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Abstract

We studied the kinetics and equilibrium membrane binding of two amphipathic a-helical peptides: the 18L peptide,
which belongs to the class L (Iytic peptides), and the Ac-18A-NH, peptide of the class A (apolipoprotein), according to
classification of Segrest et a. ((1990) Proteins, 8, 103—117). Both for cationic 18L and zwitterionic Ac-18A-NH,, the
presence of acidic lipids increased the membrane binding constants by two orders of magnitude. The free energy of
peptide—membrane association was in the range of 8.5-12.8kcal /mol. Binding isotherms corresponded to monomer
partitioning with saturation at high peptide/lipid ratios. This was aso supported by stopped flow studies of the kinetics of
peptide-membrane association as measured by peptide tryptophan fluorescence or by energy transfer from the peptide to the
lipid-anchored anthrylvinyl fluorophor. The apparent time required for peptide—membrane equilibration was in the
millisecond range. At low peptide/lipid ratios it depended on lipid concentration and was independent of the peptide
concentration. The rate of peptide—membrane association was found to be relatively close to the diffusion limit. Thus
peptide—membrane affinity was mostly determined by the peptide dissociation rate, i.e. higher membrane affinity correlated
with a decrease in dissociation rate and with a slower peptide exchange. We have shown that the dynamic character of the

Abbreviations: 18L, GIKKFLGSIWKFIKAFVG; Ac-18A-NH,, N-Acetyl-DWLKAFYDKVAEKLKEAF-amide; DOPC, dioleoyl-
phosphatidylcholine; DOPE, dioleoylphosphatidylethanolamine; DOPG, dioleoylphosphatidylglycerol; DMPC, dimyristoylphosphatidyl-
choling; ANTS, aminonaphthalene-3,6,8-trisulfonic acid; DPX, p-xylenebis-(pyridinium bromide); LUV, large unilamellar vesicles;
MLV, multilamellar lipid vesicles;, P;, the peptide concentration in water; P,, the peptide concentration in the membrane; P, total
peptide concentration; L, lipid concentration; K, the equilibrium peptide-membrane binding constant; AG,, the free energy of
peptide—membrane binding; r, bound peptide/lipid ratio; k,, the rate constant of peptide—membrane association; k, the rate constant of
peptide—membrane dissociation; Py, the equilibrium amount of peptide bound to the membrane; R, the observed rate constant for
peptide—membrane binding
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peptide membrane equilibrium can be used for selective peptide targeting and disruption of membranes with a specific lipid

composition. © 1998 Elsevier Science B.V.
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1. Introduction

Lipid—peptide interactions are known to play a key
role in many biological phenomena. Interactions of
peptides with membranes also provide a model sys-
tem for aspects of lipid—protein interactions. Many
membrane-active peptides have an important com-
mon structural feature, they can potentially form an
amphipathic a-helix. Such an a-helix has opposing
hydrophilic and hydrophobic faces oriented along the
long axis of the helix (for a general discussion see
[1]). While there have appeared a number of works
on peptide—membrane interactions (reviews [2,3]),
there have been relatively few systematic studies of
lipid effects on membrane binding properties of am-
phipathic a-helical peptides. Even less papers deal
with the dynamic character of peptide binding [4—
9,19]. Membrane binding is the first step in peptide—
membrane interactions. Thus characterization of the
peptide—membrane binding is a prerequisite for the
study of al other aspects of peptide—membrane inter-
actions. In this paper we describe systematic studies
of the kinetics and equilibrium membrane binding of
two amphipathic o-helical peptides: the cationic 18L
peptide which belongs to class L (lytic) and the
zwitterionic Ac-18A-NH, peptide belonging to class
A (apolipoprotein), according to the classification of
Segrest et al. [10]. It has been found previously that
class A and class L peptide analogs have an opposing
activity on a number of biological phenomena such
as erythrocyte lysis or neutrophil activation [11]. We
recently studied modulation of membrane effects of
18L and Ac-18A-NH,, peptides by the lipid composi-
tion [12] and found that fusion and leakage caused by
these peptides are modulated strongly by membrane
non-bilayer phase propensity and by the presence of
acidic lipids. Peptides were able to induce lateral
segregation of lipidsin binary systems of zwitterionic
and acidic lipids [13]. Here we studied if the same
factors can affect peptide membrane affinity and the
dynamic character of the peptide—membrane equilib-
rium. We aso tested if the opposing activities of
class A and class L result from membrane binding.

2. Materials and methods
2.1. Materials

Details of the synthesis and characterization of the
peptides have been described elsewhere [11,14]. Pep-
tides were synthesised by the solid phase method
using t-BOC chemistry. Peptides were cleaved from
the resin using anhydrous HF and purified by reverse
phase HPLC [15]. The following peptides were used
in the work: 18L, GIKKFLGSIWKFIKAFVG [11];
Ac-18A-NH,, N-Acetyl-DWLKAFYDKVAEKL-
KEAF-amide [14,16].

DOPC, DOPE, DMPG, DOPG were purchased
from Avanti Polar Lipids (Alabaster, AL) and were
used without further purification. Aminonaphthalene-
3,6,8-trisulfonic acid (ANTS), p-xylenebis-
(pyridinium bromide) (DPX) were obtained from
Molecular Probes (Eugene, OR). Spectroscopy grade
Lubrol PX was purchased from Calbiochem (San
Diego, CA). All other reagents were of analytical
grade. Buffers were prepared in double distilled
deionized water.

2.2. Liposome preparation

Multilamellar vesicles (MLV) were made from
vacuum dried lipid films by suspending them in an
appropriate buffer (20mM Tris—HCI, 1mM EDTA,
0.02% NaN,, pH 7.4, unless otherwise stated) fol-
lowed by shaking and less than 20s of low power
sonication. Large unilamellar vesicles were made by
multiple extrusion of MLV through two stacked
100 nm pore polycarbonate filters (Nucleopore Corp.,
Pleasanton, CA). Lipid concentration of the vesicles
was determined using a phosphate assay [17].

2.3. Tryptophan fluorescence
Changes in peptide tryptophan fluorescence were

used to monitor association of peptides with mem-
branes. The spectra were recorded in the range of
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310-480nm with excitation at 280nm and band-
widths of 4nm for both excitation and emission.
Excitation at 280nm was chosen to reduce overlap
with the Raman scattering peak from water. Fluores-
cence experiments were done on an SLM-Aminco
AB-2 Luminescence spectrophotometer (Urbana, IL).
Unless otherwise stated, measurements were done in
3ml quartz cuvettes with stirring and thermostating at
25°C.

2.4. Kinetics of peptide binding to liposomes

The time course of binding was monitored by the
increase in peptide tryptophan fluorescence at 330 nm
upon membrane binding. Fluorescence was measured
using a stopped-flow accessory for the SLM-Aminco
AB-2, with a time resolution of up to 1ms, and a
time delay of 2ms. To improve the signal-to-noise
ratio we averaged at least five consecutive runs.
Fluorescence was measured at excitation and emis-
sion wavelengths of 280 and 330nm, respectively,
and 4 and 8nm dlits.

2.5. Leakage of aqueous content

The ANTS/DPX assay [18,20], deguenching of
ANTS released into the medium, was used to monitor
leakage induced by peptide interaction with vesicles.
Multilamellar vesicles (MLV) were made in buffer
(20mM Tris—HCI, 1mM EDTA, 0.02% NaN,, pH
7.4) containing 12.5mM ANTS and 45mM DPX.
The pH of the buffer was adjusted after dissolution of
ANTS and DPX. LUV were prepared by extrusion
and separated from nonencapsulated media by pas-
sage through a Sephadex G-75 column equilibrated
with buffer containing 25mM NaCl for osmotic
strength compensation. Leakage was monitored by
following the increase of fluorescence intensity at
530nm using 360 nm excitation and bandwidths of 2
and 16 nm for excitation and emission, respectively.
A UV bandpass filter was used on the excitation side,
and a 390 nm cut-off filter on the emission side were
used to diminish scattered light. 0% leakage was
assigned to ANTS fluorescence immediately after
mixing peptide solution and vesicles suspension. The
100% leakage level was determined by vesicle dis-
ruption after the addition of 50 | of 10% Lubrol PX.

Fluorescence increase from background to 100%
leakage was more than 10-fold.

3. Resaults

Fluorescence spectra of the peptides, Ac-18A-NH,
and 18L, in water were found to be the same with a
fluorescence maximum at 351 nm. The total intensity
of fluorescence was found to be proportional to pep-
tide concentration up to 200 .M, and higher if cor-
rected for inner filter effects both in water and in
methanol (data not shown). This is indicative that
these peptides do not undergo aggregation in this
range of concentration and exist as monomers in
water as well as in methanol. This is consistent with
the previous CD studies of Ac-18A-NH, which
showed that the peptide in buffer exists essentially as
a random coil [14].

3.1. Equilibrium binding studies

Binding of peptides to membranes is accompanied
by a blue shift of tryptophan fluorescence emission.
The spectra of membrane-bound peptides were found
to be shifted to the blue compared with the peptides
dissolved in n-octanol or ethyl acetate. Fluorescence
spectra of 18L and Ac-18A-NH, peptides coincided
in organic solvents, thus only 18L spectra are shown
on Fig. 1. Both 18L and Ac-18A-NH, peptides are
poorly soluble in more hydrophobic solvents, thus it
was difficult to evaluate the exact hydrophobicity of
the membrane environment of the peptide tryptophan.
However, it can be concluded that it is quite hy-
drophobic.

Previously membrane binding constants have been
estimated from the half-shift of the tryptophan emis-
sion spectrum [21,22] or from the increase of fluores-
cence intensity at fixed wavelength [23,24]. We found
intensity changes at one particular wavelength sus-
ceptible to large error. In addition, the fluorescence
of peptides with a high affinity for membranes may
be self quenched at a high peptide/lipid ratio as a
consequence of peptide association in the membrane.
We suggest quantitating the binding from the decon-
volution of the spectrainto membrane-bound and free
components. Peptide—membrane association a priori
is not a one step process, as a number of peptide
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Fig. 1. Tryptophan fluorescence spectra of peptide 18L in sol-
vents and in membrane environment (DOPC:DOPE, 1:1). Spectra
scaled to the same integral intensity. Fluorescence background
subtracted. Bold solid line — spectrum of 18L in membrane
environment, solid line — 18L in water, dashed line — 18L in
ethanol, dotted line — 18L in octyl alcohol, dash-dotted line —
18L in hexane, spectrum in hexane had much less intensity due to
poor peptide solubility.

arrangements within the bilayer are possible. It is not
straightforward how these different arrangements
would affect the fluorescence spectrum of tryptophan.
However, our data support the idea that at arelatively
low peptide/lipid ratio there exist only one bound
state corresponding to the most blue-shifted trypto-
phan fluorescence spectrum. In the course of the
titration of the peptide solution with liposomes (for
typical titration experiment, see Fig. 2) afina inten-
sity increase and fluorescence shift are obtained. A
further increase in liposome concentration did not
give any additional change, after background subtrac-
tion. At very high lipid concentration, a decrease in
fluorescence intensity, due to a scattering effect, was
observed without a shift in the wavelength of maxi-
mal emission. The same reproducible blue-shifted
shape of the tryptophan spectra was observed in the
experiments on the titration of LUV (at sufficiently
high lipid concentration) with peptides. In these ex-
periments, tryptophan fluorescence intensity was lin-
ear with peptide concentration and after background
subtraction the shape of the spectrum was indepen-
dent of the peptide concentration, provided that the
peptide/lipid ratio was sufficiently low. We found
that for every particular peptide and lipid system, the

shape of the membrane-bound peptide spectrum was
different, athough reproducible. Spectra of 18L
bound to membranes were generally more blue-shifted
than those of Ac-18A-NH, under identical condi-
tions. The tryptophan environment of peptides bound
to membranes containing acidic lipids was less hy-
drophobic than it was in zwitterionic membranes.

Knowledge of the peptide tryptophan spectrum,
both in solution and in the membrane bound state,
makes it possible to determine the peptide distribu-
tion between agueous and membrane environments.
Each spectrum in the course of the titration can be
fitted by the superposition of the spectrum of the
membrane-bound and of the free peptide (Fig. 2,
inset). That is, in the course of the titration of peptide
of concentration P,, for every lipid concentration L,
the fluorescence intensity at a particular wavelength
A, 1,(L), can be represented as:

|>\( L) = Pf(L) “hot Pb( I—) e
where
Po=Pi(L) + P,(L) foral L

l,o and I,., are the specific intensities for the peptide
in water and in membrane respectively, at wavelength
N. P(L) and P,(L) are the peptide concentrations in
water and in membrane. For every L value, P,(L)
and P,(L) can be found numerically by least square
optimisation. The standard deviation between the ex-
perimental points and the curve fit was comparable to
the deviation between consecutive spectra of the same
sample and usualy was within 2%, but was higher
(5%) when close to the sensitivity limit of the tech-
nique at low peptide concentrations. Knowledge of
the amounts of bound and free peptide at every lipid
concentration makes it possible to reconstruct binding
isotherms (r(P;)), i.e.,, a plot of bound peptide/lipid
ratio (r = P,/L) versus free peptide concentration
P;. This approach alows for the quantitative analysis,
not only the titration of peptide by liposomes, but
also the titration of liposomes with peptide, as well as
a dilution assay [22] where binding is determined by
the red shift of peptide fluorescence in a series of
dilutions of peptide—liposome mixtures. The descrip-
tion of binding was considered valid if the binding
isotherms, derived by titration of peptide with LUV
or of LUV with peptide, from several concentrations,
coincided.
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Fig. 2. Typical change in peptide (Ac-18A-NH,, 12.5.M) fluorescence spectra upon titration with vesicles (DOPC:DOPE, 1:1). From
bottom to the top, lipid concentration is OuM, 6 uM, 12 uM, 25uM, 38uM, 50 uM, 62 uM, 87puM, 145uM, 290 uM, 460 uM.
Background not subtracted. Difference between 145uM, 290 M and 460 wM spectra is only due to an increase in background
fluorescence. Inset shows the fit of intermediate spectra by the sum of two components from bound and free peptide. Dashed and dotted
lines are respectively the spectra of free and membrane bound peptide. Example of experimentally determined spectrum (lipid
concentration 50 wM) is shown by open circles. Solid line shows the fit of the spectra by a linear combination of free and membrane
bound spectra. Background signal was subtracted from all of the spectra.

We observed a significant difference between lipid
and peptide titration assays. Vaues of bound pep-
tide/lipid ratios at the same free peptide concentra-
tions deduced from titration of liposomes with pep-
tides were exactly two-fold less than those from the
titration of peptide with vesicles. This can be ex-
plained by the different lipid accessibility in the two
assays. Both 18L and Ac-18A-NH, peptides are able
to permeabilize membranes at sufficiently high pep-
tide/lipid ratios [11,12]. In the course of titration of
peptide with vesicles the initially high free peptide
concentrations led to the permeabilization of the first
vesicles added, resulting in the accessibility of both

sides of the membrane bilayer. Thus the bound pep-
tide/lipid ratio is twice as high as in the titration of
liposomes with peptide where the experiment starts
with a low peptide-to-lipid ratio which is insufficient
for vesicle disruption and thus only the outer vesicle
surface is accessible.

We derived binding isotherms for 18L or Ac-18A-
NH, with DOPC, DOPC:DOPE(1:1) or DOPG. Here
we restricted our studies to lipids in the fluid phase
since it was found previously that both Ac-18A-NH,
and 18L do not penetrate into the gel phase [25,13].
The binding isotherm (Fig. 3) for 18L with all types
of lipids appears linear until saturation at micromolar
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Fig. 3. Binding isotherms for 18L and Ac-18A-NH, peptides.
The isotherm of binding of 18L to DOPG (V), of Ac-18A-NH,
for DOPG (A), of 18L to DOPC:DOPE (1:1) (O) and of
Ac-18A-NH, to DOPC:DOPE (1:1) (O). Each binding isotherm
was derived form several titration experiments as described in the
text.

concentrations of free peptide. For Ac-18A-NH,,
such a pattern was observed only for acidic lipids. In
the case of zwitterionic DOPC and DOPC:DOPE, no
apparent saturation was observed. From the linear
part of the binding isotherm, partition coefficients of
peptide between water and the membrane phase, as
well as the corresponding free energies of peptide—
membrane association (AG,), were determined (Ta-
ble 1). Binding isothermsfor DOPC and Ac-18A-NH,
or 18L are not shown as they were similar to those of

Table 1
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DOPC:DOPE. With less precision, Ac-18A-NH, or
18L binding to DMPC (at 37°C) and to DOPC:Chol
(7:3) were aso estimated and found similar to other
Zwitterionic lipids.

The proper resolution of the initial linear part of
the binding isotherm and the determination of the
binding constant requires titration of low peptide
concentrations, such that P, is within the linear
range of the isotherm r(P;). In practice this is lim-
ited by the need to have sufficient fluorescence signal
above the background of the liposome suspensions,
that is P, must be above ~ 0.05uM. This require-
ment corresponds to an upper limit of the binding
constants (K) resolved by this assay of K ~ 1/(5 X
1078M)=2x 10" M~ or a free energy of binding
AG, = —RTIn(55.5 X K) = —12.3kca /mole (the
cratic coefficient 55.5M corresponds to the molar
concentration of water which is invariant. It is in-
cluded so as to make K dimensionless). For the
stronger binding only the saturation part of the bind-
ing isotherm can be resolved. The range of K which
can be determined by this assay is actually higher
than that of a centrifugation assay [26], or a circular
dichroism titration [27]. Measurement of the higher K
can be achieved using fluorescently modified pep-
tides.

The deconvolution procedure was modified for the
guantitation of binding for peptides with very high
membrane affinity, e.g. 18L:DOPG. If P, in the
titration experiment is higher than the linear range of

Equilibrium and dynamic parameters of the 18L and Ac-18A-NH, peptide binding with various types of lipids: association constants
(K), free energy of association (AG,), and association and dissociation rate constants (k, and k)

Peptide Lipid Association *Free energy of PAssociation “Dissociation
constant, association, rate constant rate constant
K,M~1 —AG,, kcal /mol kyM™t.s71 kg, st
18L DOPC:DOPE (1:1) 1.35 x 108 10.7 1.9x10° 0.15
DOPC 1.2 x 108 10.6 - -
DOPG 4.5 x 107 12.8 - -
Ac-18A-NH,, DOPC:DOPE (1:1) 32x10% 8.5 1.3x 10° 3.9, 3.64
DOPC 4.0 x 10* 8.6 - -
DOPG 3.5x 108 11.3 2.8 x 10° 0.075

& Free energy of peptide lipid association is calculated from the association constant K, as AG = —RT - In(K - 55.5).
® Association rate constants k, were derived from the slope of the concentration dependence of association rate (Fig. 6).
® Dissociation rate constants k, were calculated as k, = k,/K, except for  which was determined from concentration dependence of the

association rate extrapolated to zero concentration.
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the binding isotherm for that peptide/lipid system
then the first liposome addition will lead to peptide
binding with saturating peptide/lipid ratios and self-
guenching of tryptophan fluorescence. An increase in
the total fluorescence intensity is observed only when
lipid is added to peptide which is aready bound. This
occurs without a significant change in the shape of
the spectra. Eventually the fluorescence intensity
reaches a maximum and a further addition of vesicles
does not induce any changes after background sub-
traction. For quantitation of the peptide—membrane
binding for these systems, the quenched bound pep-
tide spectrum was used as a reference for the bound
peptide and the same deconvolution procedure was
applied. Comparing isotherms derived from several
peptide concentrations we were able to resolve the
saturation part of the binding isotherm. Only minimal
estimates of K and AG,, are presented in Table 1 for
the 18L:DOPG binding.

To examine the cooperativity of Ac-18A-NH, and
18L peptide membrane binding we derived isotherms
of Ac-18A-NH, binding to vesicles preincubated with
18L at various peptide—lipid ratios. From the coinci-
dence of this isotherms with the one without peptide
preincubation, we conclude that the two peptides bind
to membranes independently.

3.2. Kinetics of peptide binding

Increase in tryptophan fluorescence intensity
(emission at 330 nm) was used to monitor the kinetics
of peptide—membrane association. Association of both
Ac-18A-NH, and 18L was found to be a fast process
and to take place in tens of milliseconds. Typical
time traces of peptide binding are presented (Fig. 4).
The final extent of fluorescence increase depended on
the lipid concentration for the Ac-18A-NH, peptide
but was practically independent of lipid concentration
for 18L. This was expected, since at the lipid concen-
trations used, according to the binding constants for
DOPC:DOPE, the percentage of bound Ac-18A-NH,
should depend on lipid concentration while 18L must
aways be essentialy bound.

We fitted the time course of Ac-18A-NH,, binding
with a single first order rate constant. The plot of the
binding rate constant versus lipid concentration is
shown in Fig. 5. Such a distinct linear dependence is
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Fig. 4. Typical time course of peptide binding to membrane
monitored by the increase of tryptophan fluorescence at 335nm.
(A) Kinetics of Ac-18A-NH, (5,.M) binding to DOPC:DOPE
(1:1) LUV of the following concentrations: from the top to the
bottom 340uM, 170uM, 85uM, 50uM, 25uM, OuM. (B)
Kinetics of 18L (5uM) binding to DOPC:DOPE (1:1) LUV of
the following concentrations: (from the left to the right) 250 uM,
200pM, 50uM, 32uwM. Experimental conditions are as de-
scribed in Section 2.

characteristic of a one step association—dissociation
equilibrium;

ka
P.+L<P,
Ky

Where P; represents peptide in water, P, the peptide
associated with an aggregate of lipid molecules, L is
an aggregate of lipid molecules, k,— the rate constant
of association and k4 — the rate constant of dissocia-
tion. In the case of excess lipid, the formally second
order binding process follows pseudo first order ki-
netics, that is amount of the membrane bound peptide
(P,) approaches an equilibrium (P.,) following a
single exponentia time course with a rate constant R
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Fig. 5. Dependence of peptide binding rate constant (R), deter-
mined by monoexponentia fit of the time traces, on lipid concen-
tration (L). Straight lines are derived by linear regression. Circles
and solid line - Ac-18A-NH, binding to DOPC:DOPE (1:1).
Squares and dashed line - 18L binding to DOPC:DOPE (1:1).
Diamonds and dotted line - Ac-18A-NH, binding to DOPG.

linearly dependent on lipid concentration (L):
Po(t) = P X (1 — exp[ —R X t])

where

R=k, x L +k,

For Ac-18A-NH , binding to DOPC:DOPE (Fig. 5)
we calculate an association rate constant k, = 1.3 X
10°M~*s™! and a dissociation rate constant k=
3.6+ 0.3s7 %, which corresponds to a half-time of
peptide dissociation t; ,, = In (2) /ky = 0.19 + 0.03s.
Hence the corresponding equilibrium binding con-
stant, K=k,/k;=(35+0.3)x10*M~1 is very
close to the value of K=32x10*M~* derived
from the titration experiments (Table 1). To confirm
the fast dynamic character of the Ac-18A-NH ,-mem-
brane association equilibrium, we directly monitored
the process of peptide dissociation from the mem-
brane. Upon two fold dilution of the vesicle suspen-
sion preincubated with Ac-18A-NH,, we observed
partial peptide dissociation which was completed
within 0.1-0.2 s (data not shown). In the case of high
peptide/lipid ratios (> 1:20), the Ac-18A-NH, bind-
ing kinetics becomes more complicated. The initial
rate increases above that expected from a linear
dependence on concentration and the overall kinetics
apparently becomes non-monoexponential and depen-
dent both on peptide and lipid concentrations.

For the binding of 18L to the membrane, as well
as Ac-18A-NH,:DOPG binding, we were able to
determine the peptide—membrane association rate
constant k,, but there was a large uncertainty in the
determination of k,. In addition to a monoexpo-
nential fit, association rates for these cases were
analysed using an analytical expression for the kinet-
ics of sequential binding [28,29] which takes into
account saturation of binding. The values of the
association rate constants derived by both approaches
coincided within experimental error. Association rate
constants are presented in Table 1.

Due to the high peptide-membrane affinity we
were unable to directly determine the dissociation
rate of 18L from DOPC:DOPE membranes, but we
were able to confirm the dynamic character of the
peptide—membrane equilibrium indirectly using the
ANTS/DPX leakage assay (Fig. 6). A small aliquot
of DOPG vesicles was added to 18L, which had been
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Fig. 6. Leakage experiment confirming the dynamic character of
18L partitioning between membranes. Curve 1: DOPC:DOPE
(1) LUV (65uM) were added to a solution of 3uM 18L,
causing relatively low leakage at this peptide/lipid ratio. At the
arrow 15p.M of DOPC:DOPG (1:1) LUV were injected into the
cell. Radistribution of 18L into these vesicles caused fast |eakage.
Curve 2: Control experiment, 15uM of DOPC:DOPG LUV were
injected into the cell with 5u.M 18L solution. The initial leakage
rate is exactly the same as after DOPC:DOPG LUV injection in
the Curve 1. At the arrow an additional 45p.M DOPC:DOPG
LUV were injected which resulted in inhibition of leakage due to
peptide redistribution and decrease of bound peptide/lipid ratios.
100% of leakage was determined by vesicle disruption with
detergent and thus corresponds to the leakage of both
DOPC:DOPE and DOPC:DOPG LUV in curve 1, and dl
DOPC:DOPG LUV in curve 2.
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prebound to DOPC:DOPE vesicles at a non-leaky
peptide/lipid ratio. The much higher affinity of 18L
for acidic lipids results in the redistribution of 18L to
acidic lipids and the induction of leakage. The pattern
of leakage curves observed is similar to the one in the
absence of zwitterionic liposomes (peptide in buffer),
thus indicative of the peptide dissociation rate being
faster than the leakage rate.

4. Discussion
4.1. Membrane partitioning

Binding isotherms r(P;) for both peptides, with all
lipids studied, had a linear portion at low
peptide/lipid ratios (Fig. 3). This linear part of the
r(P;) corresponds to the peptide monomer partition-
ing into the membrane without subsequent aggrega
tion [6]. Binding constants (K) have been derived
from the dope of the linear part of the binding
isotherms (Table 1). Binding constants of 18L are
higher than those reported previously for similar pep-
tides such as mastoparan (K yopc = 1.65 X 103M 1,
[27]) or magainin 1 and 2 (K pope = 0.26 X 10° M ~4;
3.0x 10° M™%, [30]). Values of the binding constant
for the Ac-18A-NH, peptide are also high compared
to other data on membrane binding of analogs of
A-type amphipathic peptides. In arecent paper, Spuh-
ler et al. [26] report binding constants for the 18A
(not the N-acetyl-peptide-amide, which we used in
the present work), derived from a centrifugation as-
say, of 170M~! for DOPC and 900M ! for
DOPC:DOPG, 1:1. The lower binding affinities of
18A compared to the Ac-18A-NH, are in accordance
with the previously published observation that end
group blockage of 18A significantly increases it's
membrane affinity [14].

Binding isotherms show that the analysis using a
partitioning model is valid only within a limited
range of free peptide concentrations. With increased
peptide—lipid ratios, the binding isotherm starts flat-
tening and eventually goes to saturation. High mem-
brane lytic activity of peptides necessitates the intro-
duction of a coefficient of 0.5 for comparison of the
vesicle and peptide titration experiments. The only
exception to thiswas for Ac-18A-NH,/DOPC:DOPE
partitioning. In this case, the assumption that only the

external leaflet of the membranes is available for
peptide binding [31] was valid. The hyperbolic shape
of the binding isotherms corresponds to the absence
of in plane aggregation of peptides [6]. High pep-
tide/lipid ratios in the binding isotherm give an
estimate of the saturating bound peptide/lipid ratios:
1 for 18L and DOPG, 0.8 for Ac-18A-NH, and
DOPG and 0.3 for 18L and DOPC:DOPE, which
corresponds to one lipid molecule as the size of
binding cluster in acidic lipid and three lipid
molecules in DOPC:DOPE. Similar sizes of the 18L
and Ac-18A-NH, binding clusters in acidic mem-
branes suggest that it is determined primarily by
steric (packing) considerations, while in zwitterionic
membranes the limiting factor may be electrostatic
repulsion of charged peptides. The very high satura-
tion levels observed are indicative of vesicle disrup-
tion during the process of titration. This disruption
could be monitored visually. Scattering (or turbidity)
of vesicle suspension is dependent on the size of the
vesicles. At sufficiently large peptide/lipid ratios, the
18L peptide increased the turbidity of both zwitteri-
onic and acidic LUV which is indicative of aggrega-
tion and /or fusion of vesicles [12]. On the contrary
Ac-18A-NH, peptide clarifies initially turbid MLV
suspensions, which correlates with the known ability
of class A peptide to solubilize membranes [14].
Binding of cationic peptides to zwitterionic and
acidic membranes was previousy described in terms
of the Gouy-Chapman theory [31-33]. According to
this description, negative charge on the acidic mem-
brane creates a membrane potential which causes
cationic peptides to redistribute to the membrane.
This passive accumulation of peptides near an an-
ionic membrane surface results in a high apparent
binding constant. This aspect is important for the
binding of cationic 18L. However, Ac-18A-NH, aso
had a much higher affinity for anionic membranes
than for zwitterionic lipids (almost two orders of
magnitude from DOPC to DOPG, Table 1). Titration
calorimetry experiments show that the free energy of
binding is of entropic origin both for 18L and Ac-
18A-NH, and for both zwitterionic and acidic mem-
branes (unpublished observation, Polozov et al.). Re-
cently, it was found that the binding of the 18A
peptide to the membrane does not change the overall
surface charge of membranes [26], that is 18A is
indeed zwitterionic in the membrane bound state. The
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ratio of bound peptide to lipid for both 18L and
Ac-18A-NH,, at saturation was found to be higher for
acidic lipids than for zwitterionic ones (Fig. 4). This
also can not be explained only as a response to
membrane potential. Rather, high peptide/lipid ratios
at saturation are favoured by mutual repulsion of
negatively charged lipid headgroups and aso by re-
duction of peptide—peptide repulsion which may take
place for the cationic 18L peptide. There also may be
an input from the direct interaction of charged
aminoacids with a charged lipid headgroups. Spuhler
et al. [26] showed that 18A affects the conformation
of lipid headgroups in a manner expected for posi-
tively charged peptides. This is consistent with the
““snorkel’” conformation adopted by 18A in a bilayer
[14].

The monomer partitioning model is successful in
describing the peptide binding kinetics as well as the
equilibrium binding data. Peptides were found to be
in dynamic equilibrium with membranes having an
association time in the millisecond range and a disso-
ciation speed which depended on the peptide affinity
for membranes and ranged from hundreds of mil-
liseconds to tens of seconds. The dynamic character
of the binding equilibrium is highly lipid and peptide
dependent. As it is shown in the Section 3, we
derived an equilibrium binding constant, K, from
experimentally determined association and dissocia-
tion rates of Ac-18A-NH, with DOPC:DOPE mem-
branes and found it to coincide with the K derived
from equilibrium studies. In accordance with the
binding isotherm, we were not able to experimentally
determine the dissociation rates for the 18L peptide
or the Ac-18A-NH, peptide with acidic membranes.
However, a knowledge of the association rate con-
stant k,, and the binding constant, K, are sufficient
to completely describe the dynamic character of pep-
tide binding. Variation in k, was much less than that
found for the equilibrium binding constant K. For
example, k, of Ac-18A-NH, for DOPG was only
approximately two times higher than that for
DOPC:DOPE, while the difference in K was three
orders of magnitude. This shows that difference in
peptide affinity for membranes, at least in the present
case, is largely determined by the dissociation rate
constant k, as ky=k,/K. The upper boundary for
the association rate constant is the diffusion limited
rate constant, .

It was shown theoretically [34] that:
ra=bXxXN, XDy X (A /R,)

involving b, the fraction of lipid molecules that are
in the outer leaflet of the bilayer; N,, Avogadro’'s
number; D,, the diffusion coefficient of the free
peptide; A, the area per lipid headgroup on the
bilayer surface; and R, the outer radius of a vesicle.
For the DOPC:DOPE system we may estimate that
A =0.7nm? R,=50nm and b=0.5. The D, ca-
culated for a peptide of about 2,000MW at 25°C is
3x107°cm?/s[34]. Thus ry=1.25Xx 10°M~*s™?
and the ratio k,/ry=0.104 for association of Ac-
18A-NH, with DOPC:DOPE. This shows that the
measured association rates are relatively close to the
diffusion limit, i.e. there is no large barrier for the
entrance of a peptide molecule into the bilayer. It is
thus understandable why variation in the binding
constant occurs via the modulation of the dissociation
rate constant. We can conclude that strong binding
correlates with a slower exchange of peptide between
water and membranes.

We found previously that activities of 18L and
Ac-18A-NH, peptides depend strongly on the mem-
brane composition, namely, on the presence of non-
bilayer forming lipids and presence of acidic lipids
[13]. Our current binding studies show that membrane
charge strongly affects binding behavior of both
cationic 18L and zwitterionic Ac-18A-NH,. How-
ever, peptide binding was essentially not affected by
the presence of nonbilayer forming lipids, that is, it
was similar for severa zwitterionic membranes stud-
ied.

4.2. Dynamic peptide—membrane equilibrium and
peptide effects in biological systems

Certain L-type lytic peptides, originaly extracted
from amphibian skin [35,36], are suggested to protect
the host from bacterial infection. From characterisa-
tion of the binding of 18L we can suggest that L-type
peptides partition essentially complete into the mem-
brane under ordinary conditions. Peptides are non-
Iytic for the host cells in vivo, due to the low peptide
to total lipid ratio. However, due to the dynamic
character of binding and the high peptide affinity for
acidic membranes, the redistribution and accumula
tion of peptide at a lytic concentration on the acidic
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membrane of bacteria may take place. We used 18L-
induced vesicle contents |leakage as away to illustrate
the dynamic character of peptide binding (Fig. 6).
This data also shows the possibility of selective
induction of leakage from acidic liposomes without
affecting zwitterionic ones. At the same bound pep-
tide/lipid ratios 18L is similarly lytic to both zwitte-
rionic and acidic vesicles [13]. Thus the differencein
membrane binding can explain why some L-type
Iytic peptides posses antibacterial activity at concen-
trations tolerant to the host cells. Due to the non-
specific peptide—membrane binding, peptide antibi-
otic activity is expected to be pronounced at rela
tively high peptide concentrations. Increased speci-
ficity for binding to acidic membranes can serve as a
guideline for the design of peptides for possible
medical applications. Exposure of acidic lipids in
malignant cells, can also serve as a method for
targeting lytic peptides. This can explain the antitu-
mor activity of magainins — L class peptide antibi-
otics [37]. Prebinding of peptides with liposomes can
be used as a method for the reduction of acute
toxicity upon peptide administration. The dynamic
binding aspect of peptide action is not the only stage
of regulation of peptide membrane permeabilization
properties [38,39], but it is definitely an important
stage in the regulation of peptide activities.
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