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ABSTRACT. We studied the mechanism of membrane permeabilization by the 18L model peptide
(GIKKFLGSIWKFIKAFVG), which features the consensus class L sequence averaged from the number
of naturally occurring lytic peptides. Two aspects of membrane lipid composition significantly affected
peptide-membrane interactions: the presence of acidic lipids and, in zwitterionic membranes, and the
presence of nonbilayer forming lipids. In zwitterionic membranes, 18L peptide destabilizes the membrane,
leading to a transient formation of large defects in the membrane which result generally in contents leakage,
but in the presence of bilayebilayer contact can alternatively lead to vesicle fusion. In membranes
containing acidic lipids (DOPC:DOPG, DOPG), 18L caused leakage but not fusion, probably due to mutual
repulsion of acidic vesicles. While the extent of contents leakage was approximately the same as for
zwitterionic membranes, the kinetics of leakage could be resolved only by using stopped-flow, leakage
being essentially complete within the first minute. Previously, we reported that apolipoprotein (class A)
and lytic (class L) peptide analogs have opposing effects on some properties of biological membranes.
This reciprocal effect of 18L and Ac-18A-Niclass A model peptide, is restricted to membranes with

a high propensity for nonbilayer phase formation (DOPE, Me-DOPE, DOPC:DOPE, DOPC:Me-DOPE).
The decrease in the content of nonbilayer phase forming lipid or the addition of acidic lipids reduces or
eliminates the reciprocal effects. This suggests the importance of nonbilayer phase propensity for certain
functions of biological membranes.

Many of the naturally occurring biologically active lytic in the design and synthesis of peptides of Lys and Ala by
peptides (insect toxins, vertebrate or mammalian peptide Cornut et al. (1994). Jones et al. (1992) suggested an
antibiotics) share an important structural feature. Their algorithm for averaging a series of superimposed aminoacid
sequences are such that they can potentially form ansequences. From a number of naturally occurring class L
amphipathic o-helix, that is ana-helix with opposing sequences, the 18L peptide GIKKFLGSIWKFIKAFYG
hydrophilic and hydrophobic faces oriented along the long (Tytler et al., 1993) has been derived using this algorithm.
axis of the helix (Epand, 1993). Naturally occurring amphi- It was found that this peptide can decrease the temperature
pathic helixes have been classified into seven major typesof the phase transition from bilayer to hexagonal phasg (
on the basis of the size and charge distribution of their Thus, 18L was denoted as a bilayer destabilizer with regard
hydrophilic domain (Segrest et al., 1990). Sequences of suchto its effect on this transition (Tytler et al., 1993). The lytic
peptides as magainins, which are antibiotics from frog skin activity of 18L and other synthetic analogues was shown to
(Zasloff, 1987; Zasloff et al., 1988), or mastoparans (Hirai correlate with their effects omy. The importance of
et al., 1979) and bombolitins (Argiolas & Pisano, 1985), membrane destabilization properties for the 18L peptide lytic
which are components of wasp and bumblebee venoms,activity was also supported by the finding that membrane
belong to the class L helixes according to this classification. stabilizers, like class A amphipathic peptides, inhibited
This class of amphipathic helix is characterized by a wide several activities of L class peptides (Tytler et al., 1993).
and bulky hydrophobic face and a narrow hydrophilic area,
containing a number of cationic residues, preferentially 1 appreviations: 18L, GIKKFLGSIWKFIKAFVG: Ac-18A-NH,
lysines. The characteristic distribution of charged and N-acetyl-DWLKAFYDKVAEKLKEAF-amide; DOPC, dioleoylphos-
hydrophilic/hydrophobic residues in a series of lytic peptides phatidylcholine; DOPE, dioleoylphosphatidylethanolamine; DOPG,
leads to an idea of defining the common properties inherentg;ﬁg%ﬁ’&gﬂﬂg'd&g#{f&?"d'i\gf];/?;z;ﬁg?:g;gﬂg{%%ﬂgﬁ'ﬁgf’B"’;\tﬂ';)c’
to class L helical peptides. Minimalistic approach was used dimyristoylphosphatidylcholine; DMPE, dimyristoylphosphatidyletha-
nolamine; APC, 1l-acyl-2tfans-12-(9-anthryl)-11-dodecenoyfr3-
glycerophosphocholine; PPC, 1-acyl-2-[9-(3-perylenoyl)nonansiyl]-
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This observation is referred to below as a reciprocal effect MATERIALS AND METHODS

of class L and class A helixes. . . . o
. o . Materials. Details of the synthesis and characterization

Despite the data pointing to importance of membrane o ihe neptides have been described elsewhere (Tytler et al.,
destabilizing properties for peptide lytic activities, the 1993; Venkatachalapathi et al., 1993). Peptides were
prevalent model of peptide membrane permeabilization is gynihesized by the solid phase method using t-BOC chem-
the formation of transmembrane-helical bundles. This sy peptides were cleaved from the resin using anhydrous
proposal of peptide oligomerization as the main mechanism yr"ang purified by reverse phase HPLC (Anantharamaiah,
of membrane permeabilization by amphipathic peptides is 19g6). The following peptides were used in the work: 18L,
mostly based on conductance measurements of lipid mem-g|KKFLGSIWKFIKAFVG (Tytler et al. 1993); Ac-18A-
branes (Sansom, 1991). However, there is some controversy\yH, N-acetyl-DWLKAFYDKVAEKLKEAF-amide [see
about such an arrangement of cationic class L peptides inyenkatachalapathi et al. (1993)].
the membrane. For example, mastoparans, being only 14 DOPC, DOPE, DOPG, Me-DOPE, and diPhyPC were
amino acids long, are likely to be too short to form chased from Avanti Polar Lipids (Alabaster, AL) and
transmembrane-helixes. Channels formed by mastoparan yere ysed without further purification. 1-Acyl-2+ins-12-
were found to be weakly cation selective, which was (g.anthryl)-11-dodecenoygr3-glycerophosphocholine (APC)
surprising for a helix bundle with a cationic interior (Mellor 5,4 1-acyl-2-[9-(3-perylenoyl)nonanoydf+3-glycerophos-
& Sansom, 1990). Similar findings were observed with other pnocholine (PPC) were synthesized as previously reported
peptides [for a review, see Duclohier (1994)]. In the case (volotkovsky et al., 1979) and were kindly provided by Dr.
of magainin 2, Cruciani et al. (1992) speculate about various jy|. Molotkovsky. Aminonaphthalene-3,6,8-trisulfonic acid
alternative discrete arrangements, including lipid headgroupS(ANTS), p-xylenebis(pyridinium bromide) (DPX), -33'-
in the channel lining. Studies of the class L peptides diethylthiacarbocyanine iodide [diS()], terbium Il chlo-
magainin 1 and 2 indicated that tlehelixes are oriented ride (Tb), and dipicolinic acid (DPA) were obtained from
parallel to the surface of the membrane, even at leakage-Molecular Probes (Junction City, OR). Fluorescein isothio-
inducing peptide/lipid ratios (Matsuzaki et al., 1994, Bech- cyanate-dextran (FITC-dextran), MW 20 000, 10 000, and
inger et al., 1993). Matsuzaki et al. (1995) put forward the 3000, and valinomycin were purchased from Sigma Chemical
idea of the action of magainin as a result of a transient Co (St. Louis, MO). Lubrol and Triton X-100 were
pentamer pore formation in the relaxation process of the purchased from Calbiochem (San Diego, CA). All other
redistribution of peptide molecules between leaflets of lipid reagents were of analytical grade. Buffers were prepared
bilayer. Recently, Matsuzaki et al. (1996) proposed that lipid in double-distilled deionized water.
molecules are incorporated in the peptidic pore. Supportfor | jposome Preparation. Multilamellar vesicles (MLV)
inclusion of lipid molecules in the pore formed by magainin \yere made from vacuum-dried lipid films by suspending
also came from recent neutron scattering experiments (Ludtkethem in an appropriate buffer (20 mM Tris-HCI, 1 mM
et al., 1996). This data suggest the importance of the lipid EDTA, and 0.02% Nab| pH 7.4, unless otherwise stated)
component for membrane permeabilization. However, there followed by shaking and less than 20 s of low-power
have been relatively few systematic studies of lipid effects sonication. Large unilamellar vesicles were made by mul-
on the lytic activities of peptides. In this paper, we studied tiple extrusion of MLV through two stacked 100 nm pore
the mode of 18L-induced membrane permeabilization in polycarbonate filters (Nucleopore Corp., Pleasanton, CA).
various lipid systems and found it to be strongly lipid Lipid concentration of the vesicles was determined using a
dependent. We found that 18L-lytic activity is modulated phosphate assay (Ames, 1966).
by the membrane nonbilayer propensity and by the presence Fluorescent MeasurementsFluorescence experiments
of anionic lipids. We found 18L to simultaneously cause were done on an SLM AB-2 fluorometer (Urbana, IL).
both vesicle contents leakage and fusion of zwitterionic Unless otherwise stated, measurements were done in 3 mL
membranes. The relationship between 18L-induced fusion quartz cuvettes with stirring and thermostating at°25
and leakage in zwitterionic systems is also investigated in | gakage of Aqueous Content: ANTS/DPX Assdifie
this work. An additional insight into the mechanism of 18L  ANTS/DPX assay (Ellens et al., 1984), monitors the de-
membrane permeabilization comes from the studies of the quenching of ANTS released into the medium. Multilamellar
reciprocal effects of class L and A amphipathic helixes. The yesicles (MLV) were made in buffer (20 mM Tris-HCI, 1
class A amphipathie-helix, common for apolipoproteins  mm EDTA, and 0.02% Nag| pH 7.4) containing 12.5 mM
(Segrest et al., 1990), has a relatively narrow hydrophobic ANTS and 45 mM DPX. The pH of the buffer was adjusted
area and a broad hydrophilic part with negatively charged after dissolution of ANTS and DPX. LUV were prepared
residues in the center and sided by positively charged by extrusion as described above. Vesicles with encapsulated
amino acids. As mentioned above, class A helixes were contents were separated from the media on a Sephadex G-75
denoted as bilayer stabilizers, because contrary to class Lcolumn equilibrated with buffer containing 25 mM NaCl for
helixes, they increasB.. Previously, the archetype class A osmotic strength compensation. Vesicles were used within
peptide Ac-18A-NH was shown to inhibit 18L-induced 1-—2 days; however, no spontaneous leakage was observed
erythrocyte lysis and neutrophil activation as well as contents within at least 1 week of storage of the vesicles &G4
leakage of Me-DOPE liposomes (Tytler et al., 1993). Ac- Leakage was monitored by following the increase of
18A-NH,, the acetylamide derivative of 18A, was found to fluorescence intensity at 530 nm using 360 nm excitation
be a more potent bilayer stabilizer than unblocked 18A and band widths of 2 and 16 nm for excitation and emission,
(Venekatachalapathi et al., 1993). Here, we studied therespectively. A UV band pass filter on the excitation side
apparent reciprocal effect of 18L and Ac-18A-Néh vesicle and a 390 nm cut-off filter on the emission side were used
contents leakage and vesicle fusion in a series of lipid to diminish scattered light. Leakage was initiated by
systems. injection of 100-200uL of vesicle suspension of the desired
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lipid concentration into a cuvette containing 2 mL of a dilute solution in the fluorescence cell, with stirring. Lipid mixing
peptide solution. Injection of peptide into vesicles was found results in dequenching of APC fluorescence. Fusion was
to be less reproducible because of fast peptide binding tomonitored by the increase of fluorescence emission at 434
the membrane and transient high local peptide concentrationsanm using an excitation wavelength of 370 nm (slits 8 nm
(Polozov et al., 1994b). The 100% leakage level was and 4 nm, respectively). To reduce scattering effects, an

determined by vesicle disruption after the addition of&0

ultraviolet band-pass filter was used in the excitation beam

of 10% Lubrol. Fluorescence increase from background to and a yellow cut-off filter (390 nm) was used on emission.

100% leakage was more than 10-fold.
Dissipation of Membrane Electrical PotentialAn assay

Complete dequenching of APC fluorescence was obtained
by the addition of excess detergent (5D of 10% Triton

(Loew et al., 1985) for the presence of an electrical X-100). Control experiments showed that disruption of
membrane potential was used in order to determine if there APC-labeled vesicles did not affect APC fluorescence.

is any loss of potential at peptide lipid ratios below those at  Aqueous Content Mixing Fusion Assaygoth the ANTS/
which ANTS leakage occurs. The typical experiment was DPX quenching assay (Ellens et al., 1985) and the Tb/DPA
performed as follows: LUV were prepared by extrusion of complex formation assay (Wilschut et al., 1980) have been
MLV made in buffer containing 100 mM KCI, 20 mM Tris-  used to measure membrane fusion by the mixing of aqueous
HCI, pH 7.4. Of vesicle suspensionu® was diluted into  contents. We employed the Th/DPA assay to avoid artifacts
2.50 mL of isosmotic, K-free buffer containing 3 mM of  caused by turbidity resulting from vesicle aggregation. LUV
carbocyanine dye diS(5) at a total lipid concentration of  were prepared by the extrusion procedure. The vesicles were
20 uM. A membrane potential was established by the made either in 2.5 mM Tbghand 50 mM sodium citrate or
addition of 1 nM valinomycin. Fluorescence was monitored jn 50 mM DPA (sodium salt) and 20 mM NaCl. In addition,
with excitation at 620 nm and emission at 670 nm. Addition the media contained 2 mM-histidine and 2 mM TES
of valinomycin results in 98% fluorescence quenching in adjusted to pH 7.4. Vesicles were separated from unencap-
about 3 min, which is stable for abb2 h and which canbe  sulated material by gel filtration on a Sephadex G-75 column
reversed by the disruption of vesicles with detergent. eluted with 100 mM NaCl, and 2 mN-histidine, 2 mM
Potential release was initiated by injection of a constant TES, pH 7.4. Fusion was initiated by injection of LUV into
volume (50QuL) of dilute peptide solutions in Kfree buffer.  the fluorescent cell containing the peptide solution. The
This mode of mixing was found important for reproducibility sample was excited at 276 nm, and the fluorescence emission
of the assay. The percent of fluorescence restored, at theyas measured at 545 nm. Tbitself does not fluoresce
probe and lipid concentrations used, corresponds to thesignificantly. An increase in fluorescence occurs upon Th/
percent of vesicles with completely released potential. DPA complex formation due to intermolecular energy
Leakage of Aqueous Content: FITC-Dextran Assay. transfer. Vesicle aqueous contents mixing was followed as
FITC-Dextran, of molecular weight 3000, 10 000, and 20 000 an increase in fluorescence.
(Sigma, MO), was encapsulated into vesicles at self-  gjactron Microscopy. Vesicles and peptidelipid com-
quenching concentrations: 4 mM for MW 20 000, 8 MM plexes were visualized using the electron microscope. For
for MW 10 000, and 25 mM for MW 3000. Vesicles were  freeze-fracture electron microscopy, 20% glycerol had been
separated from unencapsulated material by passing vesiclegqded to vesicle suspensions to ensure amorphous freezing.
through a Sephacryl S-300 HR column equilibrated with Thg lipid concentration was 15 mM. Samplesi{4) were
buffer_conta|n|_ng 40 mM NaCl. Internal and external media guenched on gold alloy planchets in a slurry of ethane cooled
were isosmotic. Increase of fluorescence upon release ofyth liquid nitrogen. Freezefracture replicas were prepared
FITC-dextran into the media was used for an estimate of py platinum shadowing in a Balzers BAF 301 apparatus
the size of the defects formed by peptides. In order t0 gquipped with electron beam guns. Replicas with traces of

compare results with the potential release assay, the modgjigs removed were picked up on the grids and viewed in a
of peptide vesicle mixing was the same as that used in the jEQL electron microscope.

potential release assay. Initial vesicle fluorescence intensity,
corrected for dilution, was taken as zero leakage. Leakage
of 100% was obtained by disruption of vesicles with
detergent, 3QuL of 10% (w/v) Lubrol. The increase of
fluorescence intensity from 0 to 100% leakage was ap-
proximately 3-fold. According to the supplier's data, the
average Stokes radius of the FITC-Dextrans is 3.3, 2.3, and
1.4 nm for molecular weights 20 000, 10 000, and 3000
respectively.

Lipid Mixing Fusion Assay. The APC/PPC doner
acceptor pair was used for monitoring lipid mixing. Vesicles
were labeled by APC and PPC by mixing stock solutions of

lipid in chloroform. APC and PPC do not transfer spontane- solution in distilled water (0.1 mg/mL) was added to one

ously b?“'ve_e” _v_esic_les; they do not segregate in separaleqo only (designated ags). Currents were detected and
phases in fluid lipid bilayers, and they do not have a charged amplified with an Axopatch amplifier and were recorded on

fluorophor which can affect peptidanembrane interactions .

(Bergelson et al., 1985; Polozov et al., 1994a). All of the a computer. Current records were filtered at 2 kHz.
above makes this pair convenient for monitoring membrane ResyLTS

fusion. Vesicles labeled with 2% APC and 1% PPC were

mixed with unlabeled vesicles at a ratio of 1:10. Fusionwas Since peptide binding to the membrane is the first step in
initiated by injection of a vesicle suspension into the peptide membrane permeabilization, studies of the membrane binding

Bilayer Conductance Measuremen®lanar lipid bilayers
were formed across a hole in a Teflon film sandwiched
between Teflon blocks containing 2 mL reservoirs, according
to Mueller and Rudin (1968). Lipid bilayers were formed
by painting a solution of lipid in hexadecane onto a 0.1 mm
diameter hole, pretreated with hexadecane, and waiting for
the barrier to thin as was determined electrically by an
' increase in capacitance. The lipid used for the formation of
bilayers was diphytanoylphosphatidylcholine (diPhyPC),
which is known for its ability to form stable BLMs (Redwood
et al., 1971) free of channel-like artifacts. The buffer
employed wa 2 M KCl and 10 mM Tes, pH 7.4. Peptide
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behavior of 18L and Ac-18A-NKHhave been performed A 5

(Polozov et al., 1995, 1997). From binding studies we 801 ‘

conclude that Ac-18A-Nkland 18L binding to membranes 60 [‘,w 3

is of a dynamic character and is lipid dependent. High values .
40

of binding constants (for 18L in the range®d 0’ M™Y)
20] /“”"A’z’

LEAKAGE, %

make possible the choice of conditions for membrane
permeabilization studies, so that the peptide is essentially
all bound to the membrane, i.e., the total peptide/lipid ratio
is the same as the bound peptide/lipid ratio.

18L-Induced Vesicle Contents Leakagkn insight into
the mechanism of action of lytic peptide can be derived from
the analysis of peptide-induced vesicle content leakage
(Parente et al.,1990). The most important feature is the range
of leakage-inducing peptide/lipid ratios, as well as if leakage
is gradual or follows an all-or-none mechanism. Also
characteristic is the dependence of leakage on vesicles size 0 1000 2000 3000 4000
and on lipid concentration. TIME, s

We studied 18L-induced leakage for vesicles of different ;
lipid composition. As a typical zwitterionic lipid system, 801 C
where one can also observe a reciprocal effect of 18L and )
Ac-18A-NH,, we have chosen DOPC:DOPE 1:1 LUV for
detailed studies. We found that higk1:20) peptide/lipid
molar ratios are required to observe a fast rate and a
considerable extent of 18L-induced ANTS/DPX leakage from
the DOPC:DOPE 1:1 LUV (Figure 1). At lower bound
peptide/lipid ratios, leakage proceeds slowly, on the scale 204 5 20uM
of thousands of seconds. Leakage curves were found to be = 200 uM
only modestly sensitive to the size dependence of the vesicles
at a constant peptide/lipid ratio and lipid concentration (not %o 04 02

shown). - PEPTIDE/LIPID RATIO
To discriminate between a gradual or an all-or-none vesicle . . . 1. AnTS/DPX assay for 18L-induced aqueous contents

leakage mechanism, we needed to stop leakage and separajg;kage of DOPC:DOPE (1:1) large unilamellar vesicles for various
partially leaked vesicles from the leaked content. We used peptide/lipid ratios. (A) Lipid concentration 20M. Typical leakage

peptide digestion by trypsin as a method to stop leakage andtime traces for various peptide concentrations. Peptide/lipid molar
to seal vesicles. Trypsin was added to vesicles at variousratios were 0.025 for the curve 1, 0.04 for the curve 2, 0.075 for

. L e : the curve 3, 0.125 for the curve 4, and 0.25 for the curve 5. (B)
times after initiation of leakage. Vesicles were then S(':‘p""r"’mEdLipid concentration 20@M. Typical leakage time traces for various

from the media by gel filtration and analyzed for the degree peptide concentrations. Peptide/lipid molar ratios were 0.01 for the
of ANTS quenching (Table 1). An all-or-none mechanism curve 1, 0.02 for the curve 2, 0.05 for the curve 3, 0.1 for the curve

of leakage would result in the no change of quenching, unlike 4, and 0.2 for the curve 5. (C) Dependence of percent of 18L-
the case of the gradual leakage from all of the vesicles (Tableinduced ANTS/DPX leakage observed at 3000 s on peptide/lipid
1). Several factors contribute to the deviation of the ratios. Lipid concentration 20M. (), 200uM (M. 18L is more
> - than 95% bound under the experimental conditions. Thus, the total

experimental values from SteriVolmer theory and increase  peptide/lipid ratio coincides with bound peptide/lipid ratio.
the uncertainty in the determination of quenching. However,
they are insignificant for the validity of a general conclusion clearly show the fusion of vesicles in the presence of 18L
that the mode of 18L-induced leakage is gradual. (Figure 3). It is remarkable that even at very high peptide

A peculiar dependence on total lipid concentration was to lipid molar ratios of up to 1:3 (which is close to 1:1 on a
found for 18L-induced leakage (Figure 1C). At constant weight basis), there is an apparent retention of a vesicular
peptide/lipid ratios, the extent and the rates of leakage atmorphology. No micelles or inverted phase formation were
low lipid concentrations (Figure 1A) were higher than those observed. Though, due to the time scale of sample prepara-
at high lipid concentration (Figure 1B). In addition, the tion, we were unable to capture intermediate structures and
extent of leakage at a fixed long time point at 2000 s was show only final equilibrium structures.
found to be nonmonotonic over the peptide/lipid ratios used  We also studied if 18L induces mixing of aqueous contents
(Figure 1C). Such behavior can be due to interference with of fusing vesicles. The ANTS/DPX assay, based on the
other membrane effects. guenching ANTS fluorescence by DPX upon vesicle fusion,

18L-Induced Fusion.Using the lipid mixing assay, we  showed 5-10% fusion (not shown), despite the fact that 18L
found that, indeed, 18L causes membrane fusion at ap-also causes vesicle leakage. To confirm that this decrease
proximately the same peptide/lipid ratios as used for contentswas not an artefact due to changes in light scattering upon
leakage. At constant peptide/lipid ratios, the extent and the vesicle aggregation and/or fusion, we employed the Th/DPA
rate of fusion increased with an increase in lipid concentra- aqueous contents mixing assay. Contrary to the ANTS/DPX
tion. At 200uM DOPC:DOPE, 1:1, the LUV fusion rate  assay, this assay is based on a fluorescence increase upon
was comparable and somewhat faster than the rate of agueoumixing of Tk** and DPA, initially encapsulated in separate
contents leakage (Figures 2A and 1B). vesicles. Formation of a Tb/DPA complex can occur both

To confirm the existence of fusion, we conducted electron as a result of membrane fusion as well as a result of leakage,
microscopy studies. Micrographs of DOPC:DOPE LUV albeit with a much lower efficiency in the latter case. At

LEAKAGE, %

60+

40/

LEAKAGE, %
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Table 1. Mechanism of 18L-Induced Leakage. Predicted ANTS A _

Fluorescence Quenching in Vesicles Leaking Gradually or |
According to an All-Or-None Mode of Leakage and Comparison

with Experiment

degree of fluorescence quenching

percent of gradual all-or-none experimental
leakage (%) modé modé observatiof =
0 1:9.5 1:9.5 1:161:8 =
30 1:7.6 1:95 1:51:6 =
50 1:5.75 1:9.5 1:31:4 =
70 1:3.85 1:95 1:21:3 =

90 1:1.95 1:95 1:151:2 ¥

aPresented as the ratio of fluorescence of vesicle contents before
(quenched state) and after solubilization of the vesicles by Triton X-100
(dequenched staté) Extent of quenching for the gradual mode of Tk, g
vesicle leakage was calculated using the Sté&falmer equation, s : § {
assuming dynamic quenching of ANTS by DPX, as determined by ’ { P 5 il i |
Smolarsky et al. (1977f.No change is expected in the ANTS 1 : i ] b
qguenching, since vesicles are either intact or leaked completely.
d Measurements were made after termination of leakage by addition of
trypsin and removal of extravesicular probes by gel filtration. Leakage -
was initiated by mixing 18L peptide solution with 1 mM DOPC:DOPE, I -
1:1 LUV to final peptide/lipid ratio 1:10. After leakage proceeded to - -
certain extents, 10QL aliquotes were taken and mixed with trypsin u )
solution to final trypsin concentration of 2@/mL. Apparent leakage [t T -
stops within 23 min. This partially leaked vesicles were separated
from the media by gel filtration and used for determination of the extent
of ANTS quenching. Increase in the uncertainty of quenching arises
from the additional background fluorescence from trypsin and from
sample dilution on passage through the column. Range of the observed =i
values shown.

60

40

20 2

DEQUENCHING, %

40

2

FLUORESCENCE

1 R

=
leae

% 500 1000 1500 t *
TIME, s ”

Ficure 2: (A) DOPC:DOPE (1:1) LUV fusion induced by 18L
monitored by a lipid-mixing assay, based on dequenching of === . ,ﬁ:
anthrylvinyl fluorescence from anthrylvinylphosphatidylcholine b, G
(APC)-labeled liposomes upon fusion with unlabeled liposomes. b = JE-
Lipid concentration 20Q:M, Peptide/lipid ratios were 0.004 for "
curve 1, 0.01 for curve 2, 0.04 for curve 3 and 0.09 for curve 4

(18L is more than 95% bound under the experimental conditions).

(B) 18L-induced vesicles aqueous contents mixing monitored by =

the Th/DPA fusion assay. Lipid concentration 2001. Peptide/

lipid ratios: curve 1= 0.01; curve 2= 0.05; curve 3= 0.075 (see

text).

- . . FiIGURE 3: Freeze-fracture electron microscopy photographs of
constant lipid concentration, the rate of fluorescence increasepopc:DOPE (1:1) vesicles (100 nm LUV) with and without 18L

depended on the amount of peptide added (Figure 2B). Ataddition. (A) No 18L; (B) 18L:lipid= 1:10; (C) 18L:lipid= 1:3.

low ratios, a slow increase in fluorescence was observed.The scale bar corresponds to 200 nm.

At ratios approximately corresponding to the plateau on the

prof”e of the ANTS/|eakage assay, we observed a fast fusion followed by |eakage. While it is difficult to quantitate
increase in fluorescence followed by a subsequent decay.the percent of fusion in this assay, it can be estimated as
At higher ratios, the decay was followed by a slow increase. being close to 510%, similar to that reported by the ANTS/

At still higher ratios, the biphasic behavior changed to a fast DPX assay.

increase without decay. While we can not distinguish  Size of 18L-Induced Membrane Defec® estimate the
between a monotonous increase due to leakage or due teize of 18L-induced membrane pores or bilayer defects, we
fusion, we can definitely assign biphasic behavior to fast employed two additional assays: a potential release assay
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00—

;;I'ENTIAL RELEASE
80 /. D-20000 LEAKAGE ®
o = ui
w (0]
L 60 g
L
w &
S 40 -
° |
20 ®
=4
| o
0 : E
0 005 01 015 02 025 @
PEPTIDE/LIPID RATIO %
Ficure 4. Percentage of FITC-dextran (MW, 20 000) leakage and o
of membrane potential release at 2000 s after 18L addition for g
various peptide/lipid ratios. Time traces are not shown. Lipid & [
concentration (2@M) and the method for peptide/lipid mixing was = AT o a0 50 60
the same in both assays (see Materials and Methods). AMOUNT OF DOPE, %

. FiIGURe 5: (A) Vesicle leakage induced by 18L or Ac-18A-NH
and the leakage of fluorescent dextrans. The potential releasgrom Luv composed of varying DOPC:DOPE mixtures as esti-

assay was used to see if there was any increase in ionmated by the extent of ANTS/DPX leakage. Leakage was initiated
permeability at peptide/lipid ratios less than those required by injection of 20uM DOPC:DOPE LUV of varied composition
for ANTS/DPX leakage. This assay requires the presenceinto the peptide solution. Percent leakage at 2000 s was taken as a

S : : . measure of leakage extent. At least three consecutive experiments
of a membrane potential in the vesicles prior to the addition had been averaged for each lipid composition. Average experimental

of peptide. To diminish mixing artifacts, peptide was injec- deviation is within 3%. Hatched bars, leakage induced hyML
ted in a large volume of buffer (0.5 mL). The extent of 18L peptide. Solid bars, leakage induced by 2\6 Ac-18A-NH,
potential release as a function of peptide/lipid ratio did not peptide. (B) Inhibition by Ac-18A-NH of 18L-induced leakage

iNifi i ; i ; depending on the ratio of DOPC:DOPE. Lipid concentration was
show any significant ionophoretic activity of 18L at peptide/ 20 uM, 18L, 1 1M, Ac-18A-NHs, 1 uM. Leakage inhibition was

Iip_id ratios below t_hose required for ANTS/DPX Ieakage calculated as a percent of the decrease of leakage caused by addition
(Figure 4). To estimate the upper boundary of the size of of Ac-18A-NH, to 18L compared to 18L alone. In both cases, the
the 18L-induced defects, we studied release of fluorescentlyextent of leakage was determined at 2000 s. At least three
modified dextrans (FITC-dextrans) of molecular weights of consecutive experiments had been averaged for each lipid composi-
3000, 10 000, and 20 000. 18L was able to cause leakagé'oN- Average experimental deviation is within 3%.
of all of these molecules, which suggests that the size of theconcentration when-87% of peptide is in the membrane-
defects formed is sufficient for the release of at least 20 000 bound state ' 0 0T pep
MW Dextrans. To ensure comparison with the potential re- . NS ) o mn a
lease assay, we performed this assay at the same lipid con: _W'th zwitterionic lipids, DQPC'DOPE (1_'0’ 4'_1’ 32 11

. . AN 2:3, Figure 5A) and DOPC:Me-DOPE (1:0, 2:1, 1:1, 1:2,
centrations and with the same peptide injection mode. Theo_1 not shown), the 18L lytic activity increased with
extent of dextran leakage ( MW 20 000) as a function of in.cr,easing conte,nt of nonbilgyer formir)1/g lipid while the
peptide/lipid ratio essentially coincides with the plot for the opposite trend was observed for Ac-18A-NHAddition of

potential release assay (Figure 4). This coincidence, taken s T L
: A cholesterol (DOPC:Chol, 10:0, 9:1, 4:1) did not significantly
together with the similarity of leakage plots for dextrans of affect the lytic activity of 18L or Ac-18A-NH (not shown).

various sizes, suggests that 18L does not form small . i ) ) .
membrane pores, capable of releasing ions but not dextransBOth in DOPC:DOPE ar_m_l DOPC:Me-DOPE b|r_1ary mix-
o . tures, 18L fusogenic activity increased with the increasing

Lipid Dependence of 18L Membrane Effects and Recipro- content of nonbilayer forming lipid (not shown). In the case
cal Effects of 18L and Ac-18A-NHWe studied 18L lytic  of membranes with a high content of nonbilayer forming
activity in several binary lipid mixtures. We also paralleled lipid [DOPC:DOPE, 2:3, 1.1, 3:2 (Figure 5B); DOPC:Me-
this with studies of the lytic activity of Ac-18A-Nkand ~ popE, 1:1, 1:2, 0:1 (not shown)], simultaneous addition of
reciprocal effects of 18L and Ac-18A-NH We restricted 18| and Ac-18A-NH resulted in less leakage than caused
leakage studies to lipids in the fluid state due to the previous by the addition of 18L alone. In pure DOPC as well as in
observation that 18L as well as Ac-18A-Nigeptides are DOPC:DOPE, 4:1 (Figure 5B), and DOPC:Me-DOPE, 2:1
unable to penetrate directly into the gel phase (Polozov et (not shown), the reciprocal effect was not observed. On the
al., 199.5, 1997) and pgrtially due to technical reasons, i-e-'contrary, the simultaneous addition of Ac-18A-N&hd 18L
the difficulty of obtaining stable, nonleaky ANTS/DPX- o DOPC caused leakage approximately equal to the sum of
loaded vesicles from lipids in the gel phase or undergoing that observed with the independent addition of these peptides.
the main phase transition. Addition of Ac-18A-NH, had a similar inhibitory effect

As we mentioned above, at the peptide and lipid concen- regardless if it was added before, simultaneously, or after
trations used, the 18L peptide is essentially all membrane 18L addition, except that a higher extent of 18L-induced
bound. However, incomplete binding of Ac-18A-Mhhust leakage was observed in the case of the delayed addition of
be accounted for at low (2&M) lipid concentrations. Ac-18A-NH, due to the high initial leakage rate before Ac-
According to our binding studies (Polozov et al., 1995, 1997), 18A-NH, addition. A decrease in the inhibition of 18L-
the dissociation constant for Ac-18A-NH2 and DOPC:DOPE, induced leakage by Ac-18A-NHvith increasing content of
1:1,is 3.2x 10*M~L. This corresponds to only about 40% DOPC was parallel with an increase in the lytic activity of
of Ac-18A-NH, being actually membrane bound at these Ac-18A-NH,.
lipid concentrations. This correction for the efficiency of ~ We studied how inhibition of 18L-induced leakage de-
binding is insignificant for Ac-18A-NH at 200uM lipid pended on Ac-18A-Nkiconcentration (Figure 6A). For 20
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FIGURE 6: (A) Inhibition by various amounts of Ac-18A-Ntbf
18L-induced leakage of DOPC:DOPE (1:1) LUV. Lipid concentra-
tion 20 uM. 18L concentration kM. Concentration of Ac-18A-
NH2: curve 1= 0; curve 2= 0.5uM; curve 3= 1 uM; curve 4

= 8 uM. Maximum inhibition was observed at8 uM of Ac-
18A-NH,. (B) DOPC:DOPE liposome fusion induced by 18L and
its inhibition by Ac-18A-NH. Fusion was monitored by a lipid-

1500

mixing assay, based on dequenching of anthrylvinyl fluorescence

from anthrylvinylphosphatidylcholine (APC)-labeled liposomes
upon fusion with unlabeled liposomes. Lipid concentration 280
Curve 1, 18L= 20 uM. Curve 2, 18L= 20 uM; Ac-18A-NH, =

5 uM. Curve 3, 18L= 20 uM, Ac-18A-NH, = 20 uM.
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Ficure 7: 18L-induced DOPG LUV aqueous contents leakage.
Stopped-flow experiments. From top to the bottom, the peptide/
lipid ratios were 0.2, 0.16, 0.08, and 0.04, respectively. Lipid
concentration was 130M.

uM DOPC:DOPE, 1:1, and kM 18L, the maximum
inhibition was observed at48 uM of Ac-18A-NH,. Further
increase of Ac-18A-NEconcentration resulted in an increase
of leakage.
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Ficure 8: Types of bilayer conductance activities induced by 18L
peptide. (A) Channel-like activity. Single conductance level of 250
pS is seen. Peptide concentratiortMl Membrane potential 45 mV.

(B) Transient spikes in the conductance with conductance levels
in the range of several nS. Peptide concentratiad 2Vlembrane
potential 145 mV. (C) Stable leaky state with conductances about
50—-200 nS. Peptide concentratiornu®. Membrane potential 45
mV.

was not dependent on the total lipid concentration. 18L did
not cause fusion of DOPG vesicles at the leakage-inducing
concentrations. Ac-18A-Nknduced leakage of DOPG and
DOPC:DOPG vesicles with kinetics very similar to that of
18L and also did not promote fusion. With acidic lipids,
we did not observe a reciprocal effect between 18L and Ac-
18A-NH,. On the contrary, leakage was close to the sum
of that contributed by each of the peptides individually,
irrespective of lipid concentration or order of peptide
addition.

Bilayer Conductance Measuremerdge thought to be
useful for the characterization of channel forming properties
of membrane active peptides. We performed experiments
to directly determine the channel forming properties of 18L
using black lipid membranes. Injection of peptide into the
reservoir, contrary to control buffer injections, often resulted
in the collapse of the membrane. We also observed several
types of conductance activities induced by 18L (Figure 8).
At the lowest peptide concentrations, conductance patterns

The reciprocal effect on peptide-induced leakage also simila_lr to those of an ion channel were found in strongly
depended on the total lipid concentration. For example, for polarized membranest(145 mV). A single conductance
DOPC:DOPE, 1:1, the reciprocal effect on vesicle leakage level of about 250 pS was detected (Figure 8A). With an

was pronounced at low (260M) lipid concentrations, but
was not observed at high (2001) concentrations. Indeed,
at 200uM lipid, the simultaneous addition of Ac-18A-NH

increase in peptide concentration, depending on the history
of the sample, transient increases in bilayer conductance
ranged from 0.5 to 2 nS. Lower voltages45 mV) were

and 18L increased the extent of leakage above the sum offéquired for observation of this type of conductance. Alter-
the independent additions of each peptide. This lipid natively, atthe same peptide concentrations, we occasionally
concentration dependence is additional evidence of thealso observed transient spikes in conductance (Figure 8B),
complex interplay between leakage and fusion effects of 18L typical of those usually attributed to membrane defects. Fur-
and Ac-18A-NH. We found that Ac-18A-NKwas able to ther increase in peptide concentration resulted in the forma-
inhibit 18L-induced fusion (Figure 6B). Contrary to leakage tion of a stable leaky state of the membrane with conduc-
activity, a sufficient amount of Ac-18A-NHwas able to  tances in the range 5@00 nS (Figure 8C). Further increase
inhibit fusion completely. It is possible that, at 2@, in peptide concentration usually resulted in the collapse of
inhibition of 18L-induced fusion directed the peptide activity the membrane. We also failed to detect channel forming
toward increased content leakage. properties of Ac-18A-NH or the existence of reciprocal
18L caused much faster-1.00 s) leakage from liposomes effects of Ac-18A-NH and 18L in conductance activities.
containing acidic lipids [DOPG (Figure 7), DOPC:DOPG,
1:1 (not shown)], although at peptide/lipid ratios comparable
to that required for zwitterionic lipids. Resolution of initial High peptide/lipid ratios required for the lytic activity of
leakage rates was possible only by stopped-flow. Leakagel8L suggest that the mechanism of peptide-induced mem-

DISCUSSION
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brane permeabilization involves membrane destabilization. with high IMC strain and thus other mechanisms will be
This is supported by the fact that 18L caused leakage prevalent.

simultaneously with fusion. At the same peptide/lipid ratios,  Induction of LUV fusion by 18L was pronounced in
18L measurably affected lipid phase behavior. The size of bilayers with a propensity for nonbilayer phase formation.
the 18L-induced membrane defects is sufficient for the This can be expected as structures with overall negative
release of 20 000 Da fluorescent dextrans, which have curvatures are thought to be structural intermediates in the
average Stokes radii of 3.3 nm. Since 18L-induced mem- process of fusion (Markin et al., 1984; Chernomordik et al.,
brane potential release is observed at the same peptide/lipidl985; Siegel, 1993). Observation of 18L-induced fusion in
ratios and lipid concentrations at which dextran leakage parallel with leakage suggests that both processes are
occurs, we conclude that no small channels are formed. Asalternative ways of reducing strain created by peptide
the mode of ANTS/DPX leakage was found to be gradual insertion. At high lipid concentration, when there are more
rather than all-or-none release, we can conclude that thefrequent bilayer-bilayer contacts, membrane defects are
lifetime of the defect is very short. It is insufficient for the more likely to result in fusion rather than leakage. Support
release of the entire vesicle contents, which in our case canfor this explanation comes from the dependence of leakage
be estimated as3 ms (pore area: 9 nn?, vesicle radiuss on lipid concentration (Figure 1C). At higher lipid concen-
50 nm) according to Schwarz and Robert (1990, 1992). Suchtrations (favorable for fusion), we saw less leakage at the
a short lifetime of the leaky state further substantiates the Same peptide to lipid ratios (in both cases the peptide was
idea that leakage is due to transient membrane defectsessentially totally bound).

Theoretically, it is possible that despite the high peptide/  Fusion and leakage caused by peptides is initiated by the
lipid ratios, peptide membrane permeabilization activity is incorporation of peptides into the outer bilayer leaflet. This
mediated by a small percent of helical bundles formed by insertion modulates the overall bilayer curvature stress
associated peptides (Rapaport et al., 1996; Matsuzaki et al. (different from IMC) by creating excessive surface in the
1995). However, this description seems unlikely for the outer leaflet. This bl!ayer curvature stress has long b_egn
formation of large, short-ived pores. The distinction Known to be responsible for changes in the shape of lipid
between the helical bundle model and membrane destabilizaVesicles or cells (Sheetz et al., 1976; Sackmann, 1994, 1995).
tion concept is in the pore size, the lining of the pore, its We think it is natural to apply this concept for the
lifetime, and also the forces or the mechanisms of the understanding of peptide-induced leakage and fusion. This
formation of the pores. Membrane destabilization suggestsMass imbalance concept is related to the view of Matsuzaki
inclusion of lipid molecules in the pore lining. Peptide- €t &l (1995, 1996) of peptide-induced permeabilization as a
induced increase in membrane permeability can be viewed'€la@xation process of peptide equilibration between two
as a result of a decreased activation energy for defectb_'layer leaflets. Alternatlve_ly_tensmn can involve re(_jlstnbu-
formation. This must be the result of peptide incorporation 10N of both peptides and lipids between leaflets (flip-flop).
into the pore lining, reducing water exposure of the fatty Our data (POIOZOVZ V., et al., mangs_crlpt o preparaﬂon)
acid chains. Leakage occuring through the flickering pore suggt_ast that transbllayer _pepﬂde and lipid red|s.tr|but|on occur
is likely to depend on the size of the reporter. Absence of transiently after peptide insertion as a relaxation process to

such a pronounced dependence suggests, that the porEeduc_e bilayer curvature strain. The initially high Ieakage
formation has a high activation energy, but once formed the rate in the system may be _caused by such fransient
pore rapidly grows in size and then collapses back. While redls_trlbytlon. An input _form bilayer curvature §tress to
there exists certain reservations about the relationshippem'de"mmced leakage is supported by observation of only

- limited inhibition of 18L-induced leakage by Ac-18A-NH
pe_tween conductance and leakage actlv!ty (Kerr et al"1995)'(Figure 6A). Contrary to that, the fact that there is complete
it is probable that these normally transient defects can be

stabilized by an electric potential applied across the mem- inhibition of 18L-|ndqced fusion by Ac—18A—N]g-|_(F|gur_e

brane (Figure 8C). Conductance levels observed in theGB) suggests that bilayer curvature stress by itself is not
9 ) . sufficient to promote vesicle fusion.

planar bilayer membrane experiments correspond to the Effects of Acidic Lipids. For such Ivtic peptides as

surface of the aqueous pore in the range from 0.4 (Figure magainins, lytic activityptoWard acidic mimbrpanpes is much

8A) to ~100 nn¥ (Figure 8C). Transient spikes in the ’

conductance corespond o pore surfaces in the ra 1 higher than against zwitterionic ones (Matsuzaki, 1995).
e (lIJ:igure 8B) P P u ! nge Contrary to that, while mellittin binds acidic membranes with

higher affinity, its lytic activity is reduced (Benachir &
From geometric considerations and previous DSC studies|_afleur, 1995). 18L binding constants for acidic membranes
(Tytler et al., 1993), Ac-18A-NH and 18L affect the  are about 2 orders of magnitude higher than for zwitterionic
membrane intrinsic monolayer curvature (IMC) in opposite membranes (Polozov et al., 1997). However, the 18L peptide
directions. Compensation of changes in intrinsic monolayer is only 2-3-fold more disruptive to vesicles of acidic lipids
curvature leads to cancelling of membrane effects when boththan to those with zwitterionic lipids (Figures 1 and Figure
peptides are added together, i.e., to the reciprocal effect of7). Leakage proceeded much faster and could be resolved
18L and Ac-18A-NH. However, the present study shows only by using a stopped-flow apparatus. A reason for this
that this reciprocal effect is pronounced only for systems altered behavior may be the inability to cause membrane
with high nonbilayer phase propensity. The reason for this fusion, due to electrostatic repulsion between charged
is that effects on IMC as the main mechanism responsible vesicles. Also, high peptide binding affinity for acidic
for leakage occur only when the membrane already has amembranes correlated with longer times of peptide residence
negative IMC. Existence of negative IMC in bilayers had in the membrane (Polozov et al., 1997), which might also
been shown to result in an instability (Epand & Epand, 1994). correlate with the longer lifetime of a permeable state of the
For the unstrained bilayer, i.e., a bilayer with a very low membrane. It is interesting that the Ac-18A-dNbeptide
IMC, addition of either peptide cannot easily produce a state was also considerably more lytic in the presence of acidic
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lipids and the simultaneous addition of Ac-18A-N&hd 18L

results in an additive increase in leakage. The description

in terms of curvature modulations proposed above for

Biochemistry, Vol. 36, No. 30, 1998245

Ellens, H., Bentz, J., & Szoka, F. C. (19&&ipchemistry 243099-
3106.

Epand, R. M. (1993)'he Amphipathic HelixCRC Press, Boca
Raton, FL.

zwitterionic membranes neglects possible specific effects. ppang R. M., & Epand R. F. (1998jophys. J. 661450-1456.
For example, we have previously shown the preferential Hirai, Y., Yasuhara, T., Yoshida, H., Nakjima, T., Fujino, M., &

association of both 18L and Ac-18A-Nkpeptides with PG

in PC:PG membranes (Polozov et al.,, 1995, 1997). In

contrast, there was no preferential association of these

peptides with either PC or PE in DOPC:DOPE mixtures.

Kitada, C. (1979)Chem. Pharm. Bull. 271942-1944.

Jones, M. K., Anantharamaiah, G. M., & Segrest, J. P. (1992)
Lipid Res. 33287—296.

Kerr, I. D., Dufourcq, J., Rice, J. A., Fredkin, D. R, & Sansom, M.
S. P. (1995Biochim. Biophys. Acta 123@19-227.

Thus, a description of peptide effects in terms of curvature | gew, L. M., Benson, L., Lazarovici, P., & Rosenberg, I. (1985)

may be valid for the PC:PE system, but not for PC:PG.
Peptide Effects and Biological Membraneshe propen-

sity for nonbilayer phase formation and the presence of

anionic lipids were the characteristics of the lipid bilayer
which modulated peptid€elipid interactions. These two

aspects of membrane composition may play an important

role in the regulation of lipie-protein interactions and
membrane properties vivo. High peptide/lipid ratios,
required for permeabilization of zwitterionic membranes,

Biochemistry 242101-2104.

Ludtke, S. J., He, K., Heller, W. T., Harroun, T. A, Yang, L., &
Huang, H. W. (1996Biochemistry 3513723-13728.

Markin, V. S., Kozlov, M. M., & Borovjagin, V. L. (1984%Gen.
Physiol. Biophys. 3361—377.

Matsuzaki, K., Murase, O., Tokuda, H., Funakoshi, S., Fujii, N.,
& Miyajima, K. (1994) Biochemistry 333342-3349.

Matsuzaki, K., Sugishita, K.-L., Fujii, N., & Miyajima, K. (1995)
Biochemistry 343423-3429.

Matsuzaki, K., Murase, O., Fujii, N., & Miyajima, K. (1996)
Biochemistry 3511361-11368.

make possible the application of lytic peptides in host defense pelior, I. R., & Sansom, M. S. P. (199®roc. R. Soc. London,

systems as natural antibiotics. Strong modulation of the

Ser. B 239383-400.

binding characteristics by membrane charge, coupled with Molotkovsky, Jul. G, Dmitriev, P. I, Nikulina, L. F., & Bergelson,

the dynamic nature of the membrane partitioning, may be

sufficient for targeting of peptides to acidic lipid containing
membranes.
Previously, reciprocal effects of 18L and Ac-18A-MNH

L. D. (1979)Bioorg. Khim.(in Russian)s, 588-594.
Mueller, P., & Rudin, D. O. (1968Nature 217 713-719.
Parente, R. A., Nir, S., & Szoka, F. C. (199Bjochemistry 29,
8720-8728.
Polozov, I. V., Molotkovsky, J. G., & Bergelson, L. D. (1994a)

peptides in some biological activity assays have been reported Chem. Phys. Lipids §209-218.

(Tytler et al., 1993). In our studies of model membranes,
we found that this reciprocal effect of 18L and Ac-18A-

NH: is pronounced only in lipid systems with a propensity
for nonbilayer phase formation. This finding suggests the

importance of nonbilayer phase propensity for certain func-

tions of biological membranes.
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