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ABSTRACT: We recently demonstrated that a linear 18-residue peptide, (KIGAKI)3-NH2, designed to form
amphipathicâ-sheet structure when bound to lipid bilayers, possessed potent antimicrobial activity and
low hemolytic activity. The ability of (KIGAKI)3-NH2 to induce leakage from lipid vesicles was compared
to that of the amphipathicR-helical peptide, (KIAGKIA)3-NH2, which had equivalent antimicrobial activity.
Significantly, the lytic properties of (KIGAKI)3-NH2 were enhanced for mixed acidic-neutral lipid vesicles
containing phosphatidylethanolamine instead of phosphatidylcholine as the neutral component, while the
potency of (KIAGKIA)3-NH2 was significantly reduced [Blazyk, J., et al. (2001)J. Biol. Chem. 276,
27899-27906]. In this paper, we measured the lytic properties of these peptides, as well as several
fluorescent analogues containing a single tryptophan residue, by monitoring permeability changes in large
unilamellar vesicles with varying lipid compositions and inEscherichia colicells. The binding of these
peptides to lipid bilayers with defined compositions was compared using surface plasmon resonance,
circular dichroism, and fluorescence spectroscopy. Surprisingly large differences were observed in
membrane binding properties, particularly in the case of KIGAKIKWGAKIKIGAKI-NH2. Since all of
these peptides possess the same charge and very similar mean hydrophobicities, the binding data cannot
be explained merely in terms of electrostatic and/or hydrophobic interactions. In light of their equivalent
antimicrobial and hemolytic potencies, some of these peptides may employ mechanisms beyond simply
increasing plasma membrane permeability to exert their lethal effects.

Most animals and plants use at least some antimicrobial
cationic peptides as part of their defensive arsenal in com-
bating infection by microorganisms. A wide variety of such
peptides has been discovered over the past 20 years. In recent
years, the dramatic rise in the resistance of virulent micro-
organisms to antibiotics currently in use has heightened
interest in new antimicrobial agents. A great deal of effort
has focused on how antimicrobial peptides function at the
molecular level and whether the native peptides or their
derivatives may be useful in fighting bacterial infection
(1-4).

Naturally occurring cationic antimicrobial peptides can be
divided into three main structural classes. Most linear
peptides have the potential to adopt an amphipathicR-helical
conformation. These peptides possess little or no structure
in solution. When the peptides bind to membranes or lipid
bilayers via electrostatic interactions, however, the formation
of an amphipathicR-helix is believed to be a critical step in

antimicrobial activity. Peptide-induced permeabilization of
the plasma membrane is thought to result from either the
formation of discrete pores (5, 6) or a detergent-like effect
(7). Examples of this class of antimicrobial peptides include
insect cecropins, frog magainins, and human cathelicidins
(2). A second structural class, including mammalian de-
fensins (8) and protegrins (9), contains peptides with several
intramolecular disulfide bonds that stabilize a conformation
containing amphipathicâ-sheets. These peptides also exert
their antimicrobial effects primarily through membrane
disruption. The third class includes extended peptides that
are rich in one or two amino acids, such as indolicidin (10).

A large array of derivatives based upon these structural
models has been synthesized and studied in an attempt to
increase the potency and selectivity of the native antimicro-
bial peptides (1, 2). For instance, it is possible to vary the
length, charge, overall hydrophobicity, and amphipathic
character of these peptides. In many cases, however, enhanc-
ing the antimicrobial potency is accompanied by a concomi-
tant reduction in selectivity between bacterial and mammalian
cells (as judged by hemolytic activity). It is apparent that a
delicate balance exists between selective antimicrobial pep-
tides and generally cytotoxic peptides such as melittin. The
question of selectivity assumes great importance if a suf-
ficiently high therapeutic index necessary for clinical use in
animals is desired. Since the presumed initial target of these
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peptides is the bacterial plasma membrane surface and not
specific receptors, antimicrobial peptides with enhanced
binding properties for lipids on the surface of bacterial versus
mammalian cells might help to enhance both activity and
selectivity.

Recently, we tested a new design in which the amino acid
sequence of a linear cationic peptide had the potential to
form an amphipathicâ-sheet instead of anR-helix (11). Our
model â-sheet peptide, KIGAKI,1 possessed antimicrobial
activity equivalent to that of an analogous peptide, KI-
AGKIA, that has amphipathicR-helical properties but the
same net charge and overall hydrophobicity. KIGAKI was
much less potent at inducing leakage in LUV composed of
POPC or POPC/POPG mixtures than KIAGKIA; however,
in POPE/POPG LUV, the lytic activity of KIGAKI was
enhanced while that of KIAGKIA was significantly reduced.
While both of these peptides exhibited no secondary structure
in solution, the expected conformations (i.e.,â-sheet for
KIGAKI and R-helix for KIAGKIA) were observed by CD
and FTIR spectroscopy in the presence of anionic lipids. It
should be noted that the structural properties of KIGAKI
are significantly different from those of otherâ-sheet
antimicrobial peptides such as defensins and tachyplesins.
The latter peptides contain inherent structure resulting from
the constraint of intramolecular disulfide bonds. Theâ-sheet
structure observed in KIGAKI is induced by its interaction
with the lipid bilayers. In fact, KIGAKI adoptsR-helical
structure in a 50% TFE/water mixture, so the association
with the membrane surface is mandatory forâ-sheet forma-
tion.

A common feature of these interactions is the induction
of amphipathic secondary structure following electrostatic
binding of the peptides to the lipid surface. Since selective
binding to different phospholipids is central to the design of
antimicrobial peptides that can discriminate between bacterial
and mammalian cells, the affinity of the peptide for the
membrane surface is a critical factor in the lytic process,
but is not commonly measured and reported. We have
utilized a new and sensitive method based on surface
plasmon resonance (SPR), which allows the real-time
measurement of the level of peptide binding to phospholipid
membranes (12). This technique, which does not require the
presence of labels or chromophores, is used in this work to
assess dynamic peptide-lipid association and dissociation
as a function of peptide concentration.

In our previous work (11), we made analogues of KIGAKI
and KIAGKIA containing a single tryptophan residue at
position 8 (W8-KIGAKI) and position 9 (W9-KIAGKIA),

respectively, in each case replacing an isoleucine. Since the
antimicrobial activity of the tryptophan-containing peptides
was indistinguishable from that of the parent compounds,
we used tryptophan fluorescence to assess the interaction of
the peptides with lipid vesicles. Similar substitutions have
been used previously for other antimicrobial peptides such
as magainin 2 (5) and nisin (13). We also made two
additional KIGAKI analogues with tryptophan at position 2
and at position 18 to determine whether the position of
tryptophan may affect the behavior of the peptide. Previous
studies showed that the addition of an octanoyl group can
increase the antimicrobial potency of amphipathicR-helical
peptides (1). Therefore, we tested an octanoylated analogue
of W8-KIGAKI to measure the effects on activity and
binding. In this paper, we compare the structural and
functional properties of the parent peptides with these
tryptophan-containing analogues. Despite their nearly equi-
potent antimicrobial activity, striking differences in lipid
binding and lytic activity were observed not only between
theR-helical andâ-sheet peptides but also among theâ-sheet
tryptophan analogues. These results suggest that a common
mechanism for microbicidal activity involving only induction
of plasma membrane leakage may be insufficient in explain-
ing the action of these peptides.

MATERIALS AND METHODS

Materials. All peptides were synthesized using Fmoc
chemistry by ResGen (Huntsville, AL). The crude peptides
were purified by reverse-phase HPLC. Purity was checked
by reverse-phase HPLC and electrospray mass spectrometry.
POPC, POPE, and POPG were used as supplied from Avanti
Polar Lipids, Inc. (Alabaster, AL). Calcein, CHAPS, TFE,
and buffer materials were from Sigma Chemical Co. (St.
Louis, MO). The phosphorus content in lipid stock solutions
was determined by a spectrophotometric analysis (14).

Antimicrobial and Hemolytic Assays. Antimicrobial sus-
ceptibility testing againstStaphylococcus aureus(ATCC
29213),Escherichia coli(ATCC 25922), andPseudomonas
aeruginosa(ATCC 27853) was performed using a modifica-
tion of the National Committee for Clinical Laboratory
Standards microdilution broth assay (11). Mueller-Hinton
broth (BBL) was used for diluting the peptide stock solution
and for diluting the bacterial inoculum. The inoculum was
prepared from mid-logarithmic-phase cultures. Microtiter
plate wells received aliquots of 100µL each of the inoculum
and peptide dilution. The final concentration of the peptide
solution ranged from 0.5 to 64µg/mL in 2-fold dilutions.
The final concentration of bacteria in the wells was 5× 105

cfu/mL. Peptides were tested in duplicate. In addition to the
test peptide, three standard peptides and a nontreated growth
control were included to validate the assay. The microtiter
plates were incubated overnight at 37°C, and the absorbance
was measured at 600 nm. The MIC is defined as the lowest
concentration of the peptide that completely inhibits growth
of the organism.

The kinetics of bactericidal activity were measured as
follows. Bacteria were incubated to midlogarithmic phase
and diluted with medium to 106 cfu/mL. Peptide was added
at a concentration of 30µg/mL to initiate the experiment.
At time intervals of 0, 5, 10, 20, 30, 60, 120, and 180 min,
a 100µL aliquot was removed and diluted 102-104-fold with

1 Abbreviations: CD, circular dichroism; cfu, colony-forming units;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate;
HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; KI-
AGKIA, (KIAGKIA) 3-NH2; KIGAKI, (KIGAKI) 3-NH2; L/P, lipid-to-
peptide; LUV, large unilamellar vesicles;µH, hydrophobic moment;
MIC, minimum inhibitory concentration; Oct-W8-KIGAKI, CH 3-(CH2)6-
(CdO)-KIGAKIKWGAKIKIGAKI-NH 2; ONPG, o-nitrophenylâ-D-
galactopyranoside; PC, phosphatidylcholine; PE, phosphatidylethano-
lamine; PG, phosphatidylglycerol; POPC, 1-palmitoyl-2-oleoylphos-
phatidylcholine; POPE, 1-palmitoyl-2-oleoylphosphatidylethanolamine;
POPG, 1-palmitoyl-2-oleoylphosphatidylglycerol; SPR, surface plasmon
resonance; SUV, small unilamellar vesicles; TFE, trifluoroethanol; W9-
KIAGKIA, KIAGKIAKWAGKIAKIAGKIA-NH 2; W2-KIGAKI, KW-
GAKIKIGAKIKIGAKI-NH 2; W8-KIGAKI, KIGAKIKWGAKIKIGAKI-
NH2; W18-KIGAKI, KIGAKIKIGAKIKIGAKW-NH 2.
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medium containing 0.5 M NaCl. A 100µL aliquot of this
mixture was applied to a Mueller-Hinton agar plate. After
overnight growth at 37°C, the colony-forming units were
counted. The kinetic determination of bactericidal activity
was recorded as the number of surviving colonies versus
incubation time in the presence of peptide.

Hemolysis at a peptide concentration of 100 or 500µg/
mL was assessed using a 5% suspension of freshly drawn
human erythrocytes, which had been washed twice in
phosphate-buffered saline (11). After incubation at 37°C
for 30 min, the suspension was centrifuged at 10000g for
10 min and the absorbance at 400 nm was measured.
Complete hemolysis was realized by adding 0.2% Triton
X-100 in place of the peptide.

CD Spectroscopy.CD spectra were measured in a 1 mm
quartz cuvette using a Jasco J-715 spectropolarimeter. Spectra
were recorded from 250 to 190 nm at a sensitivity of 100
mdeg, a resolution of 0.5 nm, a response of 8 s, a bandwidth
of 1.0 nm, and a scan speed of 50 nm/min, with a single
accumulation. The buffer contained 5 mM potassium phos-
phate (pH 7.0). The peptide concentration was 20µM. LUV
were prepared from aqueous dispersions of phospholipids
at a concentration of∼1 mg/mL in phosphate buffer.
Following five freeze-thaw cycles, the mixture was extruded
10 times through a 0.1µm pore polycarbonate membrane in
an Avanti mini-extruder apparatus, resulting in∼100 nm
diameter LUV.

Peptide-Induced Leakage of ONPG into E. coli ML-35
Cells. Diffusion of extracellular ONPG into the cytoplasm
of E. coli ML-35 cells was monitored according to the
method of Skerlavaj et al. (15). E. coli ML-35 cells
constitutively express cytoplasmicâ-galactosidase and are
lactose permease deficient, thus preventing the uptake of
ONPG. The extent of peptide-induced permeabilization of
the plasma membrane is measured by the rate of production
of o-nitrophenol, which absorbs strongly at 405 nm, follow-
ing release of galactose viaâ-galactosidase. A 100µL aliquot
of logarithmic-phaseE. coli ML-35 cells (108 cfu/mL) was
added to 700µL of 10 mM sodium phosphate, 100 mM
NaCl, and 1.5 mM ONPG (pH 7.5) in a 37°C preheated
cuvette. A 200µL aliquot containing the desired concentra-
tion of peptide was added at time zero. An equivalent volume
of 0.5% TFA replaced the peptide solution in the negative
control. The rate ofo-nitrophenol production was monitored
at 405 nm for 15 min. Complete permeabilization (100%
control) was assessed using sonicated bacteria. None of the
peptides had any direct effect uponâ-galactosidase activity.
In all cases, the reaction rate was linear over the 15 min
time course. The percent maximal rate of ONPG cleavage
was calculated from the ratio of the peptide-induced reaction
rate to that of the 100% control.

Peptide-Induced Leakage from Calcein-Loaded LUV. The
ability of the peptides to release calcein (Mr ) 623) from
LUV with varying lipid compositions was compared. LUV
were prepared as described above, except that the buffer
consisted of 50 mM HEPES, 100 mM NaCl, 0.3 mM EDTA,
and 80 mM calcein (pH 7.4). Calcein-loaded vesicles were
separated from free calcein by size-exclusion chromatography
using a Sephadex G-50 column and calcein-free buffer.
Calcein leakage was monitored using a Varian Cary (Walnut
Creek, CA) Eclipse spectrofluorometer by measuring the
time-dependent increase in the fluorescence of calcein

(excitation at 490 nm, emission at 520 nm). Assays were
performed by assessing eight wells simultaneously in a 96-
well plate. A 180µL aliquot of the LUV suspension was
added to each well using a multichannel pipet, followed by
a 20µL aliquot of peptide solutions at varying concentrations
to give the desired lipid-to-peptide (L/P) ratio of 2-256. The
final concentration of lipid in the assay was 10µM. Peptide
was omitted from a negative control. Complete leakage was
realized by the addition of 20µL of 10% Triton X-100 in
place of peptide. Each value represents at least six separate
measurements using at least two different LUV preparations.
We determined that the percentage of calcein leakage at 3
min following the addition of the peptide represents at least
90% of the maximal leakage. For all the peptides that were
tested, maximal leakage was observed after 10-15 min.

Surface Plasmon Resonance Measurements of Peptide
Binding to LUV. Biosensor experiments were carried out with
a BIACORE X analytical system using the Pioneer L1 sensor
chip (Biacore AB, Uppsala, Sweden) at an operation tem-
perature of 25°C. The Pioneer L1 sensor chip is composed
of alkyl chains covalently linked to a dextran-coated gold
surface. The running buffer was 0.02 M sodium phosphate
(pH 6.8); the washing solution was 40 mM CHAPS, and
the regeneration solution was 10 mM sodium hydroxide. All
solutions were freshly prepared, degassed, and filtered
through a 0.22µm filter. SUV (∼50 nm diameter) with a
4/1 POPE/POPG or 4/1 POPC/POPG ratio were prepared
in 0.02 M phosphate buffer by sonication and extrusion as
previously described (12).

The BIACORE X instrument was cleaned extensively and
left running overnight using Milli-Q water to remove trace
amounts of detergent. The surface of the L1 sensor chip was
cleaned by an injection of the nonionic detergent 40 mM
CHAPS (25µL) at a flow rate of 5µL/min. SUV (80 µL,
0.5 mM) were applied to the sensor chip surface at a low
flow rate, and the liposomes were captured on the surface
of the sensor chip by the lipophilic compounds and provided
a supported lipid bilayer. To remove any multilamellar
structures from the lipid surface, sodium hydroxide (30µL,
10 mM) was injected at flow rate of 50µL/min, which
resulted in a stable baseline corresponding to the immobilized
liposome bilayer membrane.

Peptide solutions were prepared by dissolving each peptide
in 0.02 M phosphate buffer (pH 6.8) from 5 to 40µM. The
solutions (80µL, 980 s) were injected over the lipid surface
at a flow rate of 5µL/min. The peptide solution was replaced
with 0.02 M phosphate buffer (pH 6.8), and the peptide-
liposome complex was allowed to dissociate for 1200 s. Since
the peptide-lipid interactions are very hydrophobic, the
regeneration of the liposome surface was not possible. The
immobilized liposomes were therefore completely removed
with an injection of 40 mM CHAPS, and each peptide
injection was performed on a freshly prepared liposome
surface. All binding experiments were carried out at 25°C.
The affinity of the peptide-lipid binding event was estimated
from analysis of a series of response curves. In each case,
the resultant sensorgrams were collected at seven different
peptide concentrations injected over each lipid surface for
each peptide. The peptide concentrations ranged from 2 to
50 µM for binding experiments on both liposome surfaces.

In the case of KIAGKIA, the complete dissociation of the
peptide from the immobilized liposome surface took ap-
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proximately 1-1.5 h, depending on the peptide and the type
of liposome used in the binding study, after which the
immobilized liposome surface became reusable for further
peptide injections. In contrast, none of the sensorgrams for
KIGAKI returned to the lipid baseline following dissociation,
indicating that a proportion of the peptide remained bound
to the liposomes. As a result, the immobilized liposome
surface was replaced with a new surface before each new
peptide injection.

The sensorgrams for each peptide-lipid interaction were
analyzed by curve fitting using numerical integration analy-
sis. The data were fitted globally by simultaneously fitting
the peptide sensorgrams obtained in duplicate at seven
different concentrations ranging from 2 to 50µM. Since a
poor fit was obtained with the simple 1/1 binding model,
the two-state reaction model was applied to the sensorgrams
to determine the association and dissociation rate constants.
This model describes two reaction steps, which in terms of
peptide-lipid interaction may correspond to

where peptide (P) binds to lipids (L) to give the complex
PL as a result of initial electrostatic binding. PL subsequently
changes to PL*, which represents the penetration of the
peptide into the hydrophobic region of the lipid bilayer and
formation of amphipathic secondary structure. PL* cannot
dissociate directly to P and L. The corresponding differential
rate equations for this reaction model are represented by

Peptide Binding to LUV Measured by Tryptophan Fluo-
rescence. Peptide interactions with LUV were assessed using
a Varian Cary Eclipse spectrofluorometer equipped with a
manual polarizer accessory, according to the method devel-
oped by Ladokhin et al. (16). Fluorescence emission spectra
were collected from 290 to 500 nm at 1 nm increments using
an excitation wavelength of 280 nm at a signal-to-noise ratio
of 500 using a 2 mm× 10 mm quartz cuvette at 25°C.
Excitation and emission slit widths were 10 and 5 nm,
respectively. LUV were prepared as described above using
a buffer containing 50 mM HEPES, 100 mM NaCl, and 0.3
mM EDTA (pH 7.4). Lipid-to-peptide ratios of 1, 5, 10, 15,
20, and 50 were measured at a constant peptide concentration
of 10 µM.

All spectra were collected using emission and excitation
polarizers oriented at 90° and 0° relative to the vertical,
respectively. Peptide interactions with LUV were assessed
by the tryptophan emission intensity at 330 nm. Measured
intensity values at 330 nm were corrected for light scattering
effects of LUV at each lipid concentration using the ratio of
intensities at 330 nm of 10µM tryptophan in the absence
and presence of LUV as shown in the following equation:

These corrected intensity values then were used to estimate
the fluorescence increase upon complete binding (I∞) and

the mole fraction partition coefficient (Kx) using the follow-
ing equation:

where [L] is the lipid concentration,I([L]) is the corrected
intensity at each lipid concentration, and [W] equals 55.3
M, the molar concentration of water (16). Values forI∞ and
Kx were determined by fitting the data to eq 5 using
GraphPad Prism version 3.02 for Windows (GraphPad
Software, San Diego, CA).

RESULTS

Comparison of Antimicrobial and Hemolytic ActiVities
of the Peptides. The antimicrobial activities of KIGAKI,
W8-KIGAKI, W 2-KIGAKI, W 18-KIGAKI, Oct-W8-KIGAKI,
KIAGKIA, and W9-KIAGKIA are listed in Table 2. No
significant differences in potency were observed among these
peptides for either Gram-positive or Gram-negative micro-
organisms, except that W18-KIGAKI is less active against
all the test bacteria. TheE. coli ML-35 strain was the most
susceptible of the four bacterial strains that were tested. At
500 µg/mL, all of the peptides that were tested exhibited
little hemolytic activity (<10%) except for Oct-W18-KIGAKI
(40%). Even at 100µg/mL, Oct-W8-KIGAKI exhibited
higher hemolytic activity than the other peptides at 500µg/
mL.

Peptide-Induced Leakage from Calcein-Loaded LUV. We
previously compared the lytic activity of KIGAKI and
KIAGKIA with LUV with varying lipid compositions (11).
KIAGKIA was more potent than KIGAKI at inducing calcein
release from LUV composed of POPC, POPG, or mixtures
of POPC and POPG. In contrast, KIGAKI was more effective
at promoting leakage from POPE/POPG LUV. Since the
tryptophan analogues of these peptides were indistinguishable

P + L S PL S PL* (1)

dR1/dt )
ka1CA(Rmax - R1 - R2) - kd1R1 - ka2R1 + kd2R2 (2)

dR2/dt ) ka2R1 - kd2R2 (3)

Icorrected) Imeasured

ITrp+buffer

ITrp+LUV
(4)

Table 1: Amino Acid Sequences of Antimicrobial Peptides

Table 2: Antimicrobial Activities of Model Peptides

minimum inhibitory concentration (µg/mL)b

peptidea
E. coli
ML-35

E. coli
ATCC 25922

S. aureus
ATCC 29213

P. aeruginosa
ATCC 27853

KIAGKIA 2 8 16 4
W9-KIAGKIA 2 8 16 8
KIGAKI 2 8 8 8
W2-KIGAKI 4 4 4 4
W8-KIGAKI 2 8 8 8
Oct-W8-KIGAKI 4 8 4 8
W18-KIGAKI 4 8 16 8

a See Table 1 for peptide sequences.b For minimum inhibitory
concentrations, differences of a factor of greater than 2 are considered
significant.

I([L]) ) 1 + (I∞ - 1)
Kx[L]

[W] + Kx[L]
(5)
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in terms of antimicrobial activity from the parent peptides,
we expected similar lytic potencies with LUV. A comparison
of the lytic activity of KIAGKIA, W9-KIAGKIA, KIGAKI,
and W8-KIGAKI in either POPC, POPG, 4/1 POPC/POPG,
or 4/1 POPE/POPG LUV at L/P ratios ranging from 256 to
2 is shown in Figure 1. The general trends observed
previously are confirmed here; however, several notable
differences exist between the peptide pairs with and without
tryptophan. W9-KIAGKIA is slightly better at inducing
calcein release from POPC LUV and 4/1 POPC/POPG LUV
than KIAGKIA. In contrast, W8-KIGAKI is much less active
than KIGAKI in these lipid systems. A similar difference

between W8-KIGAKI and KIGAKI is observed in 4/1 POPE/
POPG LUV, especially at low L/P ratios. The most striking
observation is the weak lytic potency of W8-KIGAKI in all
lipid systems except POPG.

A comparison of the lytic activities of W8-KIGAKI, Oct-
W8-KIGAKI, W 2-KIGAKI, and W18-KIGAKI in either
POPC, POPG, 4/1 POPC/POPG, or 4/1 POPE/POPG LUV
at L/P ratios ranging from 256 to 2 is shown in Figure 2.
W8-KIGAKI was significantly less active than W2-KIGAKI
and W18-KIGAKI in POPC LUV and 4/1 POPC/POPG LUV.
Oct-W8-KIGAKI induced more leakage in all LUV that were
tested, but especially in POPC and 4/1 POPC/POPG LUV.

FIGURE 1: Percent release of calcein from LUV 3 min after the addition of KIAGKIA (white bars), W9-KIAGKIA (coarsely hatched bars),
KIGAKI (black bars), or W8-KIGAKI (finely hatched bars): (A) POPC, (B) POPG, (C) 4/1 POPC/POPG, and (D) 4/1 POPE/POPG LUV.

FIGURE 2: Percent release of calcein from LUV 3 min after the addition of W8-KIGAKI (white bars), Oct-W8-KIGAKI (coarsely hatched
bars), W2-KIGAKI (black bars), or W18-KIGAKI (finely hatched bars): (A) POPC, (B) POPG, (C) 4/1 POPC/POPG, and (D) 4/1 POPE/
POPG LUV.
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Peptide-Induced Permeability in the Plasma Membrane
of E. coli ML-35. All of the peptides tested here could inhibit
the growth ofE. coli ML-35 at a concentration of 2-4 µg/
mL. In the absence of peptide, exogenous ONPG cannot be
cleaved by cytoplasmicâ-galactosidase. Figure 3 shows the
ability of the peptides to enhance ONPG cleavage in
comparison to a sonicated bacterial control. It is clear that
KIAGKIA and W9-KIAGKIA were more effective than
KIGAKI and its tryptophan analogues at inducing ONPG
permeability, even at peptide concentrations greater than the
MIC values. At 1µg/mL, W9-KIAGKIA was more active
than KIAGKIA, while KIGAKI was substantially more
potent than W8-KIGAKI, which correlates with the calcein
leakage results. Atg2 µg/mL, no significant differences were
observed between these peptide pairs. Of the tryptophan-
containing analogues of KIGAKI, W8-KIGAKI was the
least potent, especially at lower concentrations, while
W18-KIGAKI was the most potent; however, even W18-
KIGAKI was less active than either KIAGKIA or W9-
KIAGKIA at concentrations greater than the MIC values.

CD Spectroscopy of Peptide/Lipid Mixtures. CD spectra
of KIAGKIA, W 9-KIAGKIA, KIGAKI, and W 8-KIGAKI in
the presence of LUV with varying lipid compositions are
shown in Figure 4. The L/P ratio was constant at 50. With
neutral POPC LUV (panel A), the spectra were characteristic
of random structure (with a minimum below 200 nm) and
were indistinguishable from spectra of the peptides in buffer
(data not shown). In the presence of anionic POPG LUV
(panel B), however, the spectra of KIAGKIA and W9-
KIAGKIA exhibited a large maximum near 190-195 nm
and minima near 208 and 222 nm, characteristic ofR-helical
structure. In contrast, both KIGAKI and W8-KIGAKI
exhibited a maximum near 200 nm and a single minimum
just below 220 nm, indicatingâ-sheet structure (17). A
comparison of the CD spectra in 4/1 POPC/POPG (panel
C) and 4/1 POPE/POPG (panel D) LUV shows clear
differences in lipid selectivity among these peptides. Al-
though the signal was substantially weaker than with POPG
LUV, both KIAGKIA and W9-KIAGKIA exhibited an
R-helical conformation in the presence of PC-containing
LUV, but this structure was almost completely lost in the
presence of PE-containing LUV. In contrast, KIGAKI and
W8-KIGAKI showed little structure with PC-containing
LUV, while KIGAKI clearly adopted someâ-sheet structure
with PE-containing LUV.

The CD spectra of W8-KIGAKI, Oct-W8-KIGAKI, W 2-
KIGAKI, and W18-KIGAKI in the presence of LUV with
varying lipid compositions are compared in Figure 5. All of
these peptides exhibited random structure with POPC LUV
(panel A) and aâ-sheet conformation with POPG LUV
(panel B). No significant differences were observed among
the four peptides. In the presence of 4/1 POPC/POPG LUV
(panel C), none of the peptides showed defined structure. In
the presence of 4/1 POPE/POPG LUV (panel D), only Oct-
W8-KIGAKI exhibited some â-sheet structure, although
much less than with POPG LUV. Thus, the presence of
tryptophan at either position 2, 8, or 18 in KIGAKI limited
the ability of the peptides to adoptâ-sheet structure in
comparison to the parent compound with both POPG LUV
and 4/1 POPE/POPG LUV.

Surface Plasmon Resonance Measurements. KIAGKIA
and KIGAKI appear to interact quite differently with LUV
containing POPG and either POPC or POPE. To determine
whether the CD results arise from differences in the amount
of peptide binding to LUV or differences in the conformation
of the bound peptide, we employed SPR spectroscopy to
directly assess the binding for KIAGKIA and KIGAKI. SPR
sensorgrams for binding to 4/1 POPC/POPG and 4/1 POPE/
POPG at a peptide concentration of 50µM are shown in
Figure 6. Striking differences were observed between KI-
AGKIA, which exhibited a distinct association and dissocia-
tion, and KIGAKI, which had a very slow association on

FIGURE 3: Concentration dependence of peptide-induced leakage
of extracellular ONPG into the cytoplasm ofE. coli ML-35 cells
following the addition of KIAGKIA (white bars), W9-KIAGKIA
(coarsely hatched white bars), KIGAKI (gray bars), W8-KIGAKI
(coarsely hatched gray bars), Oct-W8-KIGAKI (finely hatched gray
bars), W2-KIGAKI (cross-hatched gray bars), and W18-KIGAKI
(horizontally hatched gray bars).

FIGURE 4: CD spectra of KIAGKIA (s), W9-KIAGKIA ( ‚‚‚),
KIGAKI ( - - -), and W8-KIGAKI ( -‚‚-) in the presence of (A)
POPC LUV, (B) POPG LUV, (C) 4/1 POPC/POPG LUV, and (D)
4/1 POPE/POPG LUV at a lipid-to-peptide ratio of 50.
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both types of liposome surfaces. Furthermore, KIGAKI failed
to dissociate from 4/1 POPC/POPG LUV (data not shown)
at any concentration, thus preventing the calculation of
kinetic values for this system. KIGAKI also exhibited a very
slow rate of dissociation from 4/1 POPE/POPG LUV (data
not shown) at lower peptide concentrations and no dissocia-
tion at higher concentrations. Consequently, no association
constants could be calculated for 4/1 POPC/POPG LUV.
Only peptide sensorgrams obtained at low peptide concentra-
tions (5-20 µM) were used to calculate the association
constants for KIGAKI with 4/1 POPE/POPG LUV.

The association constants, determined by the two-state
reaction model (Table 3), show that KIAGKIA had a higher
binding affinity for 4/1 POPC/POPG than for 4/1 POPE/
POPG LUV. In contrast, KIGAKI displayed a higher binding
affinity for 4/1 POPE/POPG LUV.

Fluorescence Emission in Peptide/Lipid Mixtures of Tryp-
tophan-Containing Analogues. Emission spectra of the
tryptophan-containing peptides W9-KIAGKIA, W 8-KIGAKI,
Oct-W8-KIGAKI, W 2-KIGAKI, and W18-KIGAKI were
monitored in the presence of LUV with varying lipid
compositions at L/P ratios ranging from 1 to 50. In aqueous
solution in the absence of lipids, the emission spectra for
the peptides were nearly identical, with maxima near 355-
356 nm. The influence of LUV upon fluorescence emission
properties was assessed by measuring lipid concentration-

dependent changes in intensity at 330 nm. Lipid-peptide
association generally results in both a blue shift and an
increase in intensity in the emission spectrum. Since the
change in the emission maximum does not correlate linearly
with the proportion of peptide bound, we used the method
of Ladokhin et al. (16) as a linear estimate of the extent of
peptide binding.

The change in tryptophan emission intensity at 330 nm
(corrected for scattering effects as described in Materials and
Methods) was monitored as a function of the L/P ratio. No
changes were observed for any of these peptides in the
presence of LUV containing only POPC. Figure 7 shows
the results for these peptides in the presence of POPG, 4/1
POPC/POPG, and 4/1 POPE/POPG LUV. The largest
increase in intensity was observed for W9-KIAGKIA (panel
A), with a more than 4-fold enhancement in the presence of
POPG LUV. LUV with a 4/1 POPC/POPG ratio induced a
much greater increase in intensity than 4/1 POPE/POPG
LUV, indicating that W9-KIAGKIA associates more strongly
with PC-containing LUV. This is reflected in the values for
I∞ andKx that were calculated from curve fitting results using
eq 5 (Table 4).

For the four tryptophan-containing analogues of KIGAKI
(panels B-E), the increase in intensity induced by POPG
LUV was much smaller than that with W9-KIAGKIA (see
the values ofI∞ and Kx in Table 4) for the KIGAKI
analogues. These peptides differed significantly in their
associations with 4/1 POPC/POPG and 4/1 POPE/POPG
LUV. Almost no increase in intensity at 330 nm was

FIGURE 5: CD spectra of W8-KIGAKI ( s), Oct-W8-KIGAKI
(‚‚‚), W2-KIGAKI ( - - -), and W18-KIGAKI ( -‚‚-) in the
presence of (A) POPC LUV, (B) POPG LUV, (C) 4/1 POPC/POPG
LUV, and (D) 4/1 POPE/POPG LUV at a lipid-to-peptide ratio of
50.

FIGURE 6: Surface plasmon resonance sensorgrams representing
the association-dissociation curves for (A) KIAGKIA and (B)
KIGAKI interacting with 4/1 POPC/POPG LUV (s) or 4/1 POPE/
POPG LUV (- - -) on an L1 sensor chip. Association was
assessed with a peptide solution [50µM in 0.02 M phosphate buffer
(pH 6.8)] at a flow rate of 5µL/min for 980 s. Dissociation was
assessed using the same buffer (without peptide) and flow rate for
1200 s.
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observed with either of these lipid systems for W8-KIGAKI
(panel B). The addition of an octanoyl group to the amino
terminus of this peptide resulted in a much larger increase
in intensity at an L/P ratio of 50 with 4/1 POPC/POPG LUV
than with 4/1 POPE/POPG LUV (panel C), arising from a
significantly higher value ofI∞, even thoughKx was lower
for the PC-containing LUV (Table 4). For W2-KIGAKI

(panel D), the increase in intensity at 330 nm was much
greater for 4/1 POPE/POPG LUV than for 4/1 POPC/POPG
LUV, and was comparable to that observed for POPG LUV
at an L/P ratio of 50 (see theI∞ values in Table 4). Finally,
in the case of W18-KIGAKI (panel E), the increase in
intensity at 330 nm was more similar for the PC- and PE-
containing LUV, although theKx value measured with 4/1
POPE/POPG LUV was approximately twice that measured
with 4/1 POPC/POPG LUV (Table 4).

Kinetics of Bactericidal ActiVity of the Tryptophan-
Containing KIGAKI Analogues. While the lipid binding
properties of W8-KIGAKI are considerably different from
those of analogues Oct-W8-KIGAKI, W 2-KIGAKI, and W18-
KIGAKI, the MIC values of all of these peptides are nearly
identical, reflecting the antimicrobial activity of the peptides
after overnight incubation. To assess how quickly the
peptides exert their antimicrobial activity, a time dependence
study of bactericidal action was undertaken. Here, bacteria
were exposed to a peptide for a defined time interval between
5 and 180 min. Aliquots were then diluted in high-salt
medium, spread on plates, and grown overnight to determine
the extent of viability. Figure 8 shows the number of
surviving cells (colony-forming units per milliliter) as a
function of incubation time forS. aureus(panel A),E. coli
(panel B), andP. aeruginosa(panel C). For all of the
peptides, the killing process is significantly slower forS.
aureus(60-180 min) than forE. coli or P. aeruginosa(10-
60 min). It is clear that the addition of an octanoyl group to
W8-KIGAKI increases the rate at which this peptide exerts
its bactericidal effect on all three organisms. W2-KIGAKI
and W18-KIGAKI are more rapid in their bactericidal action
than W8-KIGAKI, but not as fast as Oct-W8-KIGAKI.

DISCUSSION

Recently, we showed that KIGAKI, a linear cationic
peptide with the potential to form a highly amphipathic
â-sheet, has high antimicrobial activity and low hemolytic
activity and is more selective for the neutral phospholipid
PE, found in many bacterial plasma membranes, than for
PC, found in mammalian membranes (11). We compared
the structural and functional properties of KIGAKI to those
of KIAGKIA, a linear cationic peptide with a similar charge
and hydrophobicity that can form an amphipathicR-helix.
In that work, we employed the tryptophan-containing ana-
logues W8-KIGAKI and W9-KIAGKIA, assuming that they
would exhibit lytic and lipid binding properties similar to
those of their parent peptides, KIGAKI and KIAGKIA,
respectively, since the analogues possessed nearly identical
antimicrobial and hemolytic activities (Table 2).

Upon further study, however, it became clear that the lytic
activity of W8-KIGAKI was much lower than that of
KIGAKI (Figure 1). Only with POPG LUV did W8-KIGAKI
have a lytic potency comparable to that of KIGAKI. In LUV

Table 3: Association (ka1 andka2) and Dissociation (kd1 andkd2) Rate Constants Determined by Numerical Integration Using the Two-State
Reaction Model, and the Affinity Constant (K) Determined as (ka1/kd1)(ka2/kd2)

peptide lipid type ka1 (M-1 s-1) kd1 (s-1) ka2 (M-1 s-1) kd2 (s-1) K (M-1)

Bilayer Study with the L1 Sensor Chip
KIAGKIA PC/PG 2505 423× 10-4 34× 10-4 5.5× 10-4 37× 10-4

PE/PG 1580 293× 10-4 9 × 10-4 17× 10-4 3 × 10-4

KIGAKI PC/PG - - - - -
PG/PG 332 39× 10-4 17× 10-4 2.7× 10-4 54× 10-4

FIGURE 7: Relative intensity changes in the tryptophan emission
at 330 nm as a function of lipid-to-peptide ratio for POPG LUV
(b), 4/1 POPC/POPG LUV (O), and 4/1 POPE/POPG LUV (1)
for (A) W9-KIAGKIA, (B) W 8-KIGAKI, (C) Oct-W8-KIGAKI, (D)
W2-KIGAKI, and (E) W18-KIGAKI. The solid lines represent the
results of curve fitting using eq 5. The peptide concentration was
held constant at 10µM for all measurements. The intensities were
corrected for scattering effects as described in Materials and
Methods.
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containing neutral POPC or POPE as the major component,
W8-KIGAKI was not able to induce significant leakage even
at very high peptide concentrations. This raised an important
question. If the mechanism for antimicrobial activity requires
permeabilizing the plasma membrane of the target organism,
how can W8-KIGAKI achieve high antimicrobial potency
in light of its poor ability to induce membrane leakage?

To determine whether the properties of W8-KIGAKI are
common to other tryptophan analogues of KIGAKI, we also
examined W2-KIGAKI and W18-KIGAKI. All three of these
peptides possess the same amino acid content and are related
to the parent compound by a single isoleucine-to-tryptophan
substitution. Additionally, we examined a derivative of W8-
KIGAKI containing an octanoyl group at the amino terminus
(Oct-W8-KIGAKI). While these peptides are similar in

antimicrobial activity (Table 2), they differ markedly in their
ability to induce leakage in LUV (Figure 2). Oct-W8-
KIGAKI and, to a lesser extent, W2-KIGAKI and W18-
KIGAKI promote significantly more leakage in POPC LUV
and 4/1 POPC/POPG LUV than W8-KIGAKI does. Thus,
the amount of peptide bound and/or the behavior of the
bound peptide must differ among these peptides. The low
level of leakage induced by W8-KIGAKI is not simply a
result of a general isoleucine-to-tryptophan substitution, but
is clearly position-specific.

All of these peptides were capable of inhibiting the growth
of E. coli ML-35 (MIC ) 2-4 µg/mL). We used this
organism to compare the ability of the peptides to induce
plasma membrane permeability by measuring the rate of
entry of exogenous ONPG into the cytoplasm, where it is
cleaved by constitutively producedâ-galactosidase (Figure
3). At and above the MIC value, theR-helical peptides,
KIAGKIA and W9-KIAGKIA, were much better at promot-
ing ONPG entry than theâ-sheet peptides. Oct-W8-KIGAKI
and, to a lesser extent, W2-KIGAKI and W18-KIGAKI were
more effective than KIGAKI or W8-KIGAKI at inducing
ONPG cleavage. W8-KIGAKI was much less effective than
the other peptides at 1µg/mL (below the MIC values). In a
comparison of the kinetics of bactericidal activity (Figure
8), there is a good correlation between the time scale of cell
death and ONPG leakage. Thus, the extent of ONPG leakage
measured in these experiments does not necessarily arise
from a direct effect by the peptide on the plasma membrane.
Even if cell death is induced by some means other than pore
formation or direct membrane disruption by the peptides, a
loss of integrity of the plasma membrane would be expected.

We used a method based on SPR spectroscopy to provide
real-time kinetic data on peptide-lipid association and
dissociation as a means of directly assessing peptide binding
to lipid bilayers (12). Measurements were performed on
KIGAKI and KIAGKIA using both 4/1 POPC/POPG and
4/1 POPE/POPG LUV. The selectivity differences observed
previously between these peptides (11) were confirmed by
the SPR results (Figure 6), with strikingly different binding
preferences based upon the nature of the neutral phospho-
lipid. A comparison of the affinity constants in Table 3 shows
very strong binding for KIAGKIA with the PC-containing
lipids and for KIGAKI with the PE-containing lipids. The
binding by KIGAKI at a concentration of 50µM to either
lipid mixture was nearly irreversible. These observations are
consistent with the lytic activity (Figure 1C,D) and induction
of secondary structure (Figure 4C,D) in 4/1 POPC/POPG
and 4/1 POPE/POPG LUV.

The secondary structure of these peptides was assessed
using CD spectroscopy (Figures 4 and 5). No structure was

Table 4: Peptide Binding to LUV As Assessed by Changes in the Tryptophan Emission Spectral Intensity at 330 nma

POPG LUV 4/1 POPC/POPG LUV 4/1 POPE/POPG LUV

peptide I∞ Kx (×10-3) I∞ Kx (×10-3) I∞ Kx (×10-3)

W9-KIAGKIA 4.38 ( 0.01 7.8( 0.2 4.79( 0.16 0.24( 0.02 3.36( 0.53 0.07( 0.02
W8-KIGAKI 2.34 ( 0.01 3.8( 0.2 - - - -
Oct-W8-KIGAKI 2.38 ( 0.02 2.6( 0.3 2.48( 0.10 0.26( 0.04 1.70( 0.04 0.44( 0.06
W2-KIGAKI 2.16 ( 0.02 2.5( 0.3 1.71( 0.06 0.30( 0.06 2.61( 0.08 0.35( 0.04
W18-KIGAKI 2.35 ( 0.01 4.7( 0.3 1.41( 0.04 0.48( 0.14 1.49( 0.03 1.1( 0.2

a The parametersI∞ (fluorescence increase upon complete binding) andKx (mole fraction partition coefficient) were calculated by fitting the
experimental data to eq 5 (16).

FIGURE 8: Kinetics of bactericidal action of W8-KIGAKI ( b), Oct-
W8-KIGAKI ( O), W2-KIGAKI ( 9), and W18-KIGAKI ( 2). The data
are expressed as bacterial colony-forming units per milliliter,
representing the number of viable bacteria per milliliter of culture
medium, as a function of incubation time with peptide at a
concentration of 30µg/mL, for (A) S. aureus, (B) E. coli, and (C)
P. aeruginosa.
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observed for any peptides in the presence of POPC LUV.
As shown previously (11), KIGAKI and KIAGKIA adopted
â-sheet andR-helical structure, respectively, in the presence
of POPG LUV. The tryptophan-containing peptides exhibited
structures similar to those of the parent compounds, but with
decreased levels. KIAGKIA and W9-KIAGKIA were par-
tially R-helical in the presence of 4/1 POPC/POPG LUV,
while KIGAKI and its tryptophan analogues were unstruc-
tured. The situation was reversed in the case of 4/1 POPE/
POPG LUV, however, where the KIGAKI peptides exhibited
someâ-sheet structure. While CD data sometimes are used
to estimate the level of peptide binding to lipid vesicles, it
is not possible to distinguish between differences in the
fraction of peptide bound and differences in the intrinsic
conformation of bound peptides in these different lipid
systems.

To gain better insight into the binding properties of the
tryptophan-containing peptides, we used fluorescence spec-
troscopy to explore the interactions of W9-KIAGKIA, W 2-
KIGAKI, W 8-KIGAKI, Oct-W8-KIGAKI, and W18-KIGAKI
with LUV with varying lipid compositions. If a peptide in
aqueous solution binds to the bilayer surface, a shift to a
lower frequency and an increase in intensity result if the
polarity of the medium surrounding the tryptophan side chain
is reduced. By measuring the change in fluorescence emission
intensity, corrected for scattering effects, we estimated the
binding parametersI∞ and Kx using the method described
by Ladhokin et al. (16). These fluorescence experiments
confirmed the fact that the tryptophan-containing derivatives
of KIGAKI interact differently with lipid vesicles than W9-
KIAGKIA does. In agreement with the CD results, no
binding was detected for any of the peptides in the presence
of POPC LUV. For POPG LUV, theI∞ value of the latter
peptide is much higher than those of the KIGAKI analogues
(Table 4), suggesting that its tryptophan side chain resides
in a more nonpolar environment when bound to vesicles.
Moreover, W9-KIAGKIA associates with POPG LUV to a
greater extent than the KIGAKI peptides based upon their
Kx values.

We also used this technique to compare peptide interac-
tions with 4/1 POPC/POPG LUV and 4/1 POPE/POPG LUV.
The most striking observation is that W8-KIGAKI showed
no discernible interactions with either of these lipid systems,
although this peptide partitioned into POPG LUV to an extent
similar to those of the other KIGAKI derivatives. Here again
in these mixed lipid systems, W9-KIAGKIA showed a much
greater increase in intensity when bound. With the exception
of W8-KIGAKI, however, the remaining peptides demon-
strated similar levels of binding (based uponKx values) to
4/1 POPC/POPG LUV. With 4/1 POPE/POPG LUV, how-
ever, Kx for W9-KIAGKIA was reduced by a factor of 3.
For the KIGAKI-based peptides, the level of apparent binding
of Oct-W8-KIGAKI, W 2-KIGAKI, and, in particular, W18-
KIGAKI was much greater than that of W9-KIAGKIA (Table
4). These results support the different lipid binding prefer-
ences of theâ-sheet versusR-helical peptides observed by
other techniques.

Many investigators studying antimicrobial peptides have
used intrinsic fluorescence of tryptophan analogues as a tool
to monitor their interactions with lipid surfaces (5, 13, 18-
22). In most of these examples, tryptophan substitutions in
these peptides were not expected to alter the fundamental

nature of peptide-lipid interactions. Since tryptophan resi-
dues are known to prefer the interfacial region of membranes
and lipid bilayers (23, 24), however, the possibility that such
substitutions might induce altered behavior cannot be
dismissed. In the case of theR-helical peptide KIAGKIA,
the isoleucine-to-tryptophan substitution does not appear to
cause major changes in the ability of the peptide to interact
with and permeabilize lipid bilayers. A similar substitution
in theâ-sheet peptide KIGAKI, however, results in consider-
ably different properties with respect to lipid interactions.
W8-KIGAKI interacts strongly with lipid bilayers composed
of POPG, as shown by tryptophan fluorescence (Figure 7).
This peptide promotes calcein leakage from POPG LUV as
effectively as KIGAKI (Figure 1B) and adoptsâ-sheet
secondary structure upon binding to POPG LUV (Figure 3B).

In contrast, the differences between KIGAKI and W8-
KIGAKI are readily apparent in the mixed lipid systems
composed of POPC and POPG, or POPE and POPG. In
particular, W8-KIGAKI binds much less avidly to and
induces much less leakage in 4/1 POPE/POPG than KIGAKI
does. Since this lipid composition is representative of the
phospholipids in theE. coli plasma membrane, these
observations bring into question whether W8-KIGAKI exerts
its antimicrobial activity solely as a membrane-lytic agent.
A few antimicrobial peptides, such as drosocin and pyrrho-
coricin, have been shown to function by binding to target
proteins in a stereospecific manner (25, 26). Most other
antimicrobial peptides, particularly those for which the
D-amino acid analogues possess equivalent potency, were
thought to act by compromising the permeability barrier of
the target cell.

Since all of the tryptophan analogues of KIGAKI pos-
sessed similar MIC values but appeared to differ in their
ability to induce membrane leakage and bind to mixed lipid
systems, we measured the kinetics of bactericidal action
(Figure 8) in an attempt to reveal potential differences in
the mechanism by which these peptides exert their lethal
effects. In all cases, W8-KIGAKI was the slowest to promote
cell death, while Oct-W8-KIGAKI was the fastest. The
differences in killing times, however, were not sufficiently
great that different mechanisms of action can be attributed
to these peptides on the basis of these data alone.

Recent evidence, however, suggests that many antimicro-
bial peptides may not be capable of inducing lethal perme-
ability changes in target plasma membranes at or near the
MIC values (27-29). Thus, the molecular mechanisms of
antimicrobial peptides may be more diverse and more
complex than originally thought. The addition of an octanoyl
group to the amino terminus of W8-KIGAKI significantly
enhanced the lytic potency and binding ability with mixed
lipid LUV, but did not result in significantly improved
antimicrobial activity. Moving the tryptophan in W8-KIGAKI
to either position 2 or 18 also resulted in greater interaction
with mixed lipid LUV, but no gain in antimicrobial potency.
The effects of a single tryptophan substitution for isoleucine
appear to be functionally significant and position-dependent.
In an effort to extend these studies, we plan to synthesize
D-amino acid analogues of several of these peptides to
differentiate between nonspecific and specific binding targets.
We also will exploit SPR spectroscopy to probe differences
in lipid binding among the tryptophan analogues of KIGAKI.
A systematic investigation of a family of shorter amphipathic
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â-sheet peptides as a function of tryptophan position is
currently being carried out in an effort to gain a better
understanding of the properties of this novel class of linear
cationic antimicrobial peptides.
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