 
motif, it was observed in this laboratory that the secondary 
structures of peptides which are induced when bound to the 
C- 18 of the stationary phase influenced the retention times 
of these peptides (Houghten & Ostresh, 1987; Ostresh et al., 
1991; Buttner et al., 1992; Houghten & De Graw, 1987; 
Biittner & Houghten, 1991). Separation of peptides during 
RP-HPLC is known to be primarily due to the different 
hydrophobic interactions of the individual peptides with the 
lipid groups of the stationary phase (Hancock & Sparrow, 
1983). Such interactions can in many respects be considered 
to be comparable to the hydrophobic interactions occurring 
during biological processes. For example, good correlations 
were found between retention times and the hemolytic activities 
of series of peptide analogs of the bee venom peptide melittin 
(Blondelle & Houghten, 1991; Blondelle et a]., 1992). An 
inverse correlation was also obtained between retention times 
and antimicrobial activity against Escherichia coli in a series 
of peptides in which proline was used to individually replace 
each residue of the amphipathic a-helical model peptide Ac- 
LLKLLKKLLKKLKK-NH2 (Buttner et al., 1992). 

In an extension of these RP-HPLC studies, we have now 
investigated in greater detail the biological activities of model 
peptides composed of leucine and lysine residues. In particular, 
we have systematically examined the biological activities of 
leucine or lysine substitution analogs of Ac-LKLLKKLL- 
KKLKKLLKKL-NH2 in relation to their behavior during 
RP-HPLC, as well as its omission analogs. This peptide was 
found to be induced into an amphipathic a-helical confor- 
mation during RP-HPLC in earlier studies (Ostresh et al., 
1991; Buttner & Houghten, 1991). The potential for ion 

RP-HPLC, reversed-phase high-performance liquid chromatography; 
HF,  hydrogen fluoride; TFA, trifluoroacetic acid; MIC, minimum 
inhibitory concentration; OD, optical density; RBC, red blood cells; PBS, 
phosphate-buffered saline; CFU, colony-forming units. 

0 1992 American Chemical Society 



Design of Antimicrobial Peptides 

channel formation of this model amphipathic peptide upon 
interaction with bacterial cell walls was also evaluated by 
varying the number of residues from 8 to 22 while maintaining 
the peptide’s inducible amphipathic nature. 

MATERIALS AND METHODS 
Peptide Synthesis. The methodology of simultaneous 

multiple peptide synthesis (Houghten, 1985) was used to 
prepare the peptides studied. To obtain omission or substi- 
tution analogs, individual packets were removed or coupled 
separately during synthesis of all of the other analogs and 
then returned to the common reaction vessel before completion 
of the synthesis. For cleavage, low-high hydrogen fluoride 
(HF) was used (Tam et al., 1983). Twenty-four peptides 
were individually cleaved at  the same time with H F  using a 
multiple-vessel cleavage apparatus (Houghten et al., 1986; 
Multiple Peptide Systems, San Diego, CA). The identities 
of the resulting peptides were confirmed by time-of-flight mass 
spectroscopy analyses on a BIOION 20 spectrometer. 

RP-HPLC. Analytical RP-HPLC was carried out using a 
Vydac C-18 column (ODS 25 cm X 4.6 mm) in conjunction 
with a Beckman-Altex Model 421 HPLC system and two 
Model llOA pumps. Samples were monitored at  215 nm 
using a Hitachi Model 100-20 variable-wavelength spectro- 
photometer. Buffer A consisted of 0.05% TFA in water (pH 
3.2) and buffer B of 0.05% TFA in acetonitrile. Peptides 
were purified using a Waters Milliprep 300 preparative HPLC 
modified with a preparative Foxy Fraction collector. Fractions 
of the desired purity (>95% as determined using analytical 
HPLC) were pooled and lyophilized. 

Antimicrobial Assays. Escherichia coli ATCC 25922 and 
Pseudomonas aeruginosa ATCC 27853 were chosen as model 
Gram-negative bacteria and Staphylococcus aureus ATCC 
2921 3 as Gram-positive bacteria. Bacteria were grown 
overnight at  37 OC in Mueller-Hinton broth, reinoculated, 
and incubated at  37 OC to reach the exponential phase of 
bacterial growth [Le., a final bacterial suspension containing 
from lo5 to 5 X lo5 colony-forming units (CFU)/mL]. The 
concentration of cells was established by plating 100 pL of 
different dilutions of the culture solution (e.g., and 
lo4) onto solid agar plates. In 96-well tissue culture plates, 
peptides dissolved in H20 were added to the bacterial 
suspension at  concentrations varying from 256 to 0.25 p g /  
mL derived from serial 2-fold dilutions, and then incubated 
overnight at  37 OC. The minimum inhibitory concentration 
(MIC) was defined as the lowest concentration of peptide at  
which there was no change in optical density (OD), between 
time 0 and 18 h at  620 nm using a Titertek Multiskan Plus 
apparatus (Flow Laboratories, Mc Lean, VA). 

Hemolytic Assays. The hemolytic activities of the peptides 
were determined using human red blood cells (RBCs). The 
RBCs were isolated from heparinized blood by centrifugation 
and washed twice with phosphate-buffered saline (PBS: 35 
mM phosphate buffer/O. 15 M NaCl, pH 7.0) just prior to the 
assays. Peptides dissolved in PBS were then added to 0.5 mL 
of a 5% solution of the stock RBCs suspended in PBS to reach 
a final volume of 1.0 mL. Following a 1-h incubation at  37 
“C, the samples were centrifuged at  lOOOg for 5 min. The 
supernatant was separated from the pellet and its OD measured 
at 414 nm. Zero hemolysis (blank) and 100% hemolysis 
controls were determined using a centrifugate of RBCs 
suspended in PBS and Triton 1%, respectively. 

RESULTS 
Peptide Design. The structural effects responsible for 

variation in antimicrobial and hemolytic activities were initially 
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Lateral Projection Axial Projection 

1 Ac-KLKLKLKLKLKLKLKLKL-NH, 

2 Ac-KKKKKKKKKLLLLLLLLL-NH, 

3 Ac-LKLLKKLLKKLKKLLKKL-NH, 

- Lysine n Leucine 

FIGURE 1:  Lateral and helical wheel representation of the three 
model peptides. 

Table I: Biological Activity and RP-HPLC Retention Times of 
Model Peptides Representing Different Structural Motifs 

, 1, . .  . ,  
>256 0.1 24.85 >256 128 1 

2 39.10 >256 256 256 3.6 
3 43.91 64 64 128 19 

evaluated using three peptides composed solely of lysine and 
leucine residues synthesized in earlier studies (Ostresh et al., 
199 1). Lysine and leucine have strong helix-forming potential 
in globular proteins but quite dissimilar physical properties 
(Chou & Fasman, 1974). The three peptides were blocked 
at  their N- and C-termini with an acetyl and amide group, 
respectively, to minimize charge effects at  both chain termini. 
On the basis of a regular a-helical structure of 3.6 residues 
per turn, an initial length of 18 residues was chosen so that 
5 complete turn of an a-helix were possible. The primary 
sequences (Figure 1) were chosen to represent three different 
structural motifs: @-sheet (peptide l ) ,  segmentally amphi- 
pathic a-helix (peptide 2), and classically amphipathic a-helix 
(peptide 3). Figure 1 illustrates these sequences in their lateral 
projections and helical wheel formats (Schiffer & Edmundson, 
1967) to show the distribution of the two different side chains 
of the amino acid residues. Despite their identical composition 
(i.e., nine leucine and nine lysine residues), the peptides eluted 
over a 20-min range (Table I). The differences in retention 
times were attributed to the induced conformational effects 
upon interaction with the (2-18 of the RP-HPLC stationary 
phase. The postulated induced conformational effects vary 
according to the juxtaposition of the amino acids along the 
peptide backbone (Ostresh et al., 1991). 

The antimicrobial activity against E.  coli, P. aeruginosa 
[Gram(-) bacteria], and S. aureus [Gram(+) bacteria] as 
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Table 11: MIC and Hemolytic Activity of the Omission Analogs of Ac-LKLLKKLLKKLKKLLKKL-NH2 

omitted MIC (pg/mL) against % hemolysis 
peptide sequence residue S. aureus E. coli P .  aeruginosa at 100 pg/mL 

Ac-LKLLKKLLKKLKKLLKKL-NH, None 64 64 128 19 

Ac- KLLKKLLKKLKKLLKKL-NH, L- 1 32 16 16 10 

Ac-L LLKKLLKKLKKLLKKL-NH, K-2 32 8 16 15 

Ac-LK LKKLLKKLKKLLKKL-NH, L-3/4 32 4 8 6 

Ac-LKLL KLLKKLKKLLKKL-NH, K-5/ 6 8 32 

Ac-LKLLKK LKKLKKLLKKL-NH, L-7/8 8 16 

Ac-LKLLKKLL KLKKLLKKL-NH, K-9/10 64 8 

32 50 

4 13 

16 50 

AC-LKLLKKLLKK KKLLKKL-NH, L-11 256 64 8 0.6 

Ac-LKLLKKLLKKL KLLKKL-NH, K-12/13 8 16 8 32 

Ac-LKLLKKLLKKLKK LKKL-NH, L-14/15 32 8 8 7 

Ac-LKLLKKLLKKLKKLL KL-NH, K-16/17 32 8 16 25 

Ac-LKLLKKLLKKLKKLLKK -NH, L-18 32 16 8 11 

well as the hemolytic activity of the three peptides was 
determined. Peptide 3 was found to be induced into an 
amphipathic a-helical array during RP-HPLC [Le., it has a 
longer retention time than predicted using retention coefficients 
(Meek & Rosetti, 1981; Buttner & Houghten, 1991)] and 
showed the highest activity, in particular against S. aureus 
(Table I). Peptide 3 was also found to exhibit the greatest 
hemolytic activity (Table I). 

To study the mechanism of action of peptide 3 (Ac-LK- 
LLKKLLKKLKKLLKKL-NH2) on bacterial and red blood 
cell walls, we determined the biological activity of three series 
of analogs of this peptide in relation to their behavior during 
RP-HPLC. Peptide 3 is termed the parent peptide in the 
following text. 

Omission Analogs of Ac- LKLLKKLLKKLKKLLKKL-NH2. 
To evaluate the importance of the amphipathicity (Le., the 
different presenting faces of the peptide) on the biological 
activity of the parent peptide (Ac-LKLLKKLLKKLKKLL- 
KKL-NH2), we prepared a complete series of single-omission 
analogs of this sequence. Thus, each position was separately 
omitted to generate a set of 11 distinct analogs [omission of 
any 2 consecutive identical residues yielded the same analog 
(Table II)] . All analogs except omissioa of leucine- 1 1 were 
found to exhibit improved antimicrobial activity relative to 
the parent peptide against E .  coli, P .  aeruginosa, and S .  aureus. 
No improvement in activity was seen for the leucine-1 1 
omission analog except against P .  aeruginosa. Only the 
omission of the leucine residues, however, yielded a decrease 
in hemolytic activity (Table 11). The leucine-1 1 omission 
analog shows the lowest hemolytic activity of this series (0.6% 
at 100 pg/mL). Illustrated in a helical wheel format (Figure 
2), this analog shows a hydrophobic region of no longer than 
three spatially contiguous residues, which may, in the case of 
RBCs, result in a weakened interaction between the peptide 
and cell wall lipids, and in turn in a decrease in activity. 

Roleof the Hydrophobic Region on the Biological Activity 
of Ac-LKLLKKLLKKLKKLLKKL-NH2. To study the role 
of the hydrophobic face or region of our model amphipathic 
peptide on its biological activity, we investigated the effect of 
individually substituting each leucine residue for a lysine. We 
therefore prepared a set of nine analogs in which a single 
lysine was "walked" through the leucines of Ac-LKLLKK- 

Lysine 0 Leucine 

FIGURE 2: Helical wheel representation of the leucine-1 1 omission 
analog. 

LLKKLKKLLKKL-NH2 (Le., each leucine was separately 
replaced by a lysine). As shown in Table 111, in every case 
these substitutions yielded an increase in antimicrobial activity 
as compared to the parent sequence. 

In order to establish the relative importance of the 
hydrophobic face as compared to the hydrophilic face of our 
amphipathic a-helix in the antimicrobial activity of the parent 
sequence, we synthesized the equivalent set of nine analogs 
in which a single leucine was walked through the lysine 
residues. Perturbation of the hydrophobic face upon replacing 
a single leucine with a lysine resulted in up to a 16-fold increase 
in antimicrobial activity (Table 111). Less effect was found 
upon perturbing the hydrophilic face, Le., upon replacing a 
single lysine for a leucine (2-4-fold enhancement; Table 111). 

In contrast to the antimicrobial activity, the greatest 
increases in hemolytic activity (up to 84% hemolysis) were 
found upon replacing individual lysine residues with leucine. 
Decreased hemolysis was observed in every case upon replacing 
any of the original leucine residues with lysine (Table 111). 
In particular, the greatest increase in hemolytic activity was 
found upon substituting lysine-6, -10, or -12 for a leucine. As 
shown on a helical wheel representation, the distribution of 
the residues on the helix of the two analogs having a leucine 
at  position 10 or 12 is such that the hydrophobic face consists 
of 10 contiguous leucine residues (Figure 3). The increased 
hemolytic activity observed upon substituting lysine-6 with a 
leucine cannot be attributed to its position relative to the lipid/ 



- 
15- 

E 10- 

Ac-LKLLKKLLKKLKKLLKKK-NH2 L-18 44.58 10.75 
Ac-LLLLKKLLKKLKKLLKKL-NH2 K-2 55.42 -0.09 
Ac-LKLLLKLLKKLKKLLKKL-NH2 K-5 57.31 -1.98 
Ac-LKLLKLLLKKLKKLLKKL-NH2 K-6 55.94 -0.61 
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amphipathic peptides with potent antimicrobial activity. The 
highest activity was found for the classically amphipathic 
a-helical sequence ( Ac-LKLLKKLLKKLKKLLKKL-NH2, 
peptide 3, Figure l ) ,  which confirmed the role of an 
amphipathic a-helical conformation on biological activity. 
However, the large difference in the hemolytic activities of 
the three model peptides indicates that the hemolytic activity 
is more sequence-dependent than the lysis of bacterial cells, 
and suggests that two different mechanisms of action are 
involved in the lysis of bacteria and RBCs. 

It was found that alterations in the above parent sequence 
could be made which resulted in an enhancement of its 
antimicrobial activity coupled with a decrease in hemolytic 
activity. For instance, the omission of any residue making up 
an amphipathic a-helix is expected to alter the peptide 
amphipathicity by effectively rotating one part of the am- 
phipathic region relative to the other. If classical amphi- 
pathicity is essential for biological activity, such omissions 
should result in a decrease in activity. The unexpected increase 
in antimicrobial activity observed in the majority of the 
omission analogs indicates that a hydrophobic presenting face 
of five contiguous residues (resulting from omission of either 
L-7, K-9, K-12, or L-14), as compared to a presenting face 
of nine contigous residues (in the parent sequence), is sufficient 
for the peptide to interact with the lipids and/or disrupt the 
organization of the lipids of the bacterial cell wall. This is 
supported by the higher antimicrobial activity observed for 
those analogs in which the leucine a t  position 4, 7, or 11 was 
replaced by a lysine. Since these leucine residues are located 
in the central region of the hydrophobic face of the induced 
amphipathic a-helix, their substitution with a lysine should 
result in a signficantly smaller continuous hydrophobic face, 
and in turn weaker peptide/lipid interactions. Such peptide/ 
lipid interactions can be seen by RP-HPLC since RP-HPLC 
separations occur primarily due to hydrophobic interactions 
between the peptides and the (2-18 of the stationary phase. 
Thus, the perturbation resulting from replacing a leucine 
residue with a lysine would be expected (and was found) to 
result in early retention times during RP-HPLC for these 
analogs. The results above are contrary to a mechanism of 
lysis involving the formation of an ion channel in which a 
longer length of the hydrophobic region would be necessary 
to span the lipid bilayer (Lear et al., 1988). 

For the series of amphipathic peptides prepared, which 
varied in length from 8 to 22 residues, the highest antimicrobial 
activities were found for the 14- and 15-mer sequences. The 
14-mer showed little hemolytic activity. When compared to 
the magainins and cecropins, this 14-residue sequence has 
higher antimicrobial activity and a similarly low hemolytic 
activity [MICs against S.  aureus, E .  coli, and P .  aeruginosa 
are for magainin 2-amide 32-64, 8-16, and 128 pg/mL, 
respectively, and for cecropin A >256, 8-16, and 8-16 M g /  
mL, respectively; 0% hemolysis was found a t  100 pg/mL for 
both peptides]. It is interesting to note that both the 14- 
residue and the 1 5-residue peptides contain a larger hydrophilic 
than hydrophobic face (8 lysines versus 6 and 7 leucines, 
respectively). Fifteen-residue peptides made up from segments 
of cecropin and melittin were recently found to have higher 
antimicrobial activity than thececropins (Andreuet al., 1992). 
These peptides were strongly a-helical in the presence of 
hexafluoroisopropyl alcohol as determined by circular dichro- 
ism. Similar to our results, these findings did not reconcile 
with a mechanism for antimicrobial activity proposed for the 
cecropins that involved ion channel formation (Wade et al., 
1990). Several other examples of helix formation in aqueous 
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Substituted Residues 

FIGURE 5 :  Correlation between RP-HPLC retention times and MICs 
of lysine and leucine substitution analogs. The MICs against S. 
aureus were defined as the lowest concentration of peptide at  which 
there was no change in the OD a t  620 nm between times 0 and 18 
h. The retention times were determined as described in Figure 4. 
The correlation coefficient was r = 0.825 with p < 0.001. 

substitution on the hydrophobic face is from the helix interface 
(Le., substitution of leucine-4, -7, and -1 l ) ,  the greater the 
variation in retention times, and in turn the greater the 
perturbation in the peptide/lipid interactions. These substi- 
tution analogs showed the highest antimicrobial activities as 
well as the lowest hemolytic activities. On the other hand, the 
substitution of an existing lysine with a leucine did not 
significantly alter the RP-HPLC behavior of the analog as 
compared to the parent peptide, except upon replacement of 
the lysines a t  positions 10 or 12, which are the closest to the 
expected leucine/lysine C- 18 interface. We believe that the 
longer retention times of these two analogs resulted from 
stronger peptide/lipid interactions due to an extended con- 
tiguous hydrophobic face being presented to the C- 18 (Figure 
3). Theseanalogs alsoexhibited the highest hemolytic activity. 
Good correlations were found between decreased hydropho- 
bicity (Le,, early retention time) and increased antimicrobial 
activity, as well as between decreased hydrophobicity and 
decreased hemolytic activity [r:0.825 for S.  aureus (Figure 
5); r:0.853 for E .  coli; r:0.777 for P .  aeruginosa; r:0.833 for 
hemolysis]. 

Effect of the Length of the Amphipathic a-Helix.  Many 
known antimicrobial peptides have been postulated to lyse 
bacterial or RBC membranes through the formation of ion 
channels (Anzai et al., 1991; Lear et al., 1988; Agawa et al., 
1991; Tosteson & Tosteson, 1981; Christensen et al., 1988). 
We have investigated the effect of the length of a potential 
amphipathic region on the biological activity of the parent 
peptide by varying the number of residues while maintaining 
the peptide’s amphipathic nature. Thus, 14 peptides were 
prepared in which the 18-residue parent sequence was either 
shortened or lengthened from the N-terminus to generate 
peptides varying in length from 8 to 22 residues (Table V).  

The antimicrobial activities of these peptides against the 3 
bacteria tested were low for those peptides having up to 10 
residues or more than 18 residues (Table V). The analogs 
composed of 14 or 15 residues exhibited the highest antimi- 
crobial activities, although the hemolytic activity of the 14- 
residue peptide was much lower than that of the 15-residue 
analog (1% versus 15%; Table V).  Only those peptides that 
were more than 14 residues in length caused significant RBC 
lysis (Table V).  

DISCUSSION 

Using RP-HPLC as a means to contrast the secondary 
structure of peptides a t  aqueous/lipid interfaces to their 
biological activity, we have been able to design synthetic 
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Table V: Effect of Peptide Chain Length on MIC and Hemolytic Activity 

peptide MIC (pg/mL) against % hemolysis at 
peptide sequence length S. aureus E .  coli P. aeruginosa 100 a / m L  

Ac-LKKLLKKL-NH2 8 128 128 128 0 
AC-KLKKLLKKL-NHS 

Ac-KKLKKLLKKL-NH2 
Ac-LKKLKKLLKKL-NH2 

Ac-LLKKLKKLLKKL-NH2 
Ac- KLLKKLKKLLKKL-NH2 

Ac-KKLLKKLKKLLKKL-NH2 
Ac-LKKLLKKLKKLLKKL-NHz 

Ac-LLKKLLKKLKKLLKKL-NH2 
Ac-KLLKKLLKKLKKLLKKL-NH2 

Ac-LKLLKKLLKKLKKLLKKL-NH2 
Ac-LLKLLKKLLKKLKKLLKKL-NH2 

Ac-KLLKLLKKLLKKLKKLLKKL-NH2 
Ac-KKLLKLLKKLLKKLKKLLKKL-NH2 
Ac-LKKLLKLLKKLLKKLKKLLKKL-NH2 

9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

256 
256 

32 
8 
8 
4 
4 

32 
8 

64 
256 
256 
256 
256 

64 
128 

16 
32 
16 
16 
16 
64 
32 
64 

256 
256 

64 
256 

128 
64 

8 
8 
8 
8 
8 

128 
16 

128 
256 
128 
128 
128 

0 
0 
0 
4 
0.7 
1 

15 
16 
14 
19 
7 

27 
25 
33 

solution have been reported for short alanine-based peptides 
(Marqusee et al., 1989), as well as for similar peptides 
composed of lysine and leucine residues (DeGrado & Lear, 
1985). These latter peptides were also found to bind to 
calmodulin through both electrostatic and hydrophobic in- 
teractions (O’Neil et al., 1987; O’Neil & DeGrado, 1990). 

All of the analogs having more than 10 residues were found 
to elute from 10 to 23 min later than would be predicted using 
retentioncoefficients (Meek & Rosetti, 198l;datanot shown). 
These retention times increase progressively with the length 
of the hydrophobic face. The later than predicted retention 
times found point to the formation of strong peptide/lipid 
interactions resulting from the induction of peptides into an 
amphipathic a-helical conformation. If peptide/lipid inter- 
actions are the single or major phenomenon involved in the 
biological process, then longer peptides would be expected to 
have the highest biological activity. However, those analogs 
having more than 18 residues exhibit a lower antimicrobial 
activity against the 3 bacteria tested. These results show that 
although strong peptide/lipid interactions are required for 
antimicrobial activity to occur (as evidenced by RP-HPLC), 
it is highly probable that a number of other factors are involved 
as well. 

A large number of contiguous hydrophobic residues in an 
amphipathic peptide appear to be necessary for significant 
hemolysis to occur. Thus, shortening the hydrophobic region 
upon omitting any of the leucine residues, or reducing the 
length of the peptide to 14 residues (resulting in 6 leucines on 
the hydrophobic side), yielded a decrease in hemolytic activity. 
Replacement of individual leucine residues for lysine, in 
particular at  position 4,7, or 11 (resulting in 4-6 contiguous 
leucine residues), also resulted in substantially weaker hy- 
drophobic interactions as evidenced by their behavior during 
RP-HPLC (Table IV). Such reduced hydrophobic interac- 
tions may also be occurring between the peptides and RBC 
membranes, resulting, in turn, in lower hemolytic activities. 
Similarly, a larger hydrophobic face, expected to occur upon 
leucine substitution at  position 10 or 12, yielded increased 
hemolytic activity. Such increased hydrophobicity could be 
expected to result in a deeper penetration into, and/or a 
stronger interaction of, the peptides with the membrane. These 
results are in agreement with the dramatic decrease in 
hemolytic activity found upon replacement by a lysine 
(Blondelle & Houghten, 1992b; Blondelle et al., 1992) or 
omission (Blondelle & Houghten, 1991) of any of the 
hydrophobic residues of the 26-residue bee toxin, melittin. 

In conclusion, lysis of bacterial cells by the model peptides 
studied here seems to involve initial electrostatic interactions 

between the lysines and the negatively charged phospholipid 
head groups of the cell wall. These interactions may then 
allow partial penetration of the peptides into the membrane 
driven by hydrophobic forces between the leucines and the 
phospholipids of the bilayer. This perturbation of the 
arrangement of the phospholipids may weaken the bacterial 
cell wall, resulting, ultimately, in cell lysis. Stronger hydro- 
phobic interactions appear to be necessary for the lysis of 
RBCs, which may be occurring through the formation of ion 
channels as found for cationic peptides (Anzai et al., 1991; 
Agawa et al., 1991; Lear et al., 1988). Although the 
mechanisms of action are as yet not completely understood, 
these studies indicate that potent synthetic antimicrobial 
peptides showing very low hemolytic activity can be designed 
from the general knowledge of the secondary structure of 
bioactive peptides. Furthermore, RP-HPLC appears to be a 
useful tool for the study of such biologically active compounds 
and peptide/lipid interactions in general. From the above 
studies, such interactions appear to be involved to a greater 
extent in the lysis of RBCs than of bacterial cells. However, 
since such interactions are unlikely to be the only phenomena 
involved in cell lysis, other means of investigation are required 
to more fully understand the mechanism of such disruptions. 
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