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ABSTRACT. The interactions of two amphiphilic and cationic, nine-resiglipeptides with liposomal
membranes were studied. Thesgeptides are shown to form 14-helices in the presence of bilayers.
Membrane binding and membrane permeabilization occur preferentially in the presence of anionic lipids.
The 5-peptides have the ability to cause tranbilayer diffusion of phospholipids, form pores, and promote
lipid mixing between liposomes. Thegepeptides have previously been shown to display antimicrobial
activity comparable to that of a longgpeptide 5-17, which adopts a different type of helical conformation
(12-helix), and to the 23 amino acid (Ai&-13-magainin-ll-amide, which adopts anhelical conformation.

In addition, these 14-helical-peptides show relatively low hemolytic activity. The biological potency
and microbial specificity of the 14-helic&peptides, despite their relatively short length, suggests that
14-helices can be particularly disruptive to microbial membranes.

Helix-forming antimicrobial peptides are critical compo- residues adopt 14-helical conformations in organic solvents
nents of the innate immune system, and these host-defensée.g., methanol), but usually not in wate).(Three of the
peptides are potential sources of new antibiotic drdg&)( hydrophobic residues if-peptide2 are derived frontrans
Recently there has been growing interest in unnatural 2-aminocyclohexanecarboxylic acid4 15). This residue
oligomers that mimic host-defense peptidds4), because is a strong promoter of 14-helicity, even in aqueous solution
unnatural oligomers are not subject to proteolytic degrada- (16, 17). Circular dichroism (CD)data reported by DeGrado
tion, in contrast to peptides composed of proteinogenic et al. for3-peptides related t8-peptidel indicate that these
residues §). Several groups have examined oligomers of molecules do not form the 14-helix in water but that 14-
B-amino acids (3-peptides”) in this context6). These helicity can be induced by addition of micelleg, (9).
designs have been based on two different types-pép- p-Peptide 1 itself also shows no sign of 14-helicity in
tide helix, the 12-helix, containing 12-membered ring aqueous solution, but addition of 2,2,2-trifluoroethanol (TFE)
C=0(i)- -H—N(i+3) hydrogen bonds, and the 14-helix, induces partial 14-helix formatiod®). In contrastS-peptide
containing 14-membered ring=€0(i)- -H—N(i-2) hydrogen 2 shows partial 14-helicity even in the absence of TFE (i.e.,
bonds. For each of thesg&peptide secondary structures, pure aqueous solution}l2).

sequences that result in formation of an amphiphilic helix, "
2

with lipophilic groups aligned on one side and cationic
groups on the other, display significant antimicrobial activity -~ o 2 o _>*O
against a range of species—«(12). LA A A

We have recently characterized the interactions of a 12- |H H H
helical 3-peptide antibiotic with synthetic lipid vesicle$3),
and here we report analogous studies with a pair of 14-helical 1 2
[-peptide antibiotics] and2. Compoundl is closely related
to a design originally developed by DeGrado et @). The PLys+ B-lys+
14-helix has ca. three residues per tu)) therefore, when PLys+ BLys +
[-peptidesl or 2 adopt a 14-helical conformation, the helix BLys+ BLys +

circumference and cationic side chains on the other third.

has hydrophobic side chains on two-thirds of the helical ij
Most of the residues ifi-peptidesl and?2 are derived from

. . ) - . Val ACH
B-substituted3-amino acids (53-residues”). Previous work B-V':I 2 B-L[:-lll.eu Ac,_,g c B'L;‘I'_eu
has shown that oligomers composed exclusively/s&f B-Val p-Leu ACHC B-Leu
* This work was supported by grant MT-7654 from the Canadian 14-Helical wheel diagram 14-Helical wheel diagram
Institutes of Health Research and grant GM-56414 from the US National for B-peptide 1 for B-peptide 2
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fellowship from the US National Science Foundation. carboxylic acid]
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8 University of Wisconsin. and bactericidal activity against four different microbial
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species, and both can lyse bacterial cell®)(However,
neither 1 nor 2 shows much tendency to lyse human red
blood cells. This selectivity toward prokaryotic, relative to

eukaryotic cell membranes, is commonly observed for natural

Epand et al.

suitable to study membrane fusion because they are more
prone to undergo fusion than simpler lipid mixtures, thus
allowing for comparative studies to be made.

host-defense peptides and may be the source of selectivit)/\/'ATER'ALS AND METHODS

for prokaryotic cells in toxic effectdlj. Interestingly, despite
the significant difference in intrinsic helical stability between
fB-peptidesl and?2, the antimicrobial and hemolytic activities
of these twos-peptides are quite similad.p).

In this study, we describe the interaction/®peptidesl

Materials. Phospholipids, including the fluorescently
labeled lipidsN—(lissamine Rhodamine B sulfonyl) phos-
phatidylethanolaminé\—(7-nitro-2,1,3-benzoxadiazol-4-yl)
phosphatidylethanolamine, and 1-lauroyl-2-(%renebu-
tyroyl)-snglycero-3-phosphocholine (py-12-PC) were pur-

and?2 with model membranes. We have studied changes in chased from Avanti Polar Lipids (Alabaster, AL). The labeled
pB-peptide conformation in the presence of lipid vesicles of lipids were made by chemical modification of phosphati-
varying composition. In addition, we have examined the dylethanolamine that was prepared from egg phosphatidyl-

effects of thes-peptides on liposome properties including
membrane barrier integrity, lipid mixing, transbilayer dif-

choline by transphosphatidylation.
Preparation of 1 and 2. The synthesis and purification

fusion, and lipid phase transitions. The lipids we have used of these compounds have been described in deita)l (

in the present studies are shown below.

Abbreviation Charge

DOPE zwitterionic

o
H DiPoPE 2zwitterionic

o

i H
. (c,.gh,,/\ﬂ-z-"\/\ﬂ\“/\/\/\/\:/\/\/\/\

o

DOPC zwitterionic

o

OJ\/\/\/\/=\/\/\/\/

OH Q H

] H
"°\)V°'E'°W°\[(\/VW/V\M

o

DOPG anionic

Phosphatidylcholine (PC) is zwitterionic and is a major
lipid component of eukaryotic membranes. It is used in this

work as a simple model for these plasma membranes

phosphatidylglycerol (PG) is anionic and is a major lipid

component of prokaryotic cell membranes. We compare the

interaction of the3-peptides with zwitterionic and anionic

model membranes. In addition, we wish to assess the role

of intrinsic membrane curvature in the interaction of these

Preparation of Large Unilamellar Vesicles (LUVS).
Lipid films were made by dissolving appropriate amounts
of lipid in a mixture of chloroform/methanol, 2/1 (v/v),
followed by solvent evaporation under nitrogen to deposit
the lipid as a film on the wall of a test tube. Final traces of
solvent were removed in a vacuum chamber attached to a
liquid nitrogen trap, for 23 h. Dried films were kept under
Argon gas at—30 °C if not used immediately. Films were
hydrated with buffer, vortexed extensively at room temper-
ature, and then subjected to five cycles of freezing and
thawing. The homogeneous lipid suspensions were then
further processed by 10 passes through two stackedrf.1-
polycarbonate filters (Nucleopore Filtration Products, Pleas-
anton, CA) in a high-pressure barrel extruder (Lipex Biomem-
branes, Vancouver, BC), at room temperature. LUVs were
kept on ice and used within a few hours of preparation. Lipid
phosphorus was determined by the method of Ani&. (

Membrane Binding. Binding studies were carried out by
titrating a fixed amount ofg-peptide solution in buffer
composed of 10 mM HEPES, 0.14 M NaCl, and 1 mM

'EDTA, pH 7.4, with increasing amounts of lipid mixtures

in the form of MLVs prepared by vortexing lipid films
extensively with buffer. After 3 cycles of freezing and
thawing, the mixtures were incubated at 37 for 1 h and
then centrifuged at 190000 g for 180 min at 25. The
supernatant was collected, and fhpeptides were quantified

[-peptides with membranes. This is done both by measuringwith the CBQCA reagent (Molecular Probes), against a
the effects of the peptide on the temperature of Com’erSio”standard curve constructed for each of theeptides.

of DiPOPE from the lamellar to the hexagonal phase as well gy, eqcence was read in a 96-well plate with a SPECTRA-
as by substituting DOPE for DOPC to measure the effectof ... samini xs Microplate Reader equipped with the

increased negative curvature strain on the modulation of lipid software SOFTmax PRO v 3.1.2. Excitation was set at 485

properties by thesg-peptides. Finally, we assess membrane
fusion using the mixture DOPE/DOPC/cholesterol (1:1:1).
Liposomes composed of this zwitterionic lipid mixture are

1 Abbreviations: Ty, bilayer to hexagonal transition temperature;
DiPoPE, dipalmitoleoyl-phosphatidylethanolamine; CD, circular dichro-
ism; DSC, differential scanning calorimetry; SUVs, small or sonicated
unilamellar vesicles; MLVs, multilamellar vesicles; LUVs, large
unilamellar vesicles; DOPC, dioleoylphosphatidylcholine; DOPE, di-
oleoylphosphatidylethanolamine; DOPG, dioleoylphosphatidylglycerol;
N—Rh—PE, N-(lissamine Rhodamine B sulfonyl) phosphatidyletha-
nolamine; N-NBD—PE, N—(7-nitro-2,1,3-benzoxadiazol-4-yl) phos-
phatidylethanolamine; ANTS, 8-aminonaphthalene-1,3,6-trisulfonic
acid; DPX,p-xylene-bis-pyridinium bromide; L/P, lipid to peptide molar
ratio; MIC, minimal inhibitory concentration; py-12-PC, 1-lauroyl-2-
(1'-pyrenebutyroyl)snglycero-3-phosphocholine; py-12-PS, 1-lauroyl-
2-(1-pyrenebutyroyl)snglycero-3-phosphoserine; TFA, trifluoroacetic
acid; TFE, trifluoroethanol.

nm and emission at 530 nm, with a cut off filter at 515 nm
in the emission path. Analysis of the binding curves was
done according to the method previously descrilie] Z0).

Circular Dichroism (CD). The CD spectra were recorded
using an AVIV Model 215 Circular Dichroism Spectrometer
(Proterion Corp, Piscataway, NJ). The sample was contained
in a 1-mm path length quartz cell that was maintained at 25
°C in a thermostated cell holder. The CD data are expressed
as the mean residue ellipticity. All CD measurements were
made with3-peptide dissolved in 10 mM sodium phosphate
buffer containing 0.14 M NaF and 1 mM EDTA at pH 7.4.
For samples containing lipid, the lipid was first made into a
dry film from a solution of chloroform/methanol and was
hydrated by vortexing with buffer. The lipid suspension was
then sonicated to clarity to make SUVSs.
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DSC. Lipid films were prepared from DiPoPE dissolved solution of the3-peptide in buffer was added to 2 mL of 50
in chloroform/methanol (2:1, v/v). Increasing mol fractions «M LUVs of DOPC/DOPE/cholesterol (1:1:1) buffer in the
of p-peptides dissolved in methanol were added to the cuvette. Fluorescence was recorded for several minutes and
solution of lipid, and the solvent was removed by evaporation then 20uL of 10% Triton X-100 was added (final concentra-
with nitrogen. Final traces of organic solvent were removed tion 0.1%) to obtain the maximum fluorescence intensity
in a vacuum chamber attached to a liquid nitrogen trap for value,Fnax The initial fluorescence intensity prior to addition
2—3 h. The lipid films were hydrated at room temperature of s-peptide,Fo, was taken as zero. Percent lipid mixing at
by vortexing with 20 mM Pipes buffer containing 0.14 M timetis given by: (F; — Fo)/(Fmax— Fo))100. Measurements
NaCl, 1 mM EDTA, and 0.002% sodium azide, pH 7.4. The were performed in duplicate and gave similar results.

final lipid concentration was 5 mg/mL. Lipid susp_ensions Rate of Lipid Transbilayer Diffusion. The rate of
and buffer were degassed under vacuum before being loadedranspilayer lipid diffusion (flip-flop) was measured using a
into the sample or the reference cell, respectively, of a method described by Mier et al. €3). The method is based
UT). A heating scan rate of 0.7%/min was employed. The  transpilayer diffusion, causing a reduction in pyrene excimer
observed phase transition was fitted with parameters describemission. The probe stock was made by dissolving the

ing an equilibrium with a single van't Hoff enthalpy and  pyrene-labeled lipid in ethanol and then adding it to PBS
the transition temperature reported as that for the fitted curve.(pH 7.2) to a final ethanol concentration of 5 vol % (v/v).

For some curves, two components were included in the fit An aliquot of this stock solution of probe was then added to
of the data. The fit of the transition provides a measure of 4 suspension of 1@M LUV in PBS pH 7.2, in a quartz
the average effect of thepeptide on the curvature properties  cyyette, so that the probe partitioned into the outer monolayer
of the lipid. Data were analyzed with the program Origin gt 3 concentration of 10 mol %, or 5 mol % of the total
5.0. ) ) lipid. The ratio of the emission peaks for excimer and
Leakage Studies with ANTS/DPX Leakage of aqueous  monomer fluorescence of pyrene was recorded as a function
contents from liposomes was determined using the ANTS- of time at 37°C. An excitation wavelength of 344 nm was
DPX assay 21). Lipid films were hydrated with 12.5 mM  ysed with slits set for 4 nm bandwidths. The fluorescence
ANTS, 45 mM DPX, 68 mM NaCl, 10 mM Hepes, at pH of the monomeric form of the probe was measured at an
7.4. The osmolarity of this solution was adjusted to be equal emission wavelength of 395 nm and that of the excimer at
to that of the buffer as measured with a cryoosmometer 477 nm. Controls without the addition gfpeptide showed
(Advanced Model 3MOplus Micro-Osmometer, Advanced no change in fluorescence emission over time, indicating a
Instruments Inc., Norwood, MA). LUVs of 0.4m diameter  very low basal rate of flip-flop. A positive control with
were prepared by extrusion as described above. After passagghagainin 1l was also run and gave very similar results to
through a 2.5< 20-cm column of Sephadex G-75, the void  those previously reporte@8). When flip-flop occurs, there
volume fractions were collected, and the phospholipid is a reduction in the excimer-to-monomer ratio because of
concentration was determined by phosphate analysis. Thehe dilution of the probe from one monolayer into both
fluorescence measurements were performed in 2 mL of themonolayers of the bilayer. Controls for effects on the
buffer 10 mM Hepes, 0.14 M NaCl, 1 mM EDTAinaquartz  flyorescence that were independent of flip-flop were con-
cuvette equilibrated at 3T with Stirring. AliqUOtS of LUVs ducted using Symmetrica”y labeled LUVs. These sym-
were added to the cuvette to a final lipid concentration of metrically labeled LUVs were prepared by extrusion as
50 M, and the fluorescence was recorded as a function of gescribed above, with the pyrene-labeled lipids mixed with

time with an SLM Aminco Bowman Series Il spectrofluo- the other lipids in organic solvent prior to generating the
rimeter, using an excitation wavelength of 360 nm and an |ipid film and hydrating.

emission wavelength of 530 nm with 8 nm bandwidth slits.
A 490 nm cutoff filter was placed in the emission path.
Leakage was initiated by addition of tffepeptide in buffer
solution. The value for 100% leakage was obtained by adding
20 uL of a 10% Triton X-100 solution to the cuvette. ~ The partitioning of the twgs-peptides between aqueous
Measurements were performed in duplicate. and membrane environments was measured using MLVs of

Lipid Mixing Assay. The resonance energy transfer assay different lipid composition_s. Th(_a st_ronge;t partitioning to the
of Struck et al. 22) was used to monitor membrane fusion Membrane was found with anionic vesicles, DOPC/DOPG
induced by thes-peptides. For each system, two populations (1:2) for bothg-peptides, Wlth somewhat less partitioning
of LUVs were prepared, one unlabeled and one labeled with iNto DOPE/DOPG (1:2) (Figure 1). There was no detectable
2 mol % each of N-Rh—PE and N-NBD-PE. A 9:1 molar ~ binding of S-peptide 1 to DOPC bilayers, which are
ratio of unlabeled to labeled liposomes was used in the assayZWitterionic. In contrast/-peptide2 bound to pure DOPC
Fluorescence was recorded in an SLM Aminco Bowman membranes, but the characteristics of this binding were
Series |l spectrofluorimeter. The excitation and emission different from that with anionic membranes (i.e., those
wavelengths were set at 465 and 530 nm, respectively, usingcontaining DOPG), with relatively little effect of increasing
a 490-nm cut off filter between the cuvette and the emission lipid concentration on the fraction of peptide bound.
monochromator, with slits set for 8 nm bandwidths. Sili-  The CD spectra of th@-peptides were measured at 25
conized glass cuvettes (1-cm path length) were used with°C (Figure 2) in the presence of mixtures of DOPC/DOPG
continuous stirring in a thermostated cuvette holder. Mea- (1:2) (top panel) DOPE/DOPG (1:2) (middle panel) or DOPC
surements were carried out at 37 in 10 mM HEPES, 140  alone (bottom panel). These lipid systems were chosen to
mM NaCl, 1 mM EDTA buffer, pH 7.4. A freshly prepared evaluate the role of anionic lipids (DOPG) and the influence

RESULTS
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Figure 2 (bottom panel) shows that rigidifigtdpeptide 2
displays a maximum at ca. 215 nm and a zero-crossing at
ca. 200 nm in the presence of DOPC vesicles. This CD
spectrum is very similar to that displayed Bypeptide2 in

the absence of DOPC vesiclel2) and reflects partial 14-
helix formation.

In contrast to zwitterionic DOPC vesicles, which exerted
no effect on the CD spectrum of flexibfepeptidel, anionic
vesicles containing DOPG significantly altered the CD
spectrum of thig-peptide (Figure 2, top and middle panels).
Lipid systems composed of DOPC/DOPG and DOPE/DOPG
induced partial 14-helicity ifB-peptidel, as indicated by
maxima at ca. 218 nm and ca, 225 nm, respectively. The
effect of DOPG-containing vesicles on rigidifigdpeptide
2 was more subtle: the mixed vesicles caused the maximum

Ficure 1: Partitioning of f-peptides between membrane and and zero-crossing to shift to higher wavelengths relative to

aqueous phases, as a function of lipid-to-peptide r@tiBeptide

concentration was 26M. $-Peptidel in DOPC/DOPG (2:1)@®);

B-peptidel in DOPE/DOPG (2:1)M); f-peptide2 in DOPC/DOPG

(2:1) ©); p-peptide2 in DOPE/DOPG (2:1)[); B-peptide2 in
DOPC (). Curves were generated by fitting the data points to a explain the difference between the CD spectrg-gfeptide

Boltzman sigmoidal function with strict criteria for convergence.
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Ficure 2: Circular dichroism spectra gf-peptidel (O) and

pure DOPC vesicles or aqueous buffer. This shift may
indicate that binding to the vesicle surface causes a slight
change in the 14-helix geometry. A similar hypothesis could

1 in the presence of DOPE/DOPG versus DOPC/DOPG
vesicles. It is interesting that neither type of DOPG-
containing vesicle seemed to cause a significant increase in
the 14-helicity of 3-peptide 2, relative to aqueous buffer
alone, as judged by mean residue ellipticity at the maximum.

It has previously been reported that dodecyl phosphocho-
line micelles induce 14-helix formation fitpeptides related
to -peptidel (composed entirely of acyclic residues) that,
like 5-peptidel, do not form the 14-helix in aqueous buffer
(7, 9). This helix-inducing effect of a zwitterionic detergent
stands in contrast to our observation that zwitterionic vesicles
do not induce 14-helix formation iff-peptidel, and that
vesicles with a negative charge are required for helical
folding of S-peptidel. The contrast suggests that detergent
micelles are imperfect models for lipid bilayers.

DSC was used to measure the effect of fhgeptides on
the lamellar to hexagonal phase transition of DiPOPE. This
lipid converts from the bilayer to the hexagonal phase at 43
°C. The shift in the bilayer to hexagonal phase transition
temperaturey) upon addition ofs-peptide indicates how
the -peptide modulates the tendency toward formation of
nonbilayer structures, and therefore, provides a measure of
the effect of theg-peptide on the monolayer curvature
propensities of the membrane. For these experiments, small
amounts off-peptide are added to the lipid to determine
how theS-peptide, as an additive to the membrane, will affect
membrane curvature. We express the amourfi-péptide
added in terms of its mol fraction, as has been done with
other systemsi@). f-Peptidesl and2 exhibit nonmonotonic
behavior, as a function of peptide-to-lipid ratio, in their

f-peptide2 (W) in the presence of SUVs. Top panel, DOPC/DOPG  effects onTy (Figure 3). At very low concentrations in the

(1:2); middle panel, DOPE/DOPG (1:2); bottom panel, DOPC. All

spectra are measured at 256 with 100uM S-peptide. L/P= 5.

bilayer, boths-peptides loweiTy. This is a characteristic of
a fusogenic peptide2d). At higher-peptide concentrations,
this effect is reversed. This behavior is not unique to these

of a lipid such as DOPE with a high tendency (relative to S-peptides; similar behavior has been reported for the fusion
that of DOPC) toward forming nonlamellar phases. Measure- peptide of feline leukemia viru®6). A possible explanation

ments were performed at a lipid peptide ratio (L/P) of
5:1. Solutions ofg-peptide 1 in DOPC did not exhibit
significant ellipticity in the far UV CD spectrum, which
matches previously reported far-UV CD data fbpeptide
1in pH 7.2 aqueous buffel@) and suggests a lack of 14-
helix induction inf-peptidel by zwitterionic membranes.

for this nonmonotonic behavior is that thfepeptide ag-
gregates in the membrane at higher concentrations, and the
aggregate has different effects on membrane curvature from
the monomerig-peptide. A further complexity was observed
for p-peptide 2: at higher -peptide concentrations, the
bilayer to hexagonal phase transition of DiPoPE is split into
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Ficure 3: Peptide-induced shifts in the bilayer to hexagonal 1 /ﬂv'“w”“
transition temperature of DiPOPRAT) as a function of the mol 1/ ] o
fraction of peptideT, was measured with DSC using heating scans 10
at 0.75°C/min. Top curve-peptidel; Bottom curve S-peptide LI IR L R L L I
2. The graph fos-peptide2 shows the temperature of each of the
two components of the transition. Data points were fitted to a two-
site binding hyperbola with strict criteria for convergence. 100, DOPC
two components, as seen in the DSC scans (not shown). i
Deconvolution of the experimental data indicated that one ]
component has a lowdiy than the pure lipid, and the other 8
component has a high@y than the pure lipid. The former 25%
component may be caused by ff¥peptide monomer, which E-‘g ﬁ
may have a limited solubility in the membrane, while the i
latter component may represent domains containing ag- | 2.5
gregates of3-peptide2. | s
Leakage of agqueous contents was analyzed using LUVs. o Aol 10
The LUV lipid compositions were different from that used I S PY S S R ) o

in the DSC to assess effects of the peptides on membrane TIME (seconds)
curvature. It is not intended that the magnitudes of the shifts Ficure 4: Time dependence of vesicle leakage of the small
in Ty should be compared with the extent of membrane f|??A?%hgéecﬁgggengfgftﬁg) %ﬁé%elgtli)dgég?T%)50ﬂd'\/é(|:-)U3/oSPC
; 0 :2), :2) an .

L(Ia_akage. _In_ the case of Ie_akage, the resuIFs are given forMeasurements were made at 37. L/P is 2.5:1, 5:1, or 10:1 and

ifferent lipid-to-peptide ratios (L/P) on the right-hand side i dicated on the right-hand side of each curve.
of each curve3-Peptidel causes the largest amount of
leakage of ANTS from LUVs of DOPC:DOPG (1:2) relative S-peptide ratio continued to rise (Figure 6). This non-
to other lipids (Figure 4A). Substitution of DOPE for DOPC monotonic effect was not observed wifhpeptidel and
greatly reduces the amount of ANTS leakage (Figure 4B), could be the result of the peptide aggregation in the
while ANTS leakage from pure DOPC vesicles (Figure 4C) membrane. It is known that lipid mixing is more rapid in
is very low. In the case g¥-peptide2, there is rapid leakage  systems with increasing negative curvature strain. The
of ANTS from LUVs containing DOPG mixed with either  biphasic behavior of peptid2in membrane fusion (Figure
DOPC (Figure 5A) or DOPE (Figure 5B), while the ANTS 6, part 2), is anticipated from the biphasic effects of this
leakage from pure DOPC vesicles is lower (Figure 5C).  peptide on membrane curvature (Figure 3).

p-peptidesl and2 showed significant fusogenic activity, Leakage and fusion are both manifestations of membrane
independent of the presence of anionic lipid headgroups, asdestabilization. Although leakage can proceed independently
indicated by their ability to promote the mixing of lipids of fusion, most fusion processes in liposomes are leaky. Both
present initially in distinct vesicle populations. However, leakage and fusion are induced rapidly ®peptidesl and
[-peptide2 exhibited a nonmonotonic effect on lipid mixing, 2.
with mixing increasing dramatically as lipid fpeptide ratio A rapid rate of lipid transbilayer movement (“flip-flop”)
rose to 10:1 and then decreasing markedly as the lipid to of py-12-PC is induced by-peptidesl and 2 (Figure 7).
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Ficure 5: Time dependence of vesicle leakage of the small ) L )
fluorophore ANTS promoted bg-peptide2 using 50uM LUVs FiGURe 6: Time dependence of lipid mixing promoted Bypeptide
of (A) DOPC/DOPG (1:2), (B) DOPE/DOPG (1:2), and (C) DOPC. 1 (top) or by-peptide2 (bottom) using 5Q:M LUVs of DOPC/
Measurements were made at 37, L/P is 2.5:1, 5:1, or 10:1 and  DOPE/cholesterol (1:1:1). Measurements made atG7L/P is
is indicated on the right-hand side of each curve. indicated on the right-hand side of each curve.

The rate of flip-flop of py-12-PC is very slow in the absence DISCUSSION

of -peptide. Control experiments showed that the decrease

in excimer/monomer ratio of py-12-PC caused by the The results reported here allow us to compare the
S-peptides arises from lipid dilution via flip-flop rather than ~ Properties of$-peptidesl and 2 with those of a different
from some other effect: neithet nor 2 influenced the  B-peptide-17 (8, 11, 13), and those of (AR'**)-magainin-
emission ratio observed for vesicles prepared with a sym- l-amide @6), a synthetic analogue of the naturally occurring
metrical distribution of the probe lipid (“Sym”). In the Sym  host-defense peptide magainin-Il, with sequence: GIGK-
vesicles, each of the two monolayers has the same molFLHAAKKFAKAFVAEAMNS-amide. Antimicrobial -pep-
fraction of py-12-PC as is present in only the outer monolayer tides and engineered variants of natural antimicrobial peptides
of the test vesicles. Thus, the initial le/Im ratio of the Sym are of interest because of their potential clinical use against
liposomes should be the same as that of the test vesiclesPathogens that are resistant to conventional antibiotics.
Any decrease in this ratio caused by tBgeptide would B-Peptidesl, 2, $-17 and (Al&!319-magainin-ll-amide
indicate that le/lm changes arise from a mechanism otherall exhibit minimum inhibitory concentrations (MIC) against
than flip-flop. The Sym data in Figure 7 show that no anumber of bacteria that are almost two orders of magnitude
alternative mechanism is operative in the present studies. lower than the concentration required to induce hemolysis
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1.0 tion is somehow particularly effective, relative to theelix
or the 12-helix, at disrupting bacterial membranes.
0.9 Theg-peptidel and its enantiomer display indistinguish-
e able antibacterial activity, which suggests that these mol-
3 08 ecules do not kill bacteria by forming specific complexes

with protein targets12). S-Peptidesl and2 and (Al&#13193-

07 magainin-ll-amide, at 20ug/mL, all cause leakage of
' p-galactosidase (MW 100 kD) fromB. subtiliscells. This
behavior indicates that (A3d>!3-magainin-ll-amide and
0.6 - i
No p-peptide 1 2 Sym p-peptides1 and 2 are capable of causing large-scale

Pyrene-PC membrane disruptions, at least under some conditions.

Ficure 7: Rate of transbilayer diffusion of py-12-PC. A decrease p-Galactosidase leakage ZrlOBI SUb.tIII.S IS S“g.htly more
in the ratio of le (intensity of excimer emission) to Im (intensity of Strongly promoted by (Af&">')-magainin-li-amide than by
monomer emission) reflects transbilayer diffusion. The extent of S-peptidesl and 2 (12), although in liposomes, magainin
this translocation is measured over 200 s and is negligible for LUVs does not cause permeabilization of 21.2 kD dextr&. (

in the absence off-peptide (first bar). The concentration of Thus, 8-peptidesl and2 (Figures 4 and 5) and (Ald319-

liposomes of DOPC/DOPG (1:2) was L0, and the L/P was 5. . . . S
Symmetrically labeled control liposomes (labeled Sym) were also Magainin-li-amide all are capable of forming pores in lipid

treated with3-peptidesl or 2, with the twopB-peptides producing bilayers. The extent of membrane disruption, however, seems
only small changes in the le/Im ratio, at 3C. Bars represent the  to be dependent on the particular system used.

average of two measurements within a single batch of vesiclesand  The pore mechanism of antimicrobial peptide action
were reproducible to within 10%. predicts that lipid flip-flop will be promoted by pore-forming

. . . peptides 29). Our results demonstrate thapeptidesl and
(8, 11, 12, 26). The antimicrobial potencies of these four 5 can jnqyce lipid flip-flop in bilayers containing anionic

molecules are similar to one another against four different lipids (Figure 7), which is consistent with the conclusion
bacteria (the MIC values vary from bacterium to bacterium). that thesqﬁ-peptiaes can form pores in lipid bilayers. These

Al fou.r are cgpable .qf adopting amphiphilic heIicaI.con- large pores must involve the assembly of sevgrgkptide
formanpns, W't.h posilfuve.charge' Iocallzgd on one side of 5iecyles, In addition, aggregation of th¢speptides alters
the helix and lipophilic side chains localized on the other e g on membrane curvature and decreases lipid mixing.
s;sle. At r;eutral pHﬁ;]pe%'dﬁﬂ and2 should have a net | ii4 mixing requires negative curvature that would be
¢ l""ggfs 10 t4, ﬁ'.l.7 shou i a\r/]e elldnﬁt charger:bﬁ, and inhibited by -peptide aggregation. In contrast, leakage by
(Ala’™ 3—magla|n|n—lll—am| e should have net chargetef pore mechanism requires positive curvature and would be
to +5 (uncertainty arises because there is one His residue iNeqcilitated byf-peptide assembly.

this_ s_eque_nce_). Most_natural hOSt'def?’Fse peptides are Effects of these peptides on membrane curvature were
cationic. It is widely believed that net positive charge plays evaluated by measuring the shift in tfig of DIPOPE as a

a role in genera’ging select_ivity toward. bacteria rather than function of 5-peptide concentration in the MLVS:-Peptides
toward eukaryotic cells, since bacterial membranes carry ; 445 axhibit nonmonotonic behavior as a function of

larger net negative charge than does the outer monolayer Oﬂ—peptide mol fraction (Figure 3): both low&, at low mol

eukaryotic cells. Most anionic lipids in healthy eukaryotic fractions of peptide, bu, rises at higher ones. As described
cells reside in the inner leaflet of the cytoplasmic membrane. above,5-peptidel does not bind to DOPC, a zwitterionic
Three distinct helical conformations are represented amongjipid, but it does affect the transition temperature of DiPoPE.
(Ala®**19-magainin-ll-amide an@-peptidesl, 2and$-17.  Although phosphatidylethanolamine is largely zwitterionic,
The p-peptide 12-helix, formed bg-17, and the familiar it carries a small negative charge at neutral pH because the
a-helix, formed by (Al&'*19-magainin-ll-amide, have simi-  amino group is not entirely protonated. This would facilitate
lar overall geometries2(7). In contrast, thes-peptide 14-  the binding ofl, although the membrane partitioning of this
helix is somewhat wider. For (Ata**9-magainin-ll-amide  B-peptide may not be complete. The riseTip at higher
andp-peptidel helical folding must be induced by an anionic  s-peptide mole fraction is particularly dramatic far In
membrane surface, while fgi-peptide2 and$-17 helicity  contrast-17 monotonically lowerdy (13) and (Al 1319-

is observed in aqueous solution alone. magainin-ll-amide monotonically raisd@s with increasing
B-Peptidesl and 2, with 9 B-residues each, are signifi- mol fractions. The results with (A¥&319-magainin-Il-amide
cantly shorter thans-17 (17 S-residues) or (Ala31y- fit in well with the pore model of membrane leakage, which
magainin-ll-amide (23x-residues)-17 in the 12-helical requires the peptide to induce positive curvat®).(The
conformation is about the same length as BAPY- molecular mechanism of leakage induction by peptides that

magainin-ll-amide in thex-helical conformation (ca. 35A);  promote negative curvature has not been well described.
B-peptidesl and?2 in the 14-helical conformation are only When sufficiently large amounts gkpeptide2 are present
about half this length (ca. 15 A). In light of these length (Mol fractions > 0.005) there is promotion of positive
differences, it is surprising that short 14-heligapeptides curvature, as indicated by shifts Ty (Figure 3). We suggest

1 and2 display antimicrobial potency comparable to that of that at higher peptide concentrations these liposomes are
(Ala®*31-magainin-ll-amide op-17, particularly since we  destabilized by promotion of positive curvature, that is, by
have found that 11-residue analogueg¢f7 are consider-  a pore-forming mechanism similar to that of (Al&*9-

ably less potent thag-17 itself (Porter, E. A., Weisblum,  magainin-Il-amide.

B.; Gellman, S. H., manuscript in preparation). These Both g-peptidesl and 2 can cause membrane fusion
comparisons raise the possibility that the 14-helix conforma- (Figure 6). Fusion is often promoted by peptides that increase
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negative bilayer curvature2$, 30, 31). The -peptides in temperature of bilayers, while flexibJepeptidel does not.
this study promote negative curvature at very low peptide At low lipid-to-peptide ratiosS-peptide2 causes extensive
concentrations (Figure 3). A possible relationship between leakage from DOPE:DOPG vesicles (Figure 5), Buteptide
membrane fusion and antimicrobial action has been suggested. does not (Figure 4). However, these and other differences
for some antimicrobial peptides that inhibit the growth of betweens-peptidesl and2 summarized in this manuscript
Gram negative bacteria, perhaps by inducing the fusion of do not appear to have a significant impact on antimicrobial
the cell wall and cell membran8Z%). However, for the two activity.

B-peptides studied in this work, MIC values against the Gram  The 14-helica3-peptidesl and2 have particularly potent
positive strainsS. aureusand E. faeciumare in the same  antimicrobial activity for their length, relative to 12-helical
range as that found against Gram negative bacteEuooli B-peptides and-helical a-peptides. The 14-helix is some-
(33). Therefore, membrane fusion-related activity cannot what wider than either the 12-helix or the-helix, and
explain the antimicrobial activity of3-peptides1 and 2 perhaps this geometric difference influences their antimi-
observed in Gram negative bacteria. Recently, it has beencrobial activity. Their high potency may indicate that the
shown that, at sufficiently high concentrations, antimicrobial 14-helix is a particularly good scaffold for creating microbial
peptides can penetrate the lipopolysaccharide monolayer ofmembrane-disrupting agents.

the outer membrane of Gram-negative bacted#, @nd thus

the i_nner bacterial membrane becomes accessible to these ckNOWLEDGMENT

peptides.

There are many similarities in the mode of action of
[-peptides1 and 2 »is a vis model membranes. Both
B-peptides form 14-helices in bilayers, both show nonmono-
tonic effects on bilayer curvature as a function of peptide-
to-lipid ratio, both bind and permeabilize anionic bilayers
in preference to zwitterionic bilayers, and both cause lipid
mixing and lipid flip-flop. Lipid mixing, flip-flop, and 2. Zasloff, M. (2002) Antimicrobial peptides of multicellular organ-
permeabilization occur when liposomes are exposed to the  isms,Nature 415 389-395.
f-pepides, and ihese processes coud be promoted in % Pach, 2., o0 Barn, &5 208 My o Moo
bacterial membranes, which would explain whipeptides fneprS,Curr. Opin. Cher, L 687}%77. pep g
1 and 2 exhibit similar antimicrobial activity. Overall, the

We are grateful to J. Lai for providing helpful assistance.
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