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ABSTRACT. The amphipathie-helical structure is a common motif found in membrane binding polypeptides
including cell lytic peptides, antimicrobial peptides, hormones, and signal sequences. Numerous studies
have been undertaken to understand the driving forces for partitioning of amphigédielccal peptides

into membranes, many of them based on the antimicrobial peptide magainin 2 and the non-cell-selective
cytolytic peptide melittin, as paradigms. These studies emphasized the role of linearity in their mode of
action. Here we synthesized and compared the structure, biological function, and interaction with model
membranes of linear and cyclic analogues of these peptides. Cyclization altered the binding of melittin
and magainin analogues to phospholipid membranes. However, at similar bound peptide:lipid molar ratios,
both linear and cyclic analogues preserved their high potency to permeate membranes. Furthermore, the
cyclic analogues preservedr5% of the helical structure of the linear peptides when bound to membranes.
Biological activity studies revealed that the cyclic melittin analogue had increased antibacterial activity
but decreased hemolytic activity, whereas the cyclic magainin 2 analogue had a marked decrease in both
antibacterial and hemolytic activities. The results indicate that the linearity of the peptides is not essential
for the disruption of the target phospholipid membrane, but rather provides the means to reach it. In
addition, interfering with the coithelix transition by cyclization, while maintaining the same sequence

of hydrophobic and positively charged amino acids, allows a separated evaluation of the hydrophobic
and electrostatic contributions to binding of peptides to membranes.

Binding of membrane-active polypeptides such as viral located at the interface with both helices oriented ap-
fusion peptides, hormones, signal sequences, and cytolyticproximately parallel to the plane of the membrah&<13).
peptides depends less on the actual amino acid compositiorMagainin 2 is a 23 amino acid antimicrobial peptide, also
but rather on global structural properties such as peptide highly basic ¢5) but with more dispersed charged residues.
charge, hydrophobicity, and helicity,(2). Numerous studies  In aqueous solutions, magainin 2 is unstructuted.(In the
have been undertaken to determine the nature of interactionpresence of sodium dodecyl sulfate micelles (SDS) or lipid
of the cytolytic peptides melittin, the major component of vesicles, magainin 2 exists mainly in erhelical conforma-
honey bee Apis mellifera)venom @), and magainin 2,  tion (15—17). In contrast to melittin, magainin 2 does not
isolated from the skin of the African clawed frog€nopus contain a proline residue. However, two-dimensioftal
laevis) (4), as paradigms for studying the driving forces NMR experiments show that the membrane-bound state of
responsible for partitioning amphipathichelical peptides magainin is curved, with a bend centered at residued?Phe
into membranes. These peptides have similar charge, strucand Gly® (18), and is oriented parallel to the membrane
ture, and organization within the membrane. Melittin is a surface 19—22).

26 amino acid peptide with a high-6) positive charge. In Despite similarities in structure and organization within
aqueous solutions, the monomer has no detectable secondare membrane, melittin and magainin 2 display significant
structure b, 6). Membrane-bound melittin consists of two gjtferences in cell selectivity. Both peptides possess high
a-helical segments (residues20 and 13-21) (7—10). The  antibacterial activity against Gram-positive and Gram-
helices are connected by a hingEl( 12 forming a bent  negative bacteria4( 23, 24; however, melittin is signifi-
a-helical rod where the hydrophilic and hydrophobic sides cantly more hemolytic 25, 26. Melitin’s lack of cell
face in opposite directions. Charged residues are mainly sejectivity arises from nonspecific interactions with zwitter-
located at the C-terminus. Spin-label EPR and ATR-FTIR jonic (major component of normal mammalian cell) and
results indicate melittin bound to fully hydrated bilayers is pegatively charged (major component of bacterial membrane)

membranesA7—32), whereas magainin 2 preferentially binds
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calating within the lipid interface and acyl chain region and a Cs reverse-phase Bio-Rad semi-preperative column (250
disrupting the lipid order, as opposed to forming transmem- x 10 mm, 300 A pore size, Bm particle size). The column
brane pores [for reviews, seel(0(-42)]. These studies was eluted in 40 min, using a linear gradient of~BD%
emphasized the importance of amphipathicity arloklicity acetonitrile in water, both containing 0.05% TFA (v/v), at a
to the cytolytic activity of the peptides. An additional flow rate of 1.8 mL/min. Purified peptides were solubilized
attribute, common among native amphipathic helices includ- at a concentration of 35 mg/L in sodium acetate (pH 7.3),
ing melittin and magainin, is peptide linearity. To our and were allowed to form a disulfide bond by air oxidation
knowledge, the role of linearity in biological function and for 24 h, at room temperature under stirring. The cyclic
mode of action has not yet been examined. For this purpose peptides were further purified by RP-HPLC and were shown
we synthesized linear and cyclic analogues of melittin and to be homogeneous-©5%). To obtain linear peptides, the
magainin 2 and characterized the biological activity of these free cysteine-containing peptides were treated with methyl
peptides toward erythrocytes and bacteria, as well as theirmethanethiosulfonate (MMTS). The peptides were subjected
interaction with model phospholipid membranes. The peptide to amino acid analysis and electrospray mass spectroscopy
secondary structures when bound to zwitterionic or net to confirm their composition and molecular weight.
negatively charged phospholipid membranes were determined Preparation of LiposomesSmall unilamellar vesicles
by circular dichroism (CD) spectroscopy. These cyclic (SUV) were prepared by sonication of PC/cholesterol (10:1
analogues offer unique insight into the mode of peptide w/w) or PE/PG (7:3 w/w) dispersions as described in detail
interactions with membranes and provide important informa- previously @3). Large unilamellar vesicles (LUV) were also
tion on parameters that affect cell selectivity. prepared from PC/PG (7:3 w/w) as follows: dry lipids were
suspended in PBS buffer by vortexing to produce large
multilamellar vesicles. The lipid suspension was freeze
. . . . . thawed 6 times and then extruded 20 times through poly-
Materials. Rink amide 4-methyl benzhydrylamine réSiN carbonate membranes with 0.1 m diameter pores (Nuclepore
(MBHA) and fluoren-9-ylmethoxycarbonyl (Fmoc) amino ¢, pleasanton, CA). Vesicles were visualized using a

acids were purchased from Calibochemovabioche_m_(La JEOL JEM 100B electron microscope (Japan Electron Optics
Jolla, CA). Other reagents used for peptide synthesis 'nCIUdedLaboratory Co., Tokyo, Japan) as follows. A drop of vesicles

t_rifluoroacetjc acid (TF.A‘ Sigma),_methylene chlpride (pep- was deposited on a carbon-coated grid and negatively stained
tide synthesis grade, Biolab, IL), dimethylformamide (peptide \ iy, ,ranyi acetate. Examination of the grids demonstrated

synthesis grade, B'Olab).' plperldmg (Merck, Dar.mstadt, that the vesicles were unilamellar with an average diameter
Germany)_, and benzotnazolp&l-oxytns(d|m_ethylam|no)- of 2050 nm for SUV @4) or 100 nm for LUV.
phos_phonlum hexafluorophosphate (BOP’ Sigma). Egg phos- Antibacterial Actvity of the PeptidesThe antibacterial
phat!dylchollne (PC.:)’ €99 phosphat|dylglycerql (I.DG)’ phos- activity of the peptides was examined in sterile 96-well plates
phatidylethanolamine (PE) (type V, frofischerichia col, (Nunc F96 microtiter plates) in a final volume of 100 as
L-a-lysophosphatidylcholine (LPC) (type I, from egg yolk), ¢t 1ows. Aliquots (50uL) of a bacterial suspension at a
methyl methanethiosulfonate (MMTS), and 4-fluoro-7-ni- concentration of 10 colony-forming units (CFU)/mL in
trobenz-2-oxa-1,3-diazole (NBD-F) were purchased from ¢y ,re medium (LB medium) were added to 2Q of
Sigma. 3,3Diethylthiodicarbocyanine iodide (diS;&) was  5,,60us peptide solution created by serial 2-fold dilutions
obtained from Molecular Probes (Eugene, OR). Cholesterol in water. Inhibition of bacterial growth was determined by
(extra pure) was supplied by Merck (Darmstadt, Germany) measuring the absorbance at 600 nm with a Microplate
and recrystallized twice from ethanol. All other reagents were _ .0~ 1or FI309 (Bio-Tek Instruments) after an incubation
of analytical grade. Buffers were prepared in double glass- ¢ 1550 1 at 37°C. Antibacterial activities are expressed

distilled water. as the minimal inhibitory concentration (MIC), the concen-
Peptide Synthesis, Fluorescent Labeling, and Purification tration at which 100% inhibition of growth occurred after
Peptides were synthesized by solid-phase methods usingig—20 h of incubation. The bacteria used weEscherichia
standard fluoren-9-ylmethoxycarbonyl (Fmoc) chemistry on coli D21, Acinetobacter calcoaceticusc11, Micrococcus
Rink amide MBHA resin. The peptides were synthesized |yteusATCC 9341, andBacillus subtilisATCC 6051.
with cysteine residues at both their N- and C-termini.  Hemolysis of Human Red Blood Cells (hRBEYesh
Labeling of the N-terminus of the peptides with the KhRBC with EDTA were rinsed 3 times with PBS (35 mM
fluorescent probe 7-nitrobenz-2-oxa-1,3-diazole (NBD) was phosphate buffer/0.15 M NaCl, pH 7.3) by centrifugation
achieved by labeling the resin-bound peptide as describedigr 10 min at 80Q@ and resuspended in PBS. Peptides
previously @3). The peptides were cleaved from the resins gissolved in PBS were then added to/800f a solution of
by trifluoroacetic acid (TFA) and purified by RP-HPLC on  the stock hRBC in PBS to reach a final volume of 100
(final erythrocyte concentration, 4% v/v). The resulting
suspension was incubated under agitation for 60 min at 37
°C. The samples were then centrifuged at@@fr 10 min.
Release of hemoglobin was monitored by measuring the
absorbance of the supernatant at 540 nm. Controls for zero

MATERIALS AND METHODS

1 Abbreviations: BHA, 4-methyl benzhydrylamine resin; CD, circular
dichroism; CFU, colony-forming units; diS;(%, 3,3-diethylthiodi-
carbocyanine iodode; Fmoc, fluoren-9-ylmethoxycarbonyl; HEPES,
N-(2-hydroxyethyl)piperazin&¥-2-ethanesulfonic acid; hRBC, human
red blood cells; LPC, lysophosphatidylcholine; MIC, minimal inhibitory

concentration; MMTS, methyl methanethiosulfonate; NBD-F, 4-fluoro-

hemolysis (blank) and 100% hemolysis consisted of hRBC

7-nitrobenz-2-oxa-1,3-diazole; PBS, phosphate-buffered saline; PC, eggsuspended in PBS and Triton 1%, respectively.

phosphatidylcholine; PEz. coli phosphatidylethanolamine; PG, egg

phosphatidylglycerol; RP-HPLC, reverse-phase high-performance liquid

chromatography; SUV, small unilamellar vesicles; TFA, trifluoroacetic
acid.

Membrane Permeation Induced by the Peptiddem-
brane destabilization, which results in the collapse of a
diffusion potential, was detected fluorometrically as previ-
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Table 1: Sequences and Designations of the Peptides Investigated

Peptide Designation Sequence *"
Linear melittin analog CH3S-CGIGAVLKVLTTGLPALISWIKRKRQQ C-s-cH3
Cyclic melittin analog r 1

CGIGAVLKVLTTGLPALISWIKRKRQQC

Linear magainin 2 analog  cH3-s-CGIGKFLHSAKKWGKAFVGAIMNS C-s-cH3

Cyclic magainin 2 analog I |
CGIGKFLHSAKKWGKAFVGAIMNSC

2The C-terminal is amidated.CHz-S is bound to Cys.

ously described45—47). Briefly, a liposome suspension, WwhereW is the water concentration (55.56 M) ahds the
prepared in “K buffer” (50 mM K,SOy/25 mM HEPES- molar lipid concentration. NLLSQ analyses and data simula-
sulfate, pH 6.8), was added to an isotonic¢-fkee buffer tions were performed with the commercial software package
(50 MM NaSQy25 mM HEPES-sulfate, pH 6.8), and the Origin 6.0 (MicroCal, Inc., Northampton, MA).

dye diS-G-5 was then added. Subsequent addition of CD SpectroscopyThe CD spectra of the peptides were
valinomycin created a negative diffusion potential inside the measured with a Jasco J-500A spectropolarimeter after
vesicles by a selective afflux of Kions, which resulted in  calibrating the instrument witht)-10-camphorsulfonic acid.

a guenching of the dye’s fluorescence. Peptide-induced The spectra were scanned at’®5in a capped, quartz optical
membrane permeation for all the ions in the solution causedcell with a 0.5 mm path length. Spectra were obtained at
a dissipation of the diffusion potential, as monitored by an wavelengths of 256190 nm. Eight scans were taken for
increase in fluorescence. Fluorescence was monitored usingeach peptide at a scan rate of 20 nm/min. The peptides were
excitation and emission wavelengths at 620 and 670 nm, scanned at concentrations of x510°to0 2.0x 10° M in
respectively. The percentage of fluorescence recovgry, PBS (35 mM phosphate buffer/0.15 M NacCl, pH 7.3) and

was defined by in the presence of PE/PG (7:3, w/w, 6.5 mM final concentra-
tion) SUV or 2% lysophosphatidylcholine (LPC) micelles.
Fo=[(l, = 1.)/(1; — 1,)] x 100 Fractional helicities48, 49 were calculated as
wherel, = fluorescence observed after addition of a peptide [6]500 = [615:2
at timet, I, = fluorescence after addition of valinomycin, [0]100_ [9]0
and|; = total fluorescence prior to the addition of valino- 222 222
mycin.

Binding of Peptides to VesicleBhe affinity of the peptides where P22 is the experimentally observed mean rl%gidue

to phospholipid membranes was evaluated using NBD- llipticity at 222 nm, and the values f99]|g22 and Pl
labeled peptides. NBD fluorescence is sensitive to the Which correspond to 0% and 100% helix content at 222 nm,

polarity of the environment; therefore, the fluorescence of &re estimated to be 2000 and 32 000-deg/dmol, respec-

an NBD-labeled peptide increases upon transfer from a tively (49).

solution to a hydrophobic environment. The degree of peptide RESULTS

association with zwitterionic [PC/cholesterol (10:1 w/w)] or

net negatively charged phospholipids [PE/PG (7:3 w/w) or  The amino acid sequences of the peptides are presented
PC/PG (7:3 wiw)] was measured by adding 2N NBD- in Table 1. An analogue of magainin 2 was used, in which
labeled peptide to 2 mL of PBS solution in the presence of Phe 12 was replaced by Trp and Glu 19 was replaced by
SUV at different concentrations. The fluorescence intensity Ala. In addition, both peptides were synthesized with
was measured in the time-dependent mode, with excitationcysteines at their N- and C-termini. Functional and structural
set at 467 nm, emission set at 530 nm, and slits set to 8 nm,studies revealed that the Phe 12 to Trp substitution did not
until a maximal intensity was achieved. Measurements were change the properties of the parent peptid@, (50. The
taken at several vesicle concentrations. The fluorescenceGlu 19 to Ala substitution resulted in significantly increased
values,F, were corrected by subtracting the corresponding antimicrobial activity 20, 5J). The resulting W-Aig-ma-
blank (buffer with the same amount of vesicles). The gainin 2 (magainin 2 analogue) has a net positive charge of

increases in the fluorescence intensky;- Fo, whereFy is +6 and the same intrinsic fluorescent probe (Trp) as melittin.

the fluorescence intensity in the absence of vesicles, wereCyclic analogues of melittin and magainin 2 were prepared

plotted as a function of the lipid:peptide molar ratio. by forming a disulfide bond between two Cys residues. The

The partition coefficient was determined by nonlinear linear peptides were prepared by blocking the reduced

least-squares (NLLSQ) fitting using the equations: cysteines with methyl methanethiosulfonate (MMTS), a
cysteine-specific reagent. As expected, mass spectrometry

f=fooundmax T (@ = fooundfo revealed molecular weights of 3142 for linear melittin, 3048

for cyclic melittin, 2743 for linear magainin 2 analogue, and
foouna= KpL/(W+ KpL) 2649 for cyclic magainin 2 analogue. All assays were also
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Table 2: Minimal Inhibitory Concentrationu) of the Peptide® A
minimal inhibitory concentration 40 ':'..D m »® ®E =
>
peptide E. coli A. calcoaceticus M. luteus B. subtilis '5, U

designation  (D21) (AC11) (ATCC 9341) (ATCC 6051) z dfl
linear melittin 32 4 2 2 £

analogue N s
cyclic melittin 10 3 1.5 0.8 o2

analogue zE
linear magainin 4 2.5 2.5 2 Qe

2 analogue o L
cyclic magainin >100 19 80 11 o

2 analogue 3
tetracycline 15 15 0.5 6.5 w

2 Results are the mean of 3 independent experiments each performed L \ :

in duplicate, with the standard deviation not exceeding 25%. 0 100 200 300 400
[lipid)/[peptide]
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Ficure 1: Dose-response of the hemolytic activity of the peptides o 500 1000 1500
toward hRBC. The assay was performed as described under [lipid]/[peptide]

Materials and Methods. Designations are as follows: linear melittin . . .
(@); cyclic melittin (@); linear magainin 2 analoguej; cyclic FIGURE 2: Panel A: Increases in the fluorescence of NBD-labeled

Lo linear melittin @) and cyclic melittin W) (0.1 M total concentra-
magainin 2 analogue®. tion) upon titration with PE/PG vesicles, with the excitation

. ) wavelength set at 467 nm and emission at 530 nm. The experiment
performed with the NBD-labeled peptides, and the results was performed at 25C in PBS. Panel B: Increases in the

were nearly identical to those obtained with unlabeled fluorescence of NBD-labeled linear magainin 2 analogipgnd
peptides, as has been shown also in other stud2ss3. cyclic magainin 2 analogue®) (0.1 M total concentration) upon
Antimicrobial and Hemolytic Actities of the Peptides  litration with PE/PG vesicles.

Antibacterial activity was assayed against a representativeexplanation is that conformational changes occur when
set of test bacteria including both Gram-negative speciespeptides bind vesicles that place the tryptophan residue in
(Escherichia coli and Acinetobacter calcoaceticusand the vicinity of the disulfide bond, a quencher of Trp
Gram-positive speciesBécillus subtilisand Micrococcus fluorescenceq4, 55. Therefore, the peptides were labeled
luteug. The antibiotic tetracycline served as a control. The at the N-terminus with the fluorophore NBD, which is highly
results of this study are summarized in Table 2. The sensitive to the dielectric constant of its environment. A fixed
cyclization of melittin increases its activity against all bacteria concentration (0.LM) of peptide was titrated with vesicles
examined, most significantly towarH. coli. In contrast, [either net negatively charged PE/PG vesicles (7:3 wiw), a
cyclization of magainin 2 analogue markedly decreases its phospholipid composition typical &. coli (56), or zwitter-
antibacterial activity against both Gram-positive and Gram- jonic PC/cholesterol (10:1, w/w) vesicles, a phospholipid
negative bacteria. composition used to mimic the major components of the
The peptides were also tested for their hemolytic activity outer leaflet of human erythrocytes7], while monitoring
against the highly sensitive human erythrocytes. A dose the increase in fluorescence caused by binding. LUV
response curve of peptide hemolytic activity (Figure 1) shows composed of net negatively charged PC/PG (7:3 w/w) were
that peptide cyclization substantially decreases the hemolyticalso used as a control. Plotting the increase in NBD
activity of both melittin and magainin 2 analogue. fluorescence as a function of lipid:peptide molar ratios
Binding StudiesTwo possible mechanisms may explain yielded conventional binding curves (Figures4.
the reduced hemolytic activity of the cyclic peptides. They  The results, summarized in Table 3, reveal a relatively
may bind with lower affinity to different phospholipid small increase~4-fold higher) in the affinity of the linear
membranes, or once bound may not be able to organize intomelittin analogue to PE/PG and PC/PG versus the cyclic
structures that induce membrane lysis. The single tryptophanform. In comparison, a larger increasel(0-fold) occurred
was used as an intrinsic fluorescence probe to follow peptidewith magainin analogues. When the peptides bind PC/
binding to model phospholipid membranes. Only small cholesterol vesicles, the differences in affinity increase to
increases in the fluorescence intensity were observed upor30-fold and~70-fold between the linear and the cyclic forms
titration of both cyclic and linear peptides. A possible for melittin and magainin 2 analogues, respectively. To verify
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Ficure 3: Panel A: Increases in the fluorescence of NBD-labeled Ficure 4: Panel A: Increases in the fluorescence of NBD-labeled
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tion) upon titration with PC/PG vesicles, with the excitation tion) upon titration with PC/cholesterol vesicles, with the excitation
wavelength set at 467 nm and emission at 530 nm. Details are aswavelength set at 467 nm and emission at 530 nm. Details are as
depicted in the legend to Figure 2. Panel B: Increases in the depicted in the legend to Figure 2. Panel B: Increases in the

fluorescence of NBD-labeled linear magainin 2 analogbeghd fluorescence of NBD-labeled linear magainin 2 analogbpand
cyclic magainin 2 analogu@®) (0.1 uM total concentration) upon cyclic magainin 2 analogud@®) (0.1 M total concentration) upon
titration with PC/PG vesicles. titration with PC/cholesterol.

that peptide cyclization, rather than the absence of MMTS inhibited the magainin-induced pore formatid&8), whereas
blocking groups, lowers the affinity to PE/PG, PC/PG, and an opposite effect was observed for 18L, a model cytolytic
PCl/cholesterol vesicles, the assay was repeated using th@eptide 69), in which Iytic activity increased with increasing
cyclic peptides under reducing conditions (2 mM DTT). The content of PE §0). An additional factor that may influence
resulting unblocked and linearized peptides showed the samepeptide cytolytic activity is membrane curvature, which is
affinity to model membranes as their MMTS-blocked linear high in SUV. To differentiate between contributions from
analogues. lipid compostion and curvature, PC/PG (7:3 w/w) LUV were
Membrane Permeation Induced by the Peptidé® also investigated. Fluorescence recovery over time measured
evaluate the effect of phospholipid membrane composition the kinetics of membrane disruption by peptides. We also
on peptide cell-selectivity, a membrane permeation study wasdetermined the maximum recovery level as a function of the
performed. Various concentrations of the peptides were lipid to peptide molar ratio (Figure 5). The data reveal that
mixed with PE/PG or PC/cholesterol SUV, pretreated with all peptides significantly permeate PE/PG membranes (Figure
the fluorescent dye diS:£5 and valinomycin. Previous 5A). Similar results were obtained in PC/PG LUV (Figure
studies revealed that the effect of PE on membrane perme-5B). These results do not correlate with the large differences
ation is peptide-dependent. In the case of magainin, PEin antibacterial activity again&. coli, indicating that factors

Table 3: Partition Coefficient of the Peptides in the Presence of PE/PG (7:3, w/w), PC/PG (7:3, w/w), or PC/Cholesterol (10:1, w/w) Vesicles,
As Determined by Nonlinear Least-Squares (NLLSQ) Fiting

peptide designation Ky* in PE/PG (M™Y) Kp* in PC/PG (M) Ky* in PC/cholesterol (M?)
linear melittin analogue 2.040.5) x 10° 1.5 (#0.8) x 1¢° 3.0 &0.5) x 10°
cyclic melittin analogue 5.140.6) x 1¢° 3.7 E0.7) x 1® 1.0 &0.5) x 1¢°
linear magainin 2 analogue 2.20.5)x 10¢ 1.1 &0.3)x 10° 1.5 &0.5)x 10F
cyclic magainin 2 analogue 3.10.6) x 10° 0.9 #0.4) x 1® 2.2 #0.4) x 10

2 The results are the average of 3 independent repeats.
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Ficure 5: Maximal dissipation of the diffusion potential in vesicles
induced by the peptides. The peptides were added to isotonric K
free buffer containing PE/PG SUV (panel A), PC/PG LUV (panel
B), or PC/cholesterol SUV (panel C), preequilibrated with the
fluorescent dye 3;3diethylthiodicarbocyanine iodide and valino-

mycin. Fluorescence recovery was measured% min after the
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Table 4: Tryptophan Emission Maxima of the Peptides in Solution,
in the Presence of PE/PG (7:3, w/w), or in PC/Cholesterol (10:1,
wiw) Vesicles

peptide designation PBS PE/PG PC/cholesterdl
linear melittin analogue 3491 334+1 336+ 1
cyclic melittin analogue 3481 336+1 341+ 1
linear magainin 2 analogue 3491 337+1 340+ 1
cyclic magainin 2 analogue 3481 337+1 341+ 1

a A lipid to peptide molar ratio of 3000:1 was used in all cases.
Under these conditions, more than 97% of the peptide is bound in all
cases.

2 had the same activity as their linear analogues without
DTT. These results further reveal that blocking of the
cysteine groups by MMTS does not affect the cytolytic
activity of the peptides.

Characterization of the Exironment of the Tryptophan
ResidueTo determine the environment of the peptides, we
monitored the fluorescence emission spectrum of the tryp-
tophan 27, 61 in PBS at pH 7.4 or in the presence of
vesicles composed of either PE/PG (7:3, w/w) or PC/
cholesterol (10:1, w/w). Whereas disulfide bonds quench
fluorescence, they have no effect on its blue stg®)(In
these fluorometric studies, SUV were used to minimize light-
scattering effectsg3d). A high lipid:peptide molar ratio was
maintained (3000:1) so spectral contributions of free peptide
would be negligible. The wavelength at the maximum
intensity of the tryptophan emission was determined by fitting
the emission spectra to log-normal distributi€@)( Non-
linear least-squares (NLLSQ) analyses and data simulations
were performed with the commercial software package
Origin 6.0 (Microcal, Inc., Northampton MA). The results
are summarized in Table 4. In buffer, the tryptophan residue
of all four peptides is located in a hydrophilic environment
(27). When PE/PG vesicles were added to the aqueous
solutions containing the peptides, similar blue shifts were
observed for all peptides reflecting their relocation to a more

peptides were mixed with the vesicles. Peptide designations: linearhydrophobic environment6f). In the presence of PC/

melittin (d); cyclic melittin (@); linear magainin 2 analogu©y;
cyclic magainin 2 analogud®.

other than peptidelipid interactions are involved in the

cholesterol vesicles, only linear melittin exhibited a blue shift
corresponding to a hydrophobic environment similar to that
observed with PE/PG vesicles. All other peptides exhibited

antibacterial activity of the peptides. In contrast, the results smaller blue shifts suggesting location in a more hydrophilic

with zwitterionic membranes (Figure 5C) correlate well with

environment when in the presence of PC/cholesterol vesicles

the results of the hemolytic assay. Linear melittin is the most versus PE/PG vesicles.

hemolytic and has the highest permeation activity on

The blue shift of the tryptophan emission of linear melittin

zwitterionic membranes. Cyclic magainin 2 analogue is the can serve as a probe of peptide self-association in aqueous
least hemolytic and has the lowest activity on PC/cholesterol. solution. Peptide oligomerization would cause shielding of
To evaluate whether differences in the peptide’s activities the tryptophan in the largely hydrophobic interior of the
result from different amounts of bound peptides, the maxi- oligomer from the aqueous mediu®6, 67). Linear melittin
mum fluorescence recovery as a function of the membrane-(0.1-40 «M) was added to PBS solution at pH 7.4, and the
bound peptide to lipid molar ratio (determined from peptide fluorescence emission spectrum of the tryptophan was

binding curves) is plotted in the insets of Figure -58.

monitored. The emission maximum of the tryptophan (349

Linear and cyclic magainin analogues permeate PE/PG, PC/£= 1 nm) was unchanged up to 1BV peptide. Further
PG, and zwitterionic membranes similarly. However, linear increases in the concentration of linear melittin analogue

and cyclic melittin only behave similarly with negatively
charged PE/PG and PC/PG membranes.

resulted in a blue shift down to 345 1 at 40uM. This
indicates that the peptide is predominantly monomeric at

To ensure that peptide cyclization, rather than the absenceconcentrations below 16M, and at higher concentrations
of the MMTS blocking groups, is responsible for the lower it oligomerizes.

ability of the cyclic peptides to permeate PE/PG, PC/PG,

Secondary Structure of the Peptides Determined by CD

and PC/cholesterol vesicles, the assay was repeated with th&pectroscopyThe effect of cyclization on peptide secondary
cyclic peptides in the presence of 2 mM DTT. Under structure was assessed by CD spectroscopy recorded in PBS
reducing conditions, both cyclic melittin and cyclic magainin or in the presence of PE/PG SUV. Due to large light
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30 F melittin is bound to PE/PG and LPC. In the case of magainin,
A >96% of the linear form is bound to PE/PG and LPC, while
~75% and~79% of the cyclic form are bound to PE/PG
and LPC, respectively. The mean residual ellipticitié$;zh,

and the corresponding percentagesdfelix of the peptides

are summarized in Table 5. The numbers in parentheses are
the actual values after corrections for the fraction bound. In
buffer, only linear melittin adopted significant-helical
structure, most probably from aggregation due to hydropho-
bic interactions, as was also observed in the tryptophan blue
shift experiment described above. Interestingly, cyclization
did not have a strong effect on the structure of melittin and
magainin 2 analogues. Both peptides preserved most of their
o-helical structure.

20 |-
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0
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° DISCUSSION
Melittin and magainin 2 are thought to bind and insert
into membranes by (i) interfacial binding of the unfolded
peptide, due mainly to electrostatic interactions in the case
of magainin 2 68, 69, or hydrophobic interactions in the
case of melittin 70); (ii) insertion of the nonpolar side chains
into the hydrophobic core of the membrane; and (iii)
transition from a random coil to aw-helical structure
coupled with insertion into the lipid bilayer$94, 713. It
should be noted that analogues of magainin 2 and melittin
were used in this study. These analogues are different from
those reported for magainirv?) and melittin @2), and,
therefore, their binding constants are different. These dif-
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sk, T , , ferences can be explained by taking into account the
200 210 220 230 240 250 substitutions made to the peptides, the effect of positive
WAVELENGTH (nm) charge to the binding constamd), and the contribution of

FIGURE 6: CD spectra of the peptides in PBS (panel A), in the the added and substituted amino acids to the blndlng of the
presence of PE/PG SUV (panel B), or in 2% LPC micelles (panel peptides to phospholipid membrané&g)(
g)d ipelcctrrg v,\vAereT ;%k%r; Sa; ptﬁge Ceffrécrrenrgaat;%nsa gsffclrllﬁre Zt?] der Cyclization Allows Differentiation between Contributions
Materials and Methods, Linear melitim{- eyclic melitin (), oM Random Coil tai-Helix Transitions and Electrostatic
linear magainin 2 analogue-(- -); cyclic magainin 2 analogue  Ntéractions Inolved in Magainin 2 Membrane Bindinghe
(---). binding study (Figures24 and Table 3) reveals that linear
magainin 2 analogue has a similar affinity toward net
scattering effects of PC/cholesterol SUV, the CD spectra of negatively charged membranes and zwitterionic phospholipid
the peptides in the presence of zwitterionic membranes weremembranes. This indicates the large contribution of random
studied using 2% lysophosphatidylcholine (LPC) micelles. coil to a-helix transition to the membrane binding ability of
The CD spectral profiles of peptides in PBS, PE/PG SUV, the peptide, as compared to electrostatic attraction. These
and LPC micelles are shown in Figures 6A, 6B, and 6C, results are further supported by a recent thermodynamic study
respectively. The lipid:peptide molar ratios used were 325:1 showing that helix formation accounts for about 50% of the
in the case of PE/PG and 2100:1 in the case of LPC. free energy of binding of magainin 2 to lipid bilaye69.
Assuming that partitioning to LPC is similar to PC, the Indeed, cyclization of magainin 2 analogue reduced its helical
binding experiments suggest tha®6% of melittin and cyclic structure in zwitterionic phospholipid membranes and there-

Table 5: Mean Residual Ellipticity at 222 nn9{}2,) and Deriveda-Helical Content of the Peptides in PBS, in the Presence of PE/PG (7:3
wiw) SUV, or in 2% LPC Micelle3

PBS PE/PG LPC®
peptide designation O] 222 % a-helix [0]222 % a-helix [0]222 % a-helix
linear melittin analogue —13970 40 —25100 77 —26600 82
cyclic melittin analogue —5460 11 —19080 57 —23000 70
linear magainin 2 analogue —3400 5 —26580 82 —27600 85
cyclic magainin 2 analogue —2020 0 —15800 46 —16400 48
(—21100) (64) £21100) (64)

a Standard error is=4%. ® A peptide to lipid molar ratio of 1:325 was used, in whiel96% of the peptides (besides cyclic magainin that binds
only ~75%) are bound to the PE/PG SUV as revealed by their binding curves (Figure 2). Numbers in parentheses are after correction for bound
peptide.c A peptide to LPC molar ratio of 2100:1 was used in whieh00% of the peptides (besides cyclic magainin that binds 61M8%) are
bound to the LPC as revealed by their binding curves (Figure 4) and assuming partitioning similar to PC. Numbers in parentheses are after correction
for bound peptided [0].22 in degcm?dmol.
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fore interfered with the coil tat-helix transition. The result  molar ratios, both linear and cyclic magainin analogues have
is a significant reduction in its affinity to these membranes similar membrane permeation activity with both types of
(~70-fold). Even more interestingly, cyclization brought phospholipids (insets of Figure 5AC), indicating that
forward the contribution of electrostatic interactions: Table linearity is not required for membrane permeation. This
3 shows that cyclic magainin 2 analogue has about an orderpoints to the role of linearity in reaching the target bacterial
of magnitude preference for negatively charged over PC/ membrane. To reach the target bacterial phospholipid
cholesterol phospholipid membranes. However, cyclic ma- membrane, peptides must cross several barriers, such as
gainin 2 analogue adopts the same amounidfelical lipopolysaccharides and peptidoglycan of Gram-negative
structure (Table 5) and possesses similar membrane-permeatacteria or polysaccharides (teichoic acids) in Gram-positive
ing activity [after correction for the amount of peptide bound bacteria. Our results indicate that it is more difficult for the
(insets of Figure 5A- C)] in both zwitterionic and negatively  cyclic magainin analogue than for the cyclic melittin
charged phospholipid membranes. This indicates that theanalogue to cross these barriers. A major difference between
large difference in affinity results from electrostatic attraction magainin and melittin analogues resides in the pattern of
to the surface of net negatively charged membranes, andamino acid distribution. The 22 amino acid N-terminal of
repulsion in the case of the positively charged choline the melittin analogue is highly hydrophobic and is followed

headgroups. by 4 consecutive positively charged residues and 2 glutamines.
Melittin Approaches the Membrane with Its Hydrophobic Upon cyclization, all the charges, including the N-terminal

Regions followed by Its Positly Charged Regianin free amine, remain on a small portion of the ring and most

addition to electrostatic interactions and a ediklix transi- of the ring is hydrophobic. In contrast, the five positively

tion, the role of hydrophobicity in the binding and insertion charged amino acids in magainin are distributed along its
of melittin analogues is more predominant compared to amphipatic helix. Upon cyclization, all the positive charges,
magainin analogues. This is demonstrated in the following including the N-terminal free amine, are distributed through-
data: (i) Despite the fact that melittin analogue H& net out the ring, and the peptide becomes less helical (Table 5).
charge and magainin analogi®, cylization caused only a  These changes can cause more efficient binding of cyclic
4-fold decrease in melittin binding to negatively charged magainin analogue to the negatively charged cell wall
membraes compared to-al0-fold decrease in magainin. components, and hence make it more difficult for the cyclic
Furthermore, with PC membranes, cyclization cause@@: form to diffuse to the inner target phospholipid membrane.

fold decrease in melittin binding compared+t@0-fold in The differences between the activity of the linear versus
magainin analogue. (i) Cyclic melittin has a4—5-fold cyclic versions of the peptides are more pronounced ®&ith
decrease in affinity toward PC compared to negatively coli. Contrary to the magainin analogue, while cyclic melittin
charged membranes, whereas cyclic magainin had & was more active than the linear peptide towktccoli, the

fold decrease. A possible explanation for the strong reduction opposite results were observed in the membrane permeation
in the affinity of cyclic melittin to PC compared to the linear study. These results point to yet another factor that may be
form is as follows: The sequence of molecular events involved in the cytolytic activity of the peptides. This factor
involved in the interaction of melittin with membranes was is self-association of linear melittin in solution as compared
studied using fluorescence techniqué8)(The hydrophobic  to its cyclic form. Linear melittin, but not its cyclic form,
regions of melittin rapidly bind and insert into the membrane oligomerizes at concentrations higher than/bas revealed
followed by its positively charged terminus. Attaching the by CD experiments in buffer (Figure 6A) and Trp fluores-
hydrophobic and positively charged regions of the molecule cence studies. Thus, linear melittin may birkel coli
together by disulfide bonds seems to interrupt with this membrane as an oligomer (the MIC is @M), whereas its
sequence of events, and interfere with the initial membrane cyclic form binds as monomers. The lower activity of the
interaction of the hydrophobic regions. Thus, the higher linear form may simply be related to its more difficult
affinity of the cyclic melittin to negatively charged mem- diffusion through the outer surface of Gram-negative bacteria.
branes, as compared to zwitterionic membranes, may resultit should be noted that decyclization of some cyclic peptides
from the involvement of the positively charged region of forming predominantly3-sheet stuctures also severely de-
the molecule in initial membrane interactions. creases their antimicrobial activity. Examples include tac-
The Role of Linearity on the Actty of Magainin and hypelsin | (75) and gramicidin S76). Since Gram-positive
Melittin Analogues Cyclization of magainin 2 analogue bacteria contain only one membrane, such differences are
significantly reduces cytolytic activity toward both erythro- less significant.
cytes (Figure 1) and bacteria (Table 2). Contrary to magainin, Previous studies revealed that magainin 2 induces transient
cyclization of melittin analogue significantly reduces its holes in phospholipid membranes. A torodial (or wormhole)
hemolytic activity but preserves or increases activity toward model for pore formation was suggested, in which the lipid
bacteria. The reduction in hemolytic activity of both peptides bends back on itself like the inside of a tordg{79). Linear
upon cyclization (Figure 1) correlates with a reduction in peptide monomers act as fillers in the expansion region,
their binding (Table 3) and permeating activity toward PC/ thereby stabilizing the pore. When a pore is closed, the
cholesterol membranes (Figure 5C), the major componentparticipating peptide monomers will again adsorb onto the
of the outer leaflet of red blood cell&7). The reduction headgroup region, but they may surface to either side of the
may be more pronounced with cyclic magainin analogue membrane®7). The membrane permeation study reveals that
because its helical structure is altered more than cyclic the linearity of the magainin 2 analogue is not essential for
melittin, and its binding is highly driven by electrostatic phospholipid membrane disruption (Figure 5A), and therefore
interactions and a random cethelix transition (see previous agrees with the notion that the magainin analogue probably
paragraphs). Interestingly, at similar bound peptide:lipid does not form an organized pore but has a detergent-like
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effect, as described in the carpet model [reviewedd4ih, (

42)]

. It should be noted that the step prior to membrane

miscellization also includes transient holes [step 2 in the
carpet model42)].

In summary, our results indicate that the linearity of
magainin 2 and melittin is not essential for the disruption of

the target phospholipid membrane, but rather provides the
means to reach it. In the case of magainin 2, linearity may
enable the peptide to cross the outer bacterial layers
composed of LPS and peptidoglycan or polysaccharides,

whil

e in the case of melittin linearity allows it to manifest

its hydrophobicity, and to nonselectively interact and lyse a
variety of phospholipid membranes. Importantly, the results
of the present study demonstrate the utility of the cyclic

peptide analogue approach to examine the driving forces for

membrane partitioning of amphipathéchelical peptides.
Disruption of the coit-helix transition of the peptides, while

maintaining the same sequence of hydrophobic and positively
charged amino acids, allowed separate examination of the

contribution of hydrophobic and electrostatic interactions to
membrane binding of these peptides. These results should 33.

also assist in the development of potent and selective a4

antimicrobial peptides.
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