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A class of antimicrobial peptides involved in host defense consists of sequences rich in Arg and Trp-R and
-W. Analysis of the pharmacophore in these peptides revealed that chains as short as trimers of sequences such
as WRW and RWR have antimicrobial activity (M. B. Strom, B. E. Haug, M. L. Skar, W. Stensen, T. Stiberg,
and J. S. Svendsen, J. Med. Chem. 46:1567–1570, 2003). To evaluate the effect of chain length on antimicrobial
activity, we synthesized a series of peptides containing simple sequence repeats, (RW)n-NH2 (where n equals
1, 2, 3, 4, or 5), and determined their antimicrobial and hemolytic activity. The antimicrobial activity of the
peptides increases with chain length, as does the hemolysis of red blood cells. Within the experimental error,
longer peptides (n equals 3, 4, or 5) show similar values for the ratio of hemolytic activity to antibacterial
activity, or the hemolytic index. The (RW)3 represents the optimal chain length in terms of the efficacy of
synthesis and selectivity as evaluated by the hemolytic index. Circular dichroism spectroscopy indicates that
these short peptides appear to be unfolded in aqueous solution but acquire structure in the presence of
phospholipids. Interaction of the peptides with model lipid vesicles was examined using tryptophan fluores-
cence. The (RW)n peptides preferentially interact with bilayers containing the negatively charged headgroup
phosphatidylglycerol relative to those containing a zwitterionic headgroup, phosphatidylcholine.

Native and synthetic antimicrobial peptides (AMPs) have
been considered as a potential alternative source of new anti-
biotics (4, 13, 59) for some time. As prospective antibiotics,
AMPs show a broad spectrum of activities against gram-neg-
ative and gram-positive bacteria, including antibiotic-resistant
bacterial strains and some fungi, viruses, and parasites (12).
Unfortunately, due to relatively high inhibitory concentrations,
sensitivity to salts, and cytotoxic effects (12), their utility is
currently limited to topical applications, with the exception of
injectable polymyxin (5). A further obstacle to the develop-
ment of AMPs as therapeutics lies in the cost associated with
manufacturing large quantities at competitive costs. Although
some progress has been made in the recombinant expression of
fusion proteins comprising multiple copies of AMPs (28),
chemical peptide synthesis remains the preferred option for
quality control purposes. Different approaches are being pur-
sued in efforts to increase the effectiveness of AMPs, including
alteration of sequences, inclusion of unnatural D-amino acids
or beta-amino acids, cyclization of peptides, peptoid mimics,
and synthesis of multivalent constructs of short peptides (8, 25,
26, 33, 35, 51). At present, short AMPs that minimize damage
to host cells or tissues would appear to be the most promising
candidates for large-scale production (47).

Known AMPs differ dramatically in size (from 12 to more
than 50 amino acids), sequence, and structure and share only
amphipathicity and positive charge (12, 59). This lack of se-
quence or structural homology makes it challenging to design
potent synthetic antimicrobial peptides with the desired activ-

ities or to predict the activity of peptides in vivo (13). A com-
parison of AMP sequences reveals that two types of side chains
are essential for antimicrobial activity. The cationic side chains
arginine (R), lysine (K), and histidine (H) are thought to me-
diate peptide interactions with negatively charged membranes
and/or cell walls of bacteria, including lipopolysaccharide (5).
Bulky nonpolar side chains, such as proline (P), phenylalanine
(F), and tryptophan (W), occur frequently in AMPs, presum-
ably providing lipophilic anchors that ultimately induce mem-
brane disruption (51). Certain AMPs are evidently helix form-
ing, while others favor beta structure or neither of these
structures. The role of conformation per se seems clear in
helix-forming peptides but not universally (10, 15). How pep-
tides as short as dimers achieve lytic activity relative to the
longer membrane-spanning sequences also remains unclear
(14). The effects of size, composition, and structure are not
easy to deconvolute. One simplification of the problem is to
investigate the effect of the length of peptides with simple
repeated sequences (7) that contain balanced numbers of pos-
itively charged and hydrophobic side chains.

The side chains R and W appear in many AMPs that span
a range of sizes and secondary structures. Lactoferricin B,
indolicidin, and tritrpticin (2, 38, 40) are natural AMPs with
sequences longer than 12 amino acids. PW2 and hexamers of
the Ac-RRWWXX-NH2 sequence are active antibacterial
peptides containing 6 to 12 amino acids derived from
screening phage displays and synthetic combinatorial librar-
ies, respectively (3, 52). Finally, antimicrobial tetrapeptides
and modified dipeptides containing R and W have been
shown to retain antibacterial activities (14, 47).

However, no obvious pattern of R and W emerges from
such a survey. The role of RW-rich motifs in AMPs has been
investigated using quantitative-structure-activity relation-
ships (QSAR) (24, 45, 46, 53). Truncated peptide sequences
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from indolicidin and lactoferricin with conserved RW motifs
retain antimicrobial activity even when their original sec-
ondary structure is lost (45, 53), suggesting that R and W
content alone correlates with activity. QSAR analysis of the
antimicrobial activities of R and W peptides suggests that
charge and multiple W side chains are necessary, while W
can be replaced by analogs with bulkier side chains (24, 46,
48). The results also suggest that, in short peptides, the
order of amino acids is less important than the overall com-
position with respect to cationic and lipophilic residues (41,
46, 47).

Other studies suggest that the antimicrobial activity of pep-
tides containing R is higher than those of peptides containing
K (34, 41), while peptides containing W are more potent than
those with either F or Y (8, 47, 49). The guanidinium group of
R has a more dispersed positive charge than the single amine
of K, possibly enhancing electrostatic interactions between
peptides and the negatively charged bacterial membrane sur-
face (39, 53). On the other hand, the bulkier W side chain may
ensure more efficient interaction with membrane surfaces, al-
lowing peptides to partition in the bilayer interface, in contrast
with other nonpolar side chains such as F, P, or Y (46, 56).
Recently, consideration of electrostatic effects, including di-
pole and quadrupole moments of R and W side chains, respec-
tively, suggests that these properties may be involved in the
ability to form hydrogen bonds once peptides associate with
membranes (27, 53, 58).

While R and W play a role in many AMPs, the effects of
chain length and composition on antimicrobial activity and
selectivity have not been clearly distinguished. In this study, we
synthesized a series of cationic peptides containing simple re-
peats, (RW)n-NH2 (where n equals 1, 2, 3, 4, or 5) (Table 1),
and compared their antibacterial activities with their hemolytic
activities. Since natural peptides, such as indolicidin (45), fre-
quently have the C terminus amidated, removing a negative
charge that appears to lower activity, we used N terminus-
unprotected and C-terminal amide-protected peptides in this
study. Selectivity was monitored by means of the hemolytic
index (HI; also referred to as the membranolytic selectivity
index), defined as the ratio of hemolytic to antibacterial activity
(45, 51). Peptide conformation was investigated by circular
dichroism (CD) spectroscopy. The interaction of peptides with
two model lipids was examined using fluorescence spectros-
copy.

MATERIALS AND METHODS

Peptide design and synthesis. The (RW)n-NH2 sequences were assembled on
Rink amide resin from Nova Biochem (San Diego, CA) with a RAININ Instru-

ment PS3 solid-phase synthesizer (Woburn, MA) using Fmoc (9-fluorenylme-
thoxycarbonyl) chemistry. Fmoc-Trp(butoxycarbonyl [Boc])/Arg(2,2,4,6,7-penta-
methyldihydrobenzofuran-5-sulfonyl [Pbf]), the coupling reagent HBTU [2-(1H-
benzotriazol-1-yl) 1,1,3,3-tetramethyluroniumhexafluoro phosphate], and HOBT
(N-hydroxybenzotriazol) were also purchased from Nova Biochem. Cleavage of
the peptides from the resin was performed with 95% trifluoroacetic acid (TFA)
in the presence of the scavenger, 2.5% triisopropylsilane (TIS), and 2.5% H2O.
After precipitation with cold ether, samples were purified on a reverse-phase
high-performance liquid chromatography C18 preparative column (2.2 by 25 cm,
300 Å; Grace Vydac Co., Hesperia, CA) with water and acetonitrile as eluants.
Fractions containing product were pooled and lyophilized. The molecular weight
of each peptide was confirmed by a Bruker matrix-assisted laser desorption
ionization–time-of-flight mass spectrometer (Billerica, MA), giving the observed
molecular weights shown in Table 1.

Growth inhibition assays. The antimicrobial activity of each peptide was tested
by following standard broth microdilution protocols recommended by the Na-
tional Committee for Clinical Laboratory Standard (30). Ampicillin- and strep-
tomycin-resistant Escherichia coli (D31) and the multidrug-resistant Staphylococ-
cus aureus strain ATCC BAA-44 were obtained from the E. coli Genetic
Resource Center (Yale University, New Haven, CT) and the American Type
Culture Collection (Rockville, MD), respectively. Bacteria were grown overnight
in Mueller-Hinton broth at 37°C. Then, cultures were diluted in Mueller-Hinton
broth to a final concentration range of 2 � 104 to 2 � 105 CFU/ml. Bacterial
inocula were incubated at 37°C in phosphate-buffered saline (PBS) buffer (pH
7.2) with various volumes of twofold dilutions of peptide stock. The 18-hour
absorbance data were used to calculate the percentage of inhibition for each
sample by comparison with the absorbance of cultures without peptides. Bacte-
rial growth was measured by turbidity as the optical density at 600 nm (OD600),
using a Genesys 5 Spectrophotometer (Rochester, NY). All assays were carried
out in triplicate. The concentration of peptide that resulted in 50% inhibition of
growth was recorded as the IC50.

Minimal bactericidal concentrations. The inhibitory concentrations of each
peptide were determined through macrodilution antimicrobial testing. One hun-
dred microliters of the initial inoculum of 5 � 105 CFU/ml were plated on
Mueller-Hinton agar as the positive control, and 100 �l of the post-18-h inhib-
itory concentration test sample was plated on Mueller-Hinton agar to determine
the minimal bactericidal concentrations (MBCs). The MBC50 is the lowest con-
centration of peptide that kills 50% of the strains.

Hemolysis assays. The hemolytic activity of model peptides was assessed on
fresh sheep erythrocytes (Fitzgerald Inc., Concord, MA). Peptide concentra-
tions yielding 50% hemolysis were used as the hemolytic dose (HD50), de-
termined from dose-response curves (32). The red blood cell suspension was
incubated in PBS buffer (pH 7.2) with various volumes of peptide stocks at
37°C for 30 min and then spun down at 3,000 rpm for 10 min. The resulting
supernatant was diluted by a factor of 40 in distilled water. The absorbance
levels of the supernatants at � was 540 nm (OD540) were measured with a UV
spectrophotometer. Zero-hemolysis and 100%-hemolysis controls were ob-
tained by incubating the cells with buffer and 1% Triton-X, respectively. The
HI was defined as HD50/IC50.

Preparation of liposomes. Small unilamellar lipid vesicles (SUV) for fluo-
rescence spectroscopy were prepared as described by Morrissey (29).
Briefly, 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids in chlo-
roform were purchased from Avanti Polar Lipids (Alabaster, AK). Following
chloroform evaporation, the POPG and POPC lipids were resuspended in 20
mM sodium phosphate buffer (pH 7.4) with 100 mM NaCl. The suspensions
were vigorously vortexed, and the samples were subsequently sonicated in an
ultrasonic cleaner, Branson B-220 (Danbury, CT), until the solutions clari-
fied.

CD spectra. Far-UV CD spectra were recorded on an Aviv 202 CD spectrom-
eter (Lakewood, NJ) using 0.1-cm-path-length Hellma CD cuvettes (Forest Hills,
NY). The instrument was calibrated with (�)-10-camphorsulfonic acid standard
purchased from Sigma-Aldrich Co. (St. Louis, MO). Spectra were recorded with
40 �M peptide in 20 mM phosphate buffer (pH 7.4, 100 mM NaCl) and 2 mM
POPG or POPC SUV suspensions at 25°C. The concentration of the peptides
was calibrated by the UV absorbance of tryptophan residue at 280 nm. All CD
spectra shown have had the corresponding peptide-free solvent baselines sub-
tracted. The results are expressed in terms of molar residue CD.

Peptide binding to lipids measured by tryptophan fluorescence. The trypto-
phan fluorescence spectra of the peptides were measured using an F-2500 fluo-
rescence spectrophotometer from Hitachi High-Technologies America, Inc.
(Chicago, IL). Tryptophan residues were excited at a wavelength of 295 nm, and
emission spectra were scanned from 300 to 450 nm using a scanning speed of 10

TABLE 1. Amino acid sequences and molecular weights of
(RW)n-NH2 peptides

Sequence Formula
Molecular wt

Calculated Observed

RW-NH2 C17H25N7O2 359.4 359.4
(RW)2-NH2 C34H47N13O4 701.8 701.8
(RW)3-NH2 C51H69N19O6 1,044.2 1,044.3
(RW)4-NH2 C68H91N25O8 1,386.6 1,386.7
(RW)5-NH2 C85H113N31O10 1,729.0 1,729.1
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nm/s. Spectra were baseline corrected by subtracting blank spectra of the corre-
sponding solutions without peptide. Experiments were carried out in 20 mM
phosphate buffer (pH 7.4) with 100 mM NaCl. The concentration of peptides in
all experiments was 10 �M, calibrated by UV absorbance of tryptophan residue
at 280 nm. Measurements were made in triplicate for each peptide in buffer and
in the presence of 500 �M each of POPG or POPC vesicles.

Fluorescence quenching experiments were conducted using acrylamide as a
quencher. The concentrations of acrylamide ranged from 0.01 to 0.40 M, and the
intensity of the spectra was recorded. The peak maxima (F) were then compared
to those recorded in the absence of quenching reagents (F0). The effects of the
quenching reagent on peptide fluorescence intensities were compared by means
of the quenching constant (KSV) as determined by the Stern-Vollmer equation
F0/F � 1 � KSV(Q), where Q is the concentration of quencher.

RESULTS

Comparison of antimicrobial and hemolytic activities of the
peptides. The calculated molecular weights and experimental
determinations of the masses of the synthetic peptides indicate
that the products correspond to the designed sequences (Table
1). All five peptides show antimicrobial activities (Table 2).
Data for the shortest peptides are in agreement with data from
Svendsen’s group (14, 47). The chain length of the (RW)n

peptides strongly correlates with antibacterial activity assayed
by growth inhibition and colony formation: peptides with
longer chains are much more effective in killing bacteria but
increasingly stimulate hemolytic activity. The (RW)3, (RW)4,
and (RW)5 peptides are potent antimicrobial agents, with all
IC50s roughly in the �M range. Selectivity is measured by
hemolytic index, defined as the ratio of HD50 to IC50. Figure 1
shows the hemolytic index as a function of chain length. While
the longer chains are almost equally selective, (RW)3 offers an
optimal choice in terms of efficiency of synthesis for both E.
coli and S. aureus (Fig. 1).

Secondary structures of the peptides studied by CD. The
CD spectra of the W-containing linear peptides (RW)n dis-
solved in buffer show negative bands in the region between 200
and 210 nm and a positive band between the 225- and 230-nm
region (Fig. 2). The negative band around 200 nm is charac-
teristic of small unfolded peptides, while the band at 225 nm is
due to the indole side chain of W (21, 57), as seen in the CD
spectrum of a peptide such as GGWGG containing a single
chiral W residue (44). Each of the five peptides exhibits dis-
tinctive CD spectra in the presence of POPG and POPC. On
binding a peptide to lipids, the decreased intensity at a low
wavelength implies a loss of extended or unfolded conforma-

tions. The apparent conformational changes are a function of
chain length and lipid composition. For example, while RW
and (RW)2 have similar spectra and may be unfolded in the
presence of water or lipids, the CD of (RW)3 and that of
(RW)4 show differences in the presence of POPG but not in
the presence of POPC (Fig. 2). (RW)5, interestingly, reveals
large differences between water and both lipids. The presence
of additional tryptophan side chains in the same molecule may
affect the CD signal nonlinearly, and so these data cannot be
interpreted more quantitatively. The trends with peptide
length are hard to reconcile with the biological data in any
case.

Peptide binding to lipids measured by tryptophan fluores-
cence spectroscopy. In order to monitor the extent to which the
Trp side chains interact with lipids, we used fluorescence spec-
troscopy to probe the environment of Trp in the presence of
lipids (20). Interactions between the Trp in our model peptides
and the vesicle lipids result in a blue-shifted emission spectrum
following excitation at 295 nm. The shift to shorter wave-
lengths was observed to varying degrees for the fluorescence
emission spectra of all (RW)n peptides in the presence of
phospholipids vesicles (Table 3). An increase in emission in-
tensity is observed for the fluorescence emission when longer
(RW)n-NH2 peptides (n, �3) bind to model lipids (Fig. 3). The
observations of larger blue shifts and emission intensities for
peptides binding to POPG suggest that the Trp side chain
partitions preferentially into a more rigid, hydrophobic envi-
ronment in POPG lipid bilayers than those of POPC (17).
However, we do not detect any trends that correlate with the
biological activity of the peptides: all the peptides show com-
parable blue shifts in the presence of POPG, consistent with a
membrane interaction.

The relative accessibility of Trp residues to solvent can be
compared using Stern-Vollmer plots of the decrease in fluo-
rescence as a function of an added soluble quencher. A de-
crease in quenching (smaller KSV values) reflects a more pro-

FIG. 1. HI values. The HI, defined as the ratio of HD50 to IC50,
indicates the selectivity of (RW)n-NH2 peptides (E. coli, black bars; S.
aureus, gray bars).

TABLE 2. Antimicrobial and hemolytic activities of
(RW)n-NH2 peptides

Peptide

IC50 (�M)a MBC50 (�M)a HD50
(�M)ab

E. coli S. aureus E. coli S. aureus Red blood
cells

RW-NH2 4.3 � 103 2.1 � 103 4.7 � 103 2.3 � 103 8.9 � 103

(RW)2-NH2 7.3 � 102 2.1 � 102 9.9 � 102 6.2 � 102 3.7 � 103

(RW)3-NH2 16 8.0 29 15 2.1 � 102

(RW)4-NH2 9.6 5.1 14 12 1.0 � 102

(RW)5-NH2 6.2 3.6 7.2 6.9 76

a Results are the means of three independent experiments performed in
parallel.

b HD50 values determined from dose-response curves are peptide concentra-
tions corresponding to 50% hemolysis.
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tected Trp residue. However, it should be noted that KSV

values for longer peptides do not resolve individual Trp resi-
dues (37). Experimental results show that POPG and POPC
offer the same protection to both RW and (RW)2 and there-
fore a similar extent of Trp side-chain burial. However, in-
creased protection in the presence of POPG vesicles is ob-
served for longer (RW)n (n, �3) peptides, while the Trp
residues of these peptides appear to be less accessible in POPG
than in POPC (Table 3). For example, the KSV for (RW)3 in an
aqueous solution is 18 M�1 compared to 1.8 and 2.8 M�1 in
POPG and POPC vesicles, respectively. These values indicate
that the Trp side chains in free (RW)3 are substantially more
accessible to quencher than in the presence of lipids and that
(RW)3 partitions more effectively into POPG vesicles than into
POPC vesicles. While this trend is consistent with the biolog-
ical data, the presence of multiple Trp side chains in longer
peptides precludes a strict quantitative interpretation of these
data. In fact, all peptides are more protected from the
quencher in the presence of POPG than they are in the pres-
ence of POPC.

DISCUSSION

It is not unexpected that the antibacterial activities of pep-
tides vary with their chain lengths (9, 10, 11, 31, 51). One
previous study has reported that antibacterial activity de-
creases with an increase in the chain length of the peptides,
while the reverse situation was found for hemolytic activity
(31). Here we find that longer-chain linear peptides (RW)n-
NH2 are more effective in killing both gram-negative and
gram-positive bacteria. The dependence of activity data on
chain length suggests an almost biphasic behavior (Fig. 4A):
the two shortest chains are relatively inactive, while the three
longer chains approximate a similar activity level. These data

FIG. 3. Relative fluorescence intensity of (RW)n-NH2 peptides
in aqueous solution and the presence of SUVs (buffer, black bars;
POPG, gray bars; POPC, white bars). Fluorescence intensity in
aqueous solution was used as the reference. The peptide and lipid
concentrations were 10 �M and 500 �M, respectively, for a lipid-
to-peptide ratio of 50.

TABLE 3. Fluorescence spectroscopy parameters measured for
(RW)n-NH2 peptides in the presence and absence of

POPG and POPC vesicles

Peptides �max buffer
(nm)

Blue shift (nm) KSV (M�1)a

POPG POPC Buffer POPG POPC

RW-NH2 350 10 6.5 15 2.5 2.3
(RW)2-NH2 350 11 6.0 14 2.7 2.5
(RW)3-NH2 349 11 6.0 18 1.8 2.8
(RW)4-NH2 350.5 10 6.0 17 2.3 5.8
(RW)5-NH2 348 11 8.5 25 2.7 5.3

a Stern-Vollmer constants, KSV (M�1) were determined from the Stern-
Vollmer equation F0/F � 1 � KSV(Q), where Q is the concentration of quencher
(acrylamide). Concentrations of the quencher varied from 0.01 to 0.40 M.

FIG. 2. CD spectra of (RW)n-NH2 peptides in an aqueous solution (solid line) and in the presence of model lipid systems POPC (dashed line)
and POPG (dashed-dotted line) in 20 mM phosphate buffer (pH 7.4; 100 mM NaCl). Data are expressed as mean residue ellipticities.
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suggest the possibility of a threshold in biological response,
attained at (RW)3. It is worth noting that this nonlinear bio-
logical response still obeys a power law with respect to the
chain length [log (IC50) � log(n)], with a slope of �4.5 (r2 �
0.93) and �4.3 (r2 � 0.95) for E. coli and S. aureus, respectively
(Fig. 4B). The longer chains also show increasing hemolytic
activity on red blood cells with a slope of �3.3 (r2 � 0.92).
Power law behavior underlies a wide range of complex system
responses, indicative of stronger effects arising from the longer
chains. Regardless of how we interpret the detailed length
dependence, (RW)3-NH2 is found to have the optimal selec-
tivity for bacteria over blood cells relative to that of synthetic
cost.

CD spectroscopy is widely used to analyze the secondary
structure of proteins and peptides because it is extremely sen-
sitive to conformational changes. (RW)n in buffer appears to
be unfolded due to the negative band around 200 nm that is

characteristic of unfolded model peptides (44); the positive
band around 225 nm due to the indole side chain is Trp specific
(21, 57). Peptide interactions with liposomes are accompanied
by distinct CD spectral changes. Amphipathic AMPs such as
indolicidin are thought to undergo an ordering transition on
interaction with membranes (22). However, as we have noted,
it is hard to interpret the CD spectra (or fluorescence data)
simply in terms of secondary structure because of their multi-
ple Trp contents. Changes in spectra are detected at shorter
chain lengths in the presence of negatively charged POPG than
in neutral POPC (Fig. 2). For example, the CD spectrum of
(RW)3 indicates the presence of a structure that is ordered in
POPG but that remains disordered in POPC. This interpreta-
tion is supported by our nuclear magnetic resonance studies of
(RW)3 peptide conformation in negatively charged sodium
dodecyl sulfate (SDS) and neutral dodecylphosphocholine
(DPC) micelles. The structural ensemble of (RW)3 peptides
appears to be more ordered in SDS than in DPC (data not
shown).

Trp-rich AMPs preferentially bind to model membranes
containing a negatively charged headgroup relative to those
containing a zwitterionic headgroup (8, 17, 37). We recognize
that the presence of multiple Trp residues does not allow for a
simple interpretation of some of the spectroscopic data re-
ported here (37). Our results are in accordance with previous
studies, in which blue shifts and KSV values (Table 3) demon-
strate that the Trp residues in all five peptides partition to a
greater extent in SUVs that contain negatively charged phos-
phatidylglycerol (POPG) (a major component of bacterial
membranes) (17). However, there is no obvious trend in the
blue shifts with respect to chain length, suggesting that the
interactions with synthetic vesicles are likely to model those
with intact bacterial membranes only imperfectly, given the
complexity of the biological system. Similarly, we find that
even the shortest peptide is fully inaccessible to the acryl-
amide quencher in POPG. The picture from these experi-
ments is that all the peptides of the series interact effectively
with negatively charged POPG vesicles but that the spectro-
scopic measurements do not correlate with the biological
results in any simple way.

Membrane perturbation by cationic antimicrobial peptides
has been proposed to proceed via membrane destabilization
and/or transmembrane pore formation (42). Because of their
short lengths, it seems reasonable that (RW)n peptides attack
bacteria via membrane disruption rather than by end-to-end
pore assembly as in the case of gramicidins, although this is
admittedly speculative. Arg residues provide electrostatic in-
teractions that attract cationic peptides to negatively charged
membrane surfaces (19, 43). The indole ring of tryptophan in
other RW-rich AMPs (50) appears to partition into the inter-
facial region of membranes flanking the hydrophobic core (16,
36, 56). Linear RW chains might then interact preferentially
with the polar headgroups, such that the peptides intercalate
between the core leaflet of the bilayer and the polar head-
groups. Peptides have been found to decrease the temperature
of the main phase transition (17) consistent with destabiliza-
tion of the bilayer. Quenching studies with internal lipid spin
labels report that related RW peptides associate with the hy-
drocarbon core of neutral bilayers and locate near the polar
headgroups in negatively charged model membranes. Their

FIG. 4. Correlation between antimicrobial activity and chain length
of (RW)n-NH2 peptides. (A) Semilog plot of the data suggests a
threshold effect in which short chains are inactive while chains longer
than (RW)3 have roughly similar activities. (B) The data can be fit to
a power law as well; y � cxa (where a and c are constants). Here we
have log (IC50) � log (c) � a log(n) (n � 1, 2, 3, 4, or 5; IC50 is replaced
by HD50 in the correlation for red blood cells). The slopes are �4.5 (r2

� 0.93), �4.3 (r2 � 0.95), and �3.3 (r2 � 0.92), for E. coli (solid
circles), S. aureus (open circles), and red blood cells (triangles), re-
spectively.
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precise positions appear to be independent of peptide struc-
ture (37). The spectroscopic behavior of the (RW)n peptides
seems consistent with an intercalation model (1, 18). Interca-
lation of peptides into a membrane could indeed produce an
increase in the lateral pressure near the interface, resulting in
local disruption in the packing of lipid chains. The differences
observed in the activities of (RW)n could be associated with
different spatial arrangements of the charged residues in the
lipid head group region with increasing local density of RW
motifs, resulting in different peptide surface areas and differ-
ently organized peptide-lipid clusters.

A second point to consider is the extent to which bound
peptides associate once they lie at the surface of the nonpolar
core. Studies by Chen et al. have shown clear evidence for
concentration dependence in the interaction of peptides such
as alamethicin with vesicles (6). A concentration-dependent
process in which effectively neutralized peptides associate
more strongly with neighboring peptides as the chain length
increases seems plausible, since the indole rings apparently do
not bury themselves in the core but tend to orient along the
interface (55, 56).

The CD spectra that reveal structural changes in peptides
upon interaction with negatively charged bilayers can be inter-
preted as evidence for intermolecular as well as intramolecular
ordering. CD spectral changes are frequently observed when
disordered peptides in solution partition into lipid bilayers
(54). The high cost of partitioning peptide bonds into the
membrane interface is a major driving force for secondary
structure formation in membrane environments (23, 55, 56).
However, for a peptide as short as RW, formation of intermo-
lecular structure seems more favorable than intramolecular
structure. Thus, we argue that the length effect reflects greater
facility with interpeptide interactions rather than the exclusive
formation of internal structure. How assembled peptides act to
disrupt membranes remains unclear. In this work, we have
identified (RW)3 as a sequence with potential to serve as a
relatively nontoxic antimicrobial that can be produced eco-
nomically on a large scale.

In summary, we have analyzed the relationship between the
antibacterial activity of peptides in the series (RW)n-NH2 and
their spectral properties in two model membrane systems. The
results confirm that the RW combination is an active element
for antimicrobial activity: longer chains are more effective in
killing both gram-negative and gram-positive bacteria, al-
though at the same time hemolytic activity increases. The
(RW)n peptides show distinctive CD and fluorescent spectral
changes upon interacting with model membranes. They pref-
erentially interact with a phosphoglycerol headgroup than
those with phosphocholine.
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