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ABSTRACT: Studies on lipid-peptide interactions of cytolytic polypeptides tend to emphasize the importance
of the amphipathicR-helical structure for their cytolytic activity. In this study, diasetereomers of the bee
venom melittin (26 a.a.), a non-cell-selective cytolysin, were synthesized and investigated for their structure
and cytolytic activity toward bacteria and mammalian cells. Similarly to the findings with the diastereomers
of the less cytolytic peptide pardaxin (33 a.a.) (Shai & Oren, 1996), the melittin diastereomers lost their
R-helical structure, which abrogated their hemolytic activity toward human erythrocytes. However, they
retained their antibacterial activity and completely lysed both Gram-positive and Gram-negative bacteria,
as revealed by transmission electron microscopy. To understand the molecular mechanism underlying
this selectivity, binding experiments utilizing the intrinsic tryptophan of melittin, tryptophan quenching
experiments using brominated phospholipids, and membrane destabilization studies were done. The data
revealed that the melittin diastereomers bound to and destabilized only negatively-charged phospholipid
vesicles, in contrast to native melittin, which binds strongly to both negatively-charged and zwitterionic
phospholipids. However, the partition coefficient, the depth of penetration into the membrane, and the
membrane-permeating activity of the diastereomers with negatively-charged phospholipids were similar
to those obtained with melittin. The results obtained do not support the formation of transmembrane
pores as the mode of action of the diastereomers, but rather suggest that these peptides bind to the surface
of the bacterial membrane, cover it in a “carpet-like” manner, and dissolve it like a detergent. The results
presented here together with those obtained with the cytolytic peptide pardaxin suggest that the combination
of hydrophobicity and net positive charge may be sufficient in the design of potent diastereomers of
antibacterial polypeptides for the treatment of infectious diseases.

Studies on lipid-peptide interactions of cytolytic polypep-
tides tend to emphasize the importance of the amphipathic
R-helical structure for their cytolytic activity. This conclu-
sion is based mainly on studies with cytolysins that act on
either mammalian cells or bacteria alone or on both types
of cells. A major group of cytolytic peptides in this family
are host-defense short linear polypeptides (e40 a.a.), which
are devoid of disulfide bridges (Boman, 1995). These
polypeptides vary considerably in chain length, hydrophobic-
ity, and overall distribution of charges, but share a common
structure upon association with lipid bilayers, namely, an
amphipathicR-helix structure (Segrest et al., 1990). The
list includes: (i) cytolysins that are toxic for bacteria only;
e.g., cecropins, isolated from the cecropia moth (Steiner et
al., 1981), magainins (Zasloff, 1987), and dermaseptins (Mor
et al., 1991) isolated from the skin of frogs; (ii) cytolysins
that are selectively cytotoxic to mammalian cells, such as,
δ-hemolysin isolated fromStaphylococcus aureus(Dhople
& Nagaraj, 1993); and (iii) cytolysins that are not cell
selective, such as the bee venom melittin (Habermann &
Jentsch, 1967) and the neurotoxin pardaxin (Lazarovici et
al., 1986; Shai et al., 1988). Despite extensive studies, the
exact mode of action of short linear cytotoxic polypeptides

is not known yet, and it is not clear whether similar structural
features are required for their cytotoxicity toward mammalian
cells and bacteria.

Melittin, a 26-residue amphipathic polypeptide, is the
major component of the venom of the honey beeApis
mellifera (Habermann & Jentsch, 1967) and is one of the
most studied membrane-seeking polypeptides (Dempsey,
1990). Melittin is highly cytotoxic for mammalian cells, but
is also a highly potent antibacterial agent (Blondelle &
Houghten, 1991; Steiner et al., 1981; Wade et al., 1992).
Numerous studies have been undertaken to determine the
nature of the interaction of melittin with membranes, both
with the aim of understanding the molecular mechanism of
melittin-induced hemolysis and as a model for studying the
general features of structures of membrane proteins and
interactions of such proteins with phospholipid membranes.
Much of the currently described evidence indicates that
different molecular mechanisms may underlie different
actions of melittin. Nevertheless, the amphipathicR-helical
structure has been shown to be prerequisite for its various
activities (Blondelle & Houghten, 1991; Perez et al., 1994,
1995; Weaver et al., 1992).

The structure of melittin has been investigated using
various techniques. The results of X-ray crystallography and
NMR in methanolic solutions indicate that the molecule
consists of twoR-helical segments (residues 1-10 and 13-
26) that intersect at an angle of 120°. These segments are
connected by a hinge (11-12) to form a bentR-helical rod
with the hydrophilic and hydrophobic sides facing opposite
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directions. Four such monomeric melittin molecules cluster
together, through hydrophobic interactions, to form a tetramer
(Anderson et al., 1980; Bazzo et al., 1988; Terwilliger &
Eisenberg, 1982a,b). Upon initial interaction with membrane
surfaces, it has been found that the tetramer dissociates to
monomers, which retainR-helical conformations prior to
insertion into the membrane (Altenbach & Hubbell, 1988;
Batenburg & de Kruijff, 1988; Hider et al., 1983).
Melittin shares some similarities with pardaxin, a marine

cytolytic polypeptide isolated from the Moses sole fish,
Pardachirus marmoratus(Lazarovici et al., 1986; Shai et
al., 1988). Both pardaxin and melittin are composed of two
helices with a proline hinge between them. Furthermore,
they exhibit significant homology in their N-helices, which
are mostly hydrophobic (Thompson et al., 1986). However,
pardaxin (net charge+1) contains an additional seven amino
acids at its C-terminal side with a charge of-2, while
melittin (net charge+6) terminates with an amide group and
contains the positively-charged tetrapeptide sequence Lys-
Arg-Lys-Arg. There are several functional differences
between pardaxin and melittin. Pardaxin binds similarly to
both zwitterionic and negatively-charged phospholipids (Ra-
paport et al., 1996; Rapaport & Shai, 1991), while melittin
binds better to negatively-charged than to zwitterionic
phospholipids (Batenburg et al., 1987a-c; Dufourcq &
Faucon, 1977). Also, pardaxin binds to phospholipids with
positive cooperativity (Rapaport et al., 1996; Rapaport &
Shai, 1991) while melittin binds with negative cooperativity
(Batenburg et al., 1987a-c; Dufourcq & Faucon, 1977).
Although both pardaxin and melittin are potent antibacterial
peptides against Gram-positive and Gram-negative bacteria,
pardaxin is 40-100-fold less hemolytic than melittin toward
human erythrocytes (Oren & Shai, 1996).
In a previous study, diastereomers (D-amino acid contain-

ing analogues) of pardaxin were synthesized and then
structurally and functionally investigated (Shai & Oren,
1996). The diastereomers did not retain theirR-helical
structure, which caused abrogation of their cytotoxic effects
on mammalian cells. However, they retained a high
antibacterial activity, which was expressed by complete lysis
of both Gram-positive and Gram-negative bacteria. Thus,
theR-helical structure of pardaxin was shown to be important
for cytotoxicity against mammalian cells, but not to be a
prerequisite for antibacterial activity. However, in another
study, a singleD-amino acid incorporated into the non-
hemolytic antibacterial peptide magainin abolished almost
totally its antibacterial activity (Chen et al., 1988).
Whether loss of theR-helical structure can preserve

antibacterial activity and abolish cytotoxicity toward mam-
malian cells in other non-cell-selective cytolysins, and to
understand the molecular mechanism underlying this selec-
tivity, we synthesized diastereomers of melittin and deter-
mined their structure, mode of action with phospholipid
membranes, and cytotoxicity against bacteria and human
erythrocytes.
The data reveal that, similarly to the diastereomers of

pardaxin, the diastereomers of melittin lost theirR-helical
structure, which caused a loss in their hemolytic, but not in
their antibacterial, activity. Furthermore, binding to mem-
branes, tryptophan-quenching, and membrane destabilization
studies demonstrated that although the melittin diastereomers
did not bind and destabilize zwitterionic phospholipid
vesicles, they could do so with negatively-charged phos-

pholipid vesicles, and in a fashion similar to that of wild-
type melittin. Correlations between structural components
of melittin and its diastereomers and their cytotoxic action
are discussed.

EXPERIMENTAL PROCEDURES

Materials. Butyloxycarbonyl-(amino acid)-(phenylacet-
amido) methyl resin was purchased from Applied Biosystems
(Foster City, CA), and butyloxycarbonyl (Boc) amino acids
were obtained from Peninsula Laboratories (Belmont, CA).
Other reagents used for peptide synthesis included trifluo-
roacetic acid (TFA;1 Sigma), N,N-diisopropylethylamine
(DIEA, Aldrich, distilled over ninhydrin), dicyclohexylcar-
bodiimide (DCC, Fluka), 1-hydroxybenzotriazole (HOBT,
Pierce), and dimethylformamide (peptide synthesis grade,
Biolab). Egg phosphatidylcholine (PC) and phosphati-
dylserine (PS) from bovine spinal cord (sodium salt, grade
I) were purchased from Lipid Products (South Nutfield, U.K).
Cholesterol (extra pure) was supplied by Merck (Darmstadt,
Germany) and recrystallized twice from ethanol. 3,3′-
Diethylthiodicarbocyanine iodide [diS-C2-5] was obtained
from Molecular Probes (Eugene, OR). Native melittin was
purchased from Sigma. Commercially available melittin
usually contains traces of phospholipase A2, which causes
rapid hydrolysis of phospholipids. Therefore, special care
was taken to remove all the phospholipase A2 from melittin
using RP-HPLC. All other reagents were of analytical grade.
Buffers were prepared in double glass-distilled water.
Peptide Synthesis and Purification.Peptides were syn-

thesized by a solid phase method on butyloxycarbonyl-
(amino acid)-(phenylacetamido) methyl resin (0.05 mequiv)
(Merrifield et al., 1982). The resin-bound peptides were
cleaved from the resins by hydrogen fluoride (HF), and after
HF evaporation extracted with dry ether. These crude
peptide preparations contained one major peak, as revealed
by RP-HPLC, that was 50-70% pure peptide by weight.
The synthesized peptides were further purified by RP-HPLC
on a C18 reverse phase Bio-Rad semipreparative column (300
Å pore size). The column was eluted in 40 min, using a
linear gradient of 25-80% acetonitrile in water, both
containing 0.05% TFA (v/v), at a flow rate of 1.8 mL/min.
The purified peptides, which were shown to be homogeneous
(∼95%) by analytical HPLC, were subjected to amino acid
analysis and to mass spectrometry to confirm their sequences.
Transamidation of the Peptides.Resin-bound peptide (20

mg) was treated for 3 days with a mixture composed of 1:1
v/v of saturated ammonia solution (30%) in methanol and
DMSO (1:1 v/v) which resulted in transamidation of the
carboxylate group of the glutamine residue located at the
C-terminus of [D]-V5,8,I17,K21-melittin. Thus, peptides were
obtained in which all the protecting groups remained
attached, but whose C-terminal residues were modified by
one amide group. The methanol and ammonia were evapo-

1 Abbreviations: CD, circular dichroism; CFU, colony-forming units;
DMF, dimethylformamide; DMSO, dimethyl sulfoxide; diS-C2-5, 3,3′-
diethylthiodicarbocyanine iodode; HEPES,N-(2-hydroxyethyl)piper-
azine-N′-2-ethanesulfonic acid; HF, hydrogen fluoride; hRBC, human
red blood cells; MIC, minimal inhibitory concentration; Pam, (phenyl-
acetamido)methyl; PBS, phosphate buffered saline; PC, egg phosphati-
dylcholine; PS, phosphatidylserine; PTA, phosphotungstic acid; RP-
HPLC, reverse phase high-performance liquid chromatography; SUV,
small unilamellar vesicles; TFA, trifluoroacetic acid; TFE, 2,2,2-
trifluoroethanol.
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rated under a stream of nitrogen, and the protected peptides
were extracted from the resin with DMSO and precipitated
with dry ether. The products were then subjected to HF
cleavage and to further purification using RP-HPLC as
described above.
Preparation of Liposomes.Small unilamellar vesicles

(SUV) were prepared by sonication of PC/cholesterol (10:1
w/w) or PC/PS (1:1 w/w) dispersions. Briefly, dry lipid and
cholesterol (10:1 w/w) were dissolved in a CHCl3/MeOH
mixture (2:1 v/v). The solvents were then evaporated under
a stream of nitrogen, and the lipids (at a concentration of
7.2 mg/mL) were subjected to a vacuum for 1 h and then
resuspended in the appropriate buffer, by vortexing. The
resultant lipid dispersions were then sonicated for 5-15 min
in a bath type sonicator (G1125SP1 sonicator, Laboratory
Supplies Co. Inc., Hicksville, NY) until clear. The lipid
concentrations of the resulting preparations were determined
by phosphorus analysis (Bartlett, 1959). Vesicles were
visualized using a JEOL JEM 100B electron microscope
(Japan Electron Optics Laboratory Co., Tokyo, Japan) as
follows. A drop of vesicles was deposited on a carbon-
coated grid and negatively stained with uranyl acetate.
Examination of the grids demonstrated that the vesicles were
unilamellar with an average diameter of 20-50 nm (Papa-
hadjopoulos & Miller, 1967).
CD Spectroscopy.The CD spectra of the peptides were

measured with a Jasco J-500A spectropolarimeter after
calibrating the instrument with (+)-10-camphorsulfonic acid.
The spectra were scanned at 23°C in a capped, quartz optical
cell with a 0.5 mm path length. Spectra were obtained at
wavelengths of 250-190 nm. Eight scans were taken for
each peptide at a scan rate of 20 nm/min. The peptides were
scanned at concentrations of 1.5× 10-5-2.0× 10-5 M in
40% trifluoroethanol (TFE). Fractional helicities (Greenfield
& Fasman, 1969; Wu et al., 1981) were calculated as follows:

where [θ]222 is the experimentally-observed mean residue
ellipticity at 222 nm, and the values for [θ]222

0 and [θ]222
100,

which correspond to 0% and 100% helix content at 222 nm,
are estimated to be 2000 and 32 000 deg‚cm2/dmol, respec-
tively (Wu et al., 1981).
Antibacterial ActiVity of Melittin and Its Diastereomers.

The antibacterial activity of native melittin and its diaster-
eomers was examined in sterile 96-well plates (Nunc F96
microtiter plates) in a final volume of 100µL as follows.
Aliquots (50µL) of a suspension containing bacteria at a
concentration of 106 colony-forming units (CFU)/mL in
culture medium (LB medium) were added to 50µL of water
containing the peptide in serial 2-fold dilutions in water.
Inhibition of growth was determined by measuring the
absorbance at 492 nm with a Microplate autoreader El309
(Bio-tek Instruments), after an incubation of 18-20 h at 37
°C. Antibacterial activities were expressed as the minimal
inhibitory concentration (MIC), the concentration at which
100% inhibition of growth was observed after 18-20 h of
incubation. The bacteria used were:Escherichia coliD21,
Acinetobacter calcoaceticusAc11, Bacillus megaterium
Bm11, andBacillus subtilisATCC 6051.
Hemolysis of Human Red Blood Cells.The peptides were

tested for their hemolytic activities against human red blood

cells (hRBC). Fresh hRBC with EDTA were rinsed 3 times
with PBS (35 mM phosphate buffer/0.15 M NaCl, pH 7.3)
by centrifugation for 10 min at 800g and resuspended in PBS.
Peptides dissolved in PBS were then added to 50µL of a
solution of the stock hRBC in PBS to reach a final volume
of 100 µL (final erythrocyte concentration, 5% v/v). The
resulting suspension was incubated under agitation for 30
min at 37°C. The samples were then centrifuged at 800g
for 10 min. Release of hemoglobin was monitored by
measuring the absorbance of the supernatant at 540 nm.
Controls for zero hemolysis (blank) and 100% hemolysis
consisted of hRBC suspended in PBS and Triton 1%,
respectively.
Visualization of the Effects of the Peptides on Bacteria

by Electron Microscopy.Samples containingE. coli (106

CFU/mL) in LB medium were incubated with the various
peptides at their MIC, and one dilution less than the MIC,
for 16 h, and then centrifuged for 10 min at 3000g. The
pellets were resuspended, and a drop containing the bacteria
was deposited onto a carbon-coated grid which was then
negatively-stained with 2% phosphotungstic acid (PTA), pH
6.8. The grids were examined using a JEOL JEM 100B
electron microscope.
Membrane Permeation Induced by the Peptides.Mem-

brane permeation was assessed utilizing the diffusion po-
tential assay (Loew et al., 1983; Sims et al., 1974) as
previously described (Shai et al., 1990, 1991). In a typical
experiment, in a glass tube, 4µL of a liposomes suspension
(final phospholipids concentration of 33µM), in a K+

containing buffer (50 mM K2SO4, 25 mM HEPES-SO42-,
pH 6.8), was diluted in 1 mL of an isotonic K+ free buffer
(50 mM Na2SO4, 25 mM HEPES-SO42-, pH 6.8), and the
fluorescent, potential-sensitive dye diS-C2-5 was then added.
Valinomycin (1µL of 10-7 M) was added to the suspension
in order to slowly create a negative diffusion potential inside
the vesicles, which led to a quenching of the dye’s
fluorescence. Once the fluorescence had stabilized, which
took 3-10 min, peptides were added. The subsequent
dissipation of the diffusion potential, as reflected by an
increase in fluorescence, was monitored on a Perkin Elmer
LS-50B spectrofluorometer, with the excitation set at 620
nm, the emission at 670 nm, and the gain adjusted to 100%.
The percentage of fluorescence recovery, Ft, was defined as:

whereI0 ) the initial fluorescence,If ) the total fluorescence
observed before the addition of valinomycin, andIt ) the
fluorescence observed after adding the peptide at timet.
Binding of Peptides to Vesicles.The interaction of

[D]-V5,8,I17,K21-melittin with vesicles consisting of zwitteri-
onic (PC) or negatively-charged phospholipids (PC/PS) was
characterized by measuring changes in the emission intensity
of the peptides’ intrinsic tryptophan in SUV titration experi-
ments. Briefly, SUV were added to a fixed amount of
peptide (0.5µM) dissolved in buffer containing 50 mM Na2-
SO4, 25 mM HEPES-SO42-, pH 6.8, at 24°C. A 1-cm path
length quartz cuvette that contained a final reaction volume
of 2 mL was used in all experiments. The fluorescence
intensity was measured as a function of the lipid/peptide
molar ratio (4 separate experiments) on a Perkin-Elmer LS-5
spectrofluorometer, with excitation set at 280 nm, using a 5
nm slit, and emission set at 340 nm, using a 2.5 nm slit.

Ft ) [(It - I0)/(If - I0)] × 100 (2)

fh )
[θ]222- [θ]222

0

[θ]222
100- [θ]222

0
(1)
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The binding isotherms were analyzed as a partition equilib-
rium, using the following formula:

whereXb is defined as the molar ratio of bound peptide (Cb)
per total lipid (CL),KP corresponds to the partition coefficient,
andCf represents the equilibrium concentration of the free
peptide in solution. For practical purposes, it was assumed
that the peptides initially were partitioned only over the outer
leaflet (60%) of the SUV. Therefore, the partition equation
becomes:

whereXb* is defined as the molar ratio of bound peptide
per 60% of total lipid, andKP* is the estimated surface
partition constant. The curve resulting from plottingX b*
vs free peptide,Cf, is referred to as the conventional binding
isotherm.
Tryptophan Quenching Experiments.Tryptophan which

is sensitive to its environment has been utilized previously
in combination with brominated phospholipids (Br-PC) to
evaluate peptide localization in the membrane (Bolen &
Holloway, 1990; De Kroon et al., 1990). Br-PC employed
as quenchers of tryptophan fluorescence are suitable for
probing the membrane insertion of peptides, since they act
over a short distance and do not drastically perturb the
membrane. Melittin and its diastereomer, each of which
contains one tryptophan residue, were added (final concen-
tration of 0.5µM) to 2 mL of buffer (50 mM Na2SO4, 25
mM HEPES-SO42-, pH 6.8) containing 20µL (50 µM) of
Br-PC/PS (1:1 w/w) SUV, thus establishing a lipid/peptide
ratio of 100:1. After a 2 min incubation at room temperature,
an emission spectrum of the tryptophan was recorded using
a Perkin-Elmer LS-50B spectrofluorometer, with excitation
set at 280 nm (8 nm slit). SUV composed of PC/PS (1:1
w/w) and which contained 25% of either 6,7 Br-PC,or 9,10
Br-PC, or 11,12 Br-PC, were used. Three separate experi-
ments were conducted for each peptide. In control experi-
ments, PC/PS (1:1 w/w) SUV without Br-PC were used.

RESULTS

In order to further examine the role of theR-helical
structure of cytolysins in their cytotoxicity against mam-
malian cells and bacteria and to gain insight into the
mechanism underlying this effect, two diastereomers of
melittin were synthesized. The peptides were then character-
ized with regard to their structure, biological function, and
interaction with bacteria and model membranes composed
of either zwitterionic or negatively-charged phospholipids.
The list of the peptides and their designations is given in
Table 1. The list includes: native melittin, and [D]-V5,8,I17,K21-

melittin in which fourD-amino acids were incorporated along
its N- and C-helices (the C-terminus was either amidated or
left as a free carboxylate).
CD Spectroscopy.The extent of theR-helical structure

of the peptides was determined from their CD spectra in 40%
TFE, a solvent that strongly promotesR-helical structure.
As expected, theR-helical content of the diastereomers was
much lower (80% decrease) than that of melittin, as reflected
by the minima at 208 and 222 nm (Figure 1). TheR-helix
content of melittin was 73% compared to 15% and 7% in
its diastereomers, [D]-V5,8,I17,K21-melittin and [D]-V5,8,I17,K21-
melittin-COOH, respectively.
Antibacterial and Hemolytic ActiVity of the Peptides.The

hemolytic activity of the peptides against the highly suscep-
tible human erythrocytes and their potential to inhibit the
growth of different species of bacteria were investigated. The
antibiotic tetracycline served as a control in the antibacterial
assay. A dose response curve for the hemolytic activity of
the peptides was obtained (Figure 2). Table 2 gives the MIC
for a representative set of test bacteria, which includes two
Gram-negative species (Escherichia coliandAcinetobacter
calcoaceticus) and two Gram-positive species (Bacillus
megateriumand Bacillus subtilis). The introduction of
D-amino acids into melittin dramatically reduced its hemolyt-
ic activity, which paralleled the loss of theR-helical content
in the corresponding analogues. Melittin, with the highest
R-helical content, was the most potent, while up to the
maximum concentration tested (50µM), [D]-V5,8,I17,K21-

Table 1: Sequences and Designations of Melittin and its Diastereomers

a Bold and underlined amino acids were substituted with theirD-enantiomers.bUnderlined sequences designate the N- and C-helices, respectively.

Xb ) KPCf (3)

Xb* ) KP*Cf (4)

FIGURE 1: CD spectra of melittin and melittin diastereomers.
Spectra were taken at peptide concentrations of (0.8-2.0)× 10-5

M in 40% TFE/water. melittin, (s); [D]-V5,8,I17,K21-melittin (‚‚‚);
[D]-V5,8,I17,K21-melittin-COOH (- -).
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melittin and [D]-V5,8,I17,K21-melittin-COOH, with the lowest
R-helical content, were practically devoid of hemolytic
activity. However, despite the dramatic decrease in the
hemolytic activity of the diastereomers, they both retained
most of the potent antibacterial activity of the parent peptide.
Furthermore, the antibacterial activity of [D]-V5,8,I17,K21-
melittin-COOH was only slightly lower than that of
[D]-V5,8,I17,K21-melittin, which indicates that the amide group
at the C-terminus of melittin does not contribute significantly
to the antibacterial activity. In contrast, cecropin with a free
carboxylic C-terminal had a significant lower antibacterial
activity than that of the native cecropin with an amidated
C-terminal (Li et al., 1988).
Electron Microscopy Study of Bacterial Lysis.The effect

of the [D]-V5,8,I17,K21-melittin on the morphology of intact
and treated bacteria was visualized using transmission
electron microscopy. At the MIC, the peptide caused total
lysis of the bacteria (Figure 3C). However, at concentrations
lower then the MIC, patches were observed on the bacterial
wall (Figure 3B). These patches might represent an initial
step in the lytic process.
Mode of Interaction with Phospholipid Membranes.Since

the biological activities of [D]-V5,8,I17,K21-melittin and
[D]-V5,8,I17,K21-melittin-COOH were similar, only the mode
of interaction of [D]-V5,8,I17,K21-melittin with model phos-
pholipid membranes was compared to that of melittin, in
order to elucidate the basis of the membrane selectivity
observed. For that purpose, we measured the ability of the
peptides to dissipate the diffusion potential created in both
PC and PC/PS vesicles, determined the partition coefficients

of the peptides with both types of vesicles, and determined
the localization of the peptide when bound to membranes.
Membrane Permeability Induced by the Peptides.Various

concentrations of melittin and [D]-V5,8,I17,K21-melittin were
mixed with vesicles that had been pretreated with the
fluorescent dye, diS-C2-5, and valinomycin. The kinetics
of the fluorescence recovery was monitored with time, and
the maximum level reached as a function of peptide
concentration was determined (Figure 4). Both peptides had
similar membrane-permeating activity with PC/PS vesicles,
which demonstrated that introduction ofD-amino acids into
melittin does not affect the ability of the resulting diastere-

Table 2: Minimal Inhibitory Concentration (µM) of Melittin and Its Diastereomers. Results are the mean of three independent experiments,
each performed in duplicate, with a standard deviation of 20%

minimal inhibitory concentration (µM)

peptide designation E. coli (D21) A. calcoaceticus(Ac11) B. megaterium(Bm11) B. subtilis(ATCC 6051)

melittin 5 20 0.3 0.4
[D]-V5,8,I17,K21-melittin 12 12 0.8 3.5
[D]-V5,8,I17,K21-melittin-COOH 20 20 1.5 8
dermaseptin-S 6 3 0.5 4
tetracycline 1.5 1.5 1.2 6.5

FIGURE2: Dose-response of the hemolytic activity of the peptides
toward hRBC. The assay was performed as described in the
Experimental Procedures section. Designations are as follows: filled
circles, melittin; empty circles, [D]-V5,8,I17,K21-melittin-COOH;
filled triangles, [D]-V5,8,I17,K21-melittin.

FIGURE 3: Electron micrographs of negatively-stainedE. coli
untreated and treated with [D]-V5,8,I17,K21-melittin. Panel A: Con-
trol. Panel B: After treatment of the bacteria with the peptide at a
concentration lower than the MIC. Panel C: After treatment of the
bacteria with the peptide at the MIC concentration.
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omer to permeate negatively-charged phospholipid (PS/PC)
membranes. However, while melittin was also highly active
with PC vesicles, the diastereomer was totally devoid of
membrane-permeating activity with PC vesicles (up to the
maximal concentration tested).
Binding Studies. The inability of the diastereomer to

permeate PC vesicles may be due to its inability to bind to
PC, or alternatively, it may bind to PC vesicles, but once
bound cannot organize into structures that induce membrane
leakage. In order to differentiate between these two pos-
sibilities, a binding study was conducted. The single Trp
residue at position 19 of [D]-V5,8,I17,K21-melittin was used
as an intrinsic fluorescence probe to follow its binding to
PC and PC/PS vesicles. A fixed concentration (∼0.5 µM)
of the peptide was titrated with the desired vesicles (PC or
PC/PS), and an increase in the fluorescence intensity was
observed if binding occurred. Plotting of the resulting
increases in the fluorescence intensities of Trp as a function
of lipid:peptide molar ratios yielded conventional binding
curves (Figure 5A). The binding curve of [D]-V5,8,I17,K21-
melittin with PC/PS reveals that almost all the peptide
molecules bound to the vesicles at a lipid:peptide molar ratio
of 100:1. However, with PC vesicles a net increase in the

fluorescence of the Trp was not observed even with the
maximal lipid:peptide molar ratio tested, which indicated that
the peptide does not bind to PC vesicles. Binding isotherms
were constructed by plottingXb* (the molar ratio of bound
peptide per 60% of the total lipid) versusCf (the equilibrium
concentration of the free peptide in the solution) (Figure 5B).
The surface partition coefficients were estimated by extrapo-
lating the initial slopes of the curves toCf values of zero.
The estimated surface partition coefficient,KP*, of
[D]-V5,8,I17,K21-melittin was (1.1( 0.2)× 104 M-1 (obtained
from 4 measurements). This value is similar to the value
reported for melittin binding to phosphatidylglycerol/phos-
phatidylcholine (4.5( 0.6) × 104 M-1 (Beschiaschvili &
Seelig, 1990)].
The shape of the binding isotherm of a peptide can provide

information on the organization of the peptide within
membranes (Schwarz et al., 1987). The binding isotherm
of [D]-V5,8,I17,K21-melittin bends downward, indicating a
negative cooperativity. A possible explanation for this
negative cooperativity is that, at low concentration,
[D]-V5,8,I17,K21-melittin binding to PS/PC is enhanced by the
negative charge of the phospholipid headgroups compared
to the partition equilibrium with no charge effect. In

FIGURE4: Maximal dissipation of the diffusion potential in vesicles,
induced by the peptides. The peptides were added to isotonic K+

free buffer containing SUV composed of PC (panel A) or PC/PS
(panel B), pre-equilibrated with the fluorescent dye diS-C2-5 and
valinomycin. Fluorescence recovery was measured 10-20 min after
the peptides were mixed with the vesicles. Filled circles, melittin;
filled triangles, [D]-V5,8,I17,K21-melittin.

FIGURE5: Panel A: Increase in the fluorescence of [D]-V5,8,I17,K21-
melittin (0.5 µM total concentration) upon titration with PC/PS
vesicles (filled triangles) or PC vesicles (empty triangles), with
excitation wavelength set at 280 nm and emission at 340 nm. The
experiment was performed at 25°C in 50 mM Na2SO4, 25 mM
HEPES-SO42-, pH 6.8. Panel B: Binding isotherm derived from
panel A by plottingXb* (molar ratio of bound peptide per 60% of
lipid) versusCf (equilibrium concentration of free peptide in the
solution).
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addition, upon binding to the membrane the peptide partially
neutralizes the negative membrane surface charge. However,
once the membrane surface charge is neutralized, further
[D]-V5,8,I17,K21-melittin binding is difficult, since repulsion
of like charges becomes the dominant factor. Similar results
were obtained in studies of melittin binding to negatively-
charged phospholipid membranes (Batenburg et al., 1988,
1987a-c; Beschiaschvili & Seelig, 1990). Interestingly,
unlike melittin which binds strongly also to PC vesicles
(Dufourcq & Faucon, 1977; Kuchinka & Seelig, 1989),
[D]-V5,8,I17,K21-melittin did not bind to PC vesicles.
Tryptophan Quenching Experiments.A tryptophan residue

naturally present in the sequence of a protein or a peptide
can serve as an intrinsic probe for the localization of the
peptide within a membrane. Melittin contains a tryptophan
residue at position 19, the N-terminal side of the C-helix.
With both melittin and [D]-V5,8,I17,K21-melittin, the largest
quenching of tryptophan fluorescence was observed with 6,7-
Br-PC/PS vesicles (Figure 6). Less quenching was observed
with 9,10-Br-PC/PS, and the least with 11,12-Br-PC/PS.
These results indicate that, upon binding to vesicles, the
peptides were located near the headgroups of the phospho-
lipids.

DISCUSSION

Numerous studies led to the conclusion that an amphi-
pathicR-helix is a prerequisite structure for the activity of

most linear lytic peptides. One of the most studied peptides
within this family is the bee venom melittin. In solution,
melittin contains four regions: the N-terminalR-helix (a.a.
1-9), the flexible “hinge” region (a.a. 10-12), the central
R-helix (a.a. 13-20), and the C-terminal positively-charged
region (a.a. 21-26) (Anderson et al., 1980; Bazzo et al.,
1988; Terwilliger & Eisenberg, 1982a,b). In this study,
D-amino acids were incorporated into the N- and C-terminal
helices in a manner that would cause the largest disruption
to these helices. Indeed, the incorporation ofD-amino acids
into melittin dramatically reduced itsR-helical structure
(Figure 1). Interestingly, some low residualR-helix structure
still remained, which can be attributed to the limited effect
of a singleD-amino acid on theR-helical structure (Rothemund
et al., 1995).
The disruption of theR-helical structure totally abolished

the hemolytic activity of the analogues (Figure 2), thus
indicating the importance of this structure for the cytotoxicity
of the peptide against erythrocytes. However, the diaster-
eomers still exhibited high antibacterial activity (Table 2),
which suggests that the amphipathicR-helical structure is
not crucial for antibacterial activity. Similar results were
obtained with the cytotoxicity of pardaxin diastereomers
(Shai & Oren, 1996), even though pardaxin and melittin do
not act similarly on phospholipid membranes.
The interaction of melittin and its diastereomer with model

phospholipid membranes was examined in order to elucidate
the basis of the selective lytic ability of the diastereomers
against bacteria. In many studies on the binding of melittin
to phospholipids of various compositions, melittin was shown
to interact, although not in the same manner, with both
negatively-charged and zwitterionic phospholipids. Melittin
carries a net charge of+6, and therefore binds better to
negatively-charged than to zwitterionic membranes. This has
been demonstrated in studies of melittin binding to phos-
phatidylserine (Dufourcq & Faucon, 1977), cardiolipin
(Batenburg et al., 1987a-c), phosphatidylglycerol (Batenburg
et al., 1987a-c), phosphatidylcholine/phosphatidylethanol-
amine (Batenburg et al., 1988), and phosphatidylcholine/
phosphatidylglycerol (Beschiaschvili & Seelig, 1990) vesicles.
Before binding to membranes, melittin is present in an
aqueous solution, and its conformation is determined by a
balance of two forces: (i) repulsive forces between positive
charges of the monomers, which favor a monomeric form
with an extended unfolded state; these repulsive forces can
be reduced in the presence of anions or salts; (ii) the opposing
forces which favor the formation of helical tetrameres. These
forces consist mainly of hydrophobic interactions between
the hydrophobic surfaces of the helices (Hagihara et al.,
1992). When bound to PC/PS vesicles, the positive charges
of melittin are partially neutralized by the negative charges
of the phospholipid headgroups, and therefore melittin favors
the helical state. This allows the hydrophobic interactions
between the nonpolar amino acids located at the hydrophobic
surface of the helix and the phospholipid hydrocarbon layer.
However, with the zwitterionic PC phospholipids, the rate
limiting step appears to be the partial penetration of the
peptide into the hydrophobic region of the bilayers (Sekharam
et al., 1991), which is probably driven by the intrinsic
hydrophobic forces that manifest themselves by forming an
R-helical structure. In contrast to native melittin, which
bound strongly to both negatively-charged and zwitterionic
phospholipids, [D]-V5,8,I17,K21-melittin bound only to nega-

FIGURE 6: Quenching of the environmentally-sensitive tryptophan
by brominated phospholipids. Melittin (panel A) and [D]-V5,8,I17,K21-
melittin (panel B) were added to buffer containing PC/PS (1:1 w/w)
SUV. The SUV contained 25% of either 6,7-Br-PC (-‚-), 9,10-
Br-PC (- - -), or 11,12-Br-PC (‚‚‚). After 2 min incubation, an
emission spectrum of the tryptophan was recorded using a spec-
trofluorometer with excitation set at 280 nm. For comparison, PC/
PS (1:1 w/w) SUV with no Br-PC were used (s).
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tively-charged phospholipids (PC/PS) (Figure 5). Thus,
electrostatic interactions appear to play an important role in
the initial binding of the diastereomers to PC/PS membranes.
The disruption of theR-helical structure of melittin, which
prevents manifestation of hydrophobic forces, is probably
responsible for the inability of [D]-V5,8,I17,K21-melittin to bind
zwitterionic phospholipids. The inability of [D]-V5,8,I17,K21-
melittin to bind to zwitterionic phospholipids can explain
therefore why the peptide could not permeate PC vesicles,
as determined in the diffusion potential experiments (Figure
4). Interestingly, despite the disruption of itsR-helical
structure, the mode of interaction of [D]-V5,8,I17,K21-melittin
with PC/PS vesicles is similar to that of native melittin. Both
exhibited similar partition coefficients with negative coop-
erativity (Figure 5B), had the same potency for dissipating
diffusion potentials (Figure 4B), and penetrated with the same
level into the hydrophobic core of PC/PS vesicles, as seen
in the tryptophan quenching experiments using brominated
phospholipids (Figure 6). These findings further emphasize
that theR-helical structure is not a prerequisite for binding
to negatively- charged phospholipid membranes and that
electrostatic interactions have an important role in the binding
process. Therefore, the higher antibacterial activity of
[D]-V5,8,I17,K21-melittin compared to [D]-V5,8,I17,K21-melittin-
COOH is probably related to the higher net positive charge
of the former, rather than the negligible increase in its
R-helical structure in comparison to [D]-V5,8,I17,K21-melittin-
COOH. An increase in antibacterial activity due to the
addition of positive charges has been demonstrated with other
linear lytic peptides as well (Bessalle et al., 1992; Oren &
Shai, 1996).
The antibacterial peptide magainin is a nonhemolytic

peptide, while melittin and pardaxin are hemolytic. In
contrast to melittin and pardaxin, when theR-helical structure
of magainin was disrupted by the introduction of a single
D-amino acid, the resulting diastereomer completely lost its
antibacterial activity (Chen et al., 1988), even though the
diastereomer has a net positive charge similar to that of
melittin. Nevertheless, magainin has a low affinity and
permeating activity for PC vesicles compared to PC/PS
vesicles, similarly to properties of other naturally occurring
antibacterial peptides studied so far and the diastereomers
of melittin and pardaxin. An optimal balance may already
exist between theR-helical structure, hydrophobicity, and
net positive charge of native magainin, which allows
selection between the two types of vesicles. Therefore, any
change in one of these properties might cause a loss in
magainin’s antibacterial activity. The relevance of these
findings to the biological target membranes of the antibacte-
rial peptides has been attributed to the fact that the surface
of bacteria contains lipopolysaccharides (LPS, in Gram-
negative bacteria) and polysaccharides (teichoic acids, in
Gram-positive bacteria), and their membranes contain phos-
phatidylglycerol (PG), all of which are acidic, while normal
mammalian cells (e.g., erythrocytes) express the predomi-
nantly zwitterionic phospholipid PC on their outer leaflet.
Studies on the orientation of melittin bound to phospho-

lipid membranes revealed that melittin is absorbed onto the
surface of fully hydrated phospholipid membranes (Alten-
bach et al., 1989; Altenbach & Hubbell, 1988; Brauner et
al., 1987; Dempsey & Butler, 1992; Frey & Tamm, 1991).
However, melittin adopts a transmembrane orientation when
bound to oriented dry phospholipid membranes (Frey &

Tamm, 1991; Jhon & Jahnig, 1991) or if applied with a
transmembrane potential (Kempf et al., 1982; Schwarz et
al., 1992; Tosteson et al., 1990; Tosteson & Tosteson, 1981).
We found that, with both melittin and [D]-V5,8,I17,K21-
melittin, the largest quenching of tryptophan fluorescence
occurred with 6.7-Br-PC/PS. These results suggest that,
[D]-V5,8,I17,K21-melittin, like melittin in fully hydrated phos-
pholipid membranes, becomes located parallel to the bilayer
surface.
Three fundamentally distinct hypotheses can explain the

cytolytic activity of melittin. According to one hypothesis,
perturbation of the membrane bilayer, in which the peptide
acts as a sort of mechanical “wedge” between lipid mol-
ecules, results in the structural disruption of the opposed
membrane leaflets (Dawson et al., 1978; Vogel et al., 1983).
In another hypothesis, cytotoxicity is caused by the peptide
increasing the curvature of the bilayer (Batenburg & de
Kruijff, 1988). Alternatively, formation of transmembrane
pores in lipid bilayers by the assembly of several monomers
via a “barrel-stave” mechanism is responsible for the
cytolytic activity of melittin (DeGrado et al., 1982; Tosteson
& Tosteson, 1981; Vogel & Jahnig, 1986). According to
the latter hypothesis, transmembrane amphipathicR-helices
form bundles in which outwardly-directed hydrophobic
surfaces interact with the lipid constituents of the membrane,
while inwardly-facing hydrophilic surfaces produce a pore.
All of these three proposed mechanisms were also proposed
to require that lipid-bound melittin assume anR-helical
structure. However, our results with melittin diastereomers
indicate thatR-helical structure is not required for melittin’s
permeation of negatively-charged membranes. Therefore,
the diastereomers cannot form transmembrane pores, but
rather bind onto the surface of the membrane (based on the
tryptophan quenching experiments, Figure 6), cover the
membrane in a “carpet-like” manner, and dissolve it like a
detergent. The four steps possibly involved in this model
are: (i) preferential binding of peptide monomers to the
negatively-charged phospholipids (Figure 5), (ii) laying of
the monomers on the surface of the membrane (Figure 6)
such that the positive charges of the basic amino acids
interact with the negatively charged phospholipid headgroups
or water molecules, (iii) reorganization of the molecule
leading to reorientation of the hydrophobic residues toward
the hydrophobic core of the membrane, and (iv) disintegrat-
ing the membrane by disrupting the lipid packing in the
bilayer structure (Figures 3 and 4).
Indeed, according to the dissipation of diffusion potential

experiments, the maximal membrane- permeating activity of
[D]-V5,8,I17,K21-melittin occurs at a lipid:peptide molar ratio
of ∼22:1 (Figure 4). Under these conditions,∼80% of the
peptide is bound to the membrane (calculated from the
binding isotherm, Figure 5). Assuming that the peptide binds
only to the outer surface (∼60% of total lipid), the lipid:
bound peptide molar ratio is∼10:1. Taking a surface area
of 70 Å2 for each phospholipid molecule, the area available
for each [D]-V5,8,I17,K21-melittin monomer is∼700 Å2. The
surface area of a 31 amino acids longR-helical peptide is
∼520 Å2 (Steiner et al., 1988). [D]-V5,8,I17,K21-Melittin is
not anR-helix and probably is more extended than an ideal
R-helical peptide. It is reasonable to assume, therefore, that
this amount of bound peptide monomers is sufficient to form
a monolayer that completely covers the surface of the
vesicles. However, it is not unlikely that the diastereomer
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also assumes some compact (nonhelical) conformation when
bound to negatively-charged PC/PS membranes in order to
bury its apolar residues. Since Figure 6 shows that the
peptide stays on only one side of the membrane, this would
seem to fulfill the first hypothesis of a “wedge” causing an
asymmetrical expansion of the outer leaflet. This would also
seem to fulfill the second hypothesis, in which melittin causes
a localized increase in membrane curvature, thus suggesting
that anR-helical structure is not necessary for the two later
mechanisms.
The results presented here, together with those obtained

with the diastereomers of pardaxin, suggest a new strategy
for designing antibacterial peptides that should have some
advantages. First, the peptides should lack the diverse
pathological and pharmacological effects induced byR-heli-
cal lytic cytolysins. For example, staphylococcusδ-toxin,
the antibacterial peptide alamethicin, cobra direct lytic factor,
and pardaxin exert several histopathological effects on
various cells due to pore formation and activation of the
arachidonic acid cascade. However, diastereomers of par-
daxin did not exert these activities (Shai & Oren, 1996).
Furthermore, many amphipathicR-helical peptides bind to
calmodulin to elicit several cell responses, and even all
D-amino acidR-helices including melittin are endowed with
similar activity (Fisher et al., 1994). Diastereomers with
disruptedR-helical structure should not bind to calmodulin.
Second, localD-amino acid substitution should enable
controlled clearance of the antibacterial peptides by pro-
teolytic enzymes, rather than the total protection acquired
by complete D-amino substitution (Wade et al., 1990;
Bessalle et al., 1990). Total resistance of a lytic peptide to
degradation might be disadvantageous for therapeutic use.
Furthermore, the antigenicity of short fragments containing
D,L-amino acids is dramatically diffferent than that of their
entireL- or D-amino acid parent molecules (Benkirane et al.,
1993). Third, total inhibition of bacterial growth induced
by the diastereomrs is associated with total lysis of the
bacterial wall, as shown by electron microscope (Figure 3).
Therefore, bacteria might not easily develop resistance to
drugs that employ such a destructive mechanism.
In summary, the results obtained with the diastereomers

of pardaxin and melittin indicate that neither a specific
sequence, length, nor position ofD-amino acids is prerequisite
for a polypeptide to acquire antibacterial activity. However,
these factors seem to be more crucial for cytotoxicity toward
mammalian cells. Despite the fact that the biological
activities and the mode of action of pardaxin and melittin
are not the same, their diastereomers act on model mem-
branes and bacteria in a similar fashion. Therefore, we
suggest that modulating both the hydrophobicity and net
positive charge of diastereomers of linear cytotoxic polypep-
tide may be sufficient to design potent antibacterial polypep-
tides for the treatment of infectious diseases.
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