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Abstract

We have investigated the wasp venom peptides mastoparan X and polistes mastoparan regarding their apparent potential
to induce pore-like defects in phosphatidylcholine unilamellar vesicles. Based on a fundamental theoretical model, the pore
activation and deactivation kinetics have been evaluated from the observed efflux of liposome entrapped carboxyfluorescein
in relation to the bound peptide to lipid ratio. We can quantitatively describe our experimental data very well in terms of a
specific reaction scheme resulting in only a few short-lived pores. They evidently emerge rapidly from a prepore nucleus being
produced by two rate-limiting monomeric states of bound peptide. These peculiar states would be favorably populated in an

early stage of bilayer perturbation, but tend to die out in the course of a peptide/lipid restabilization process. © 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

The mastoparans, being toxic tetradecapeptides
from the venom of various wasp species, are known
to exert manifold biologically significant molecular
functions. They cause degranulation of mast cells
[1-3], mimic part of a G-protein receptor [4] and
stimulate the activity of phospholipase A, [5]. More
recently, it has been shown that mastoparan inhibits
Golgi vesicle transport in vitro by directly perturbing
the membrane [6]. By all means, these peptides gen-
erally cause a substantial lipid bilayer permeability
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for hydrophilic material [5,7-9]. The same phenom-
enon has actually been observed with a multitude of
other amphiphilic agents, particularly peptides. It
can experimentally be studied by measuring the in-
duced efflux kinetics of an appropriate marker sub-
stance out of liposomes. The fact that usually even a
rather small amount of such an agent results in a
noticeable leakage has led to the concept of induced
‘pores’, i.e. isolated defects of the membrane struc-
ture where polar molecules can pass through quite
freely. Such pore activity has generally been found to
undergo a dramatic slowing down within minutes.
This very peculiar point apparently suggests that
the conditions for open pores are especially favorable
immediately after having added the pore-forming
agent, but fall off substantially afterwards. It calls
for a reasonable explanation in any attempt of a
quantitative analysis.
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In many respects, the mastoparans resemble the
somewhat larger peptide melittin of bee venom [10].
They also adopt a largely o-helical conformation
when having associated with the lipid bilayer
[11,12]. All these peptides have an amphipathic na-
ture which implies a segregation of polar and apolar
faces of the helix. Such a feature has given rise to the
idea that cell membrane channels are made up by
bundles of peptide sequences forming transmem-
brane amphipathic helices that surround a central
pore, the so-called ‘barrel-stave’ model [13-15]. Pores
induced by melittin have also been discussed on this
basis. However, in contrast to melittin (being com-
posed of 26 amino acid residues), mastoparans in
their o-helical state are definitely not long enough
to span a lipid bilayer. Nevertheless, mastoparan in-
duced pores have been clearly identified in planar
lipid membranes by means of electrical conductance
experiments [16]. Their actual architecture remains so
far obscure. Anyway, the bulk of bound mastoparan
molecules should lie on the membrane surface with
their polar (charged) face oriented towards the aque-
ous medium [11,12] in the same way as maintained
for melittin [17]. By no means, however, would this
rule out that some of the peptide penetrates deeper
into the core of the bilayer when forming pores, since
only a small fraction of the lipid-associated peptide
should be needed in such an action.

The self-quenching fluorescent dye carboxyfluores-
cein (CF) has become very popular as a marker for
efflux experiments [18,19]. In order to utilize the
measured signal towards a quantitative analysis of
the underlying molecular mechanism of pore forma-
tion it will be necessary to convert the observed time
course of fluorescence dequenching upon marker re-
lease into a reasonably defined pore opening rate.
This quantity should then be discussed as a function
of the actual bound peptide-to-lipid ratio.

In our laboratory, we have developed a theoretical
basis to convert the empirical efflux signal in a perti-
nent way. A comprehensive report describing it in
greater detail with regard to melittin has been given
elsewhere [20]. The present article follows essentially
the same route for two mastoparan species, namely:
mastoparan X (MPX), TINWtKGIAAMATK™"-
KLL-NH;; and polistes mastoparan (MPP),
TV DWTKTKIGQHILSVL-NH; carrying the indi-
cated positive and negative charges at neutral pH.

The apparent dynamics of the pore formation turns
out to be rather concurrent with that of melittin,
although there are some specific differences of inter-
est. Anyway, a basic barrel-stave model of the mas-
toparan pore cannot easily be visualized in view of
the fact that an o-helical conformation of this pep-
tide fails to span the membrane.

2. Materials and methods
2.1. Substances

We used a standard HEPES buffer consisting of
100 mM NaCl, 10 mH HEPES, 1 mM EDTA and
approximately 5.6 mH NaOH adjusted to pH 7.4 at
20°C. HEPES was from Bioprobe (Chemie Brunsch-
wig, Basle, Switzerland). Triton X-100, NaCl, Tris
and EDTA were supplied by Merck (Darmstadt,
Germany). Proteinase K was a product of Boeh-
ringer Mannheim (Mannheim, Germany). The fluo-
rescent agents 5(6)-carboxyfluorescein (CF) (mixed
isomers, MW 376.3, 99% pure by HPLC) and
FITC-dextran (MW 9400) were bought from Sigma
(St. Louis, MO, USA). The lipids POPC, DOPC,
DOPS being dissolved in chloroform were obtained
from Avanti Polar Lipids (Birmingham, AL, USA).
They have been used without further purification.
Lipid concentration in stock solution was determined
by phosphate analysis [21]. The labeled lipid NBD-
DPPE was supplied by Molecular Probes (Europe
BV, Leiden, Holland). Synthetic samples of masto-
paran X and polistes mastoparan were obtained
from Bachem Feinchemikalien (Bubendorf BL, Swit-
zerland). Their concentrations in stock solution have
been measured by means of the Trp optical absorp-
tion (5570 cm™! M~ at 280 nm). Individual portions
taken from stock solution have been kept in Eppen-
dorf caps at —20°C until they were used immediately
in an experiment.

2.2. Liposomes

Small unilamellar lipid vesicles (SUV) were pre-
pared in the conventional way by ultrasonic irradia-
tion using a microtip sonicator (MSE ultrasonic dis-
integrator) with a cooling bath of 10°C. Our detailed
procedure is the same as described elsewhere [22].
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Gel filtration (by means of a Sepharose CL4B col-
umn) was applied to separate the major fraction of
small vesicles. Large unilamellar lipid vesicles (LUV)
were prepared by means of the extrusion technique
[23,24] using a 100-nm polycarbonate membrane
(Nucleopore, Pleasanton CA, USA) at 15-bar N,
pressure. Some apparent fraction of multilamellar
vesicles was separated by centrifugation. The stock
solution was stored at 4°C.

Vesicle sizes have been determined using dynamic
light scattering as described previously [20]. This re-
vealed average radii of 12+2 nm for the SUV and
50£3 nm for the LUV. According to the geometric
packing constraints of the individual molecules [25],
the number of lipid molecules per vesicle thus
amounts to about Ny = 3500 and Ny =87 000, respec-
tively. Marker-entrapped vesicles were prepared with
a standard stock solution (stored at —20°C) consist-
ing of 50 mM CF, 10 mM HEPES, 10 mM Nacl,
1 mM EDTA and approximately 135 mM NaOH
that has the same pH and osmolarity as the standard
buffer. For measurements of the static quenching
curves the dye stock solution was diluted to lower
concentrations with the standard buffer. The concen-
tration of dye was checked by optical absorption
(72000 M~ cm™! at 490 nm). External dye was re-
moved by gel filtration through a Sephadex G-50 or
G-75 column (1X30 cm) for LUV and a Sepharose
CL4B (1X30 cm) for SUV.

Vesicles with 0.3-0.5 mol% NBD-PE were pre-
pared in the same way after having mixed the proper
amount of lipids in chloroform. NBD-PE inner layer
labeled liposomes were produced by reducing NBD
on the outer leaflet [26], applying approximately 10
mM Na-dithionite (from Fluka BioChemika, Buchs,
Switzerland) for 5 mM lipid. Monitoring the fluores-
cence of the NBD group (excitation at 460 nm, emis-
sion at 536 nm) showed a 50% reduction of the initial
fluorescence intensity within 5 min. All our fluores-
cence measurements in this work were done on a
spectrofluorometer FP 777 (Jasco, Tokyo, Japan).

Liposomes generally exist in a metastable state
that is difficult to be reproduced precisely. Appar-
ently, there is a certain margin of structural defects
in the lipid bilayer resulting in a somewhat extended
variability of peptide binding and permeability. As
already discussed previously [20], any reliable quan-
titative analysis thus requires a reasonable averaging

procedure based on experiments with a greater num-
ber of reiterated vesicle preparations.

The SUV turned out to undergo a slow tendency
of becoming unstable and to fuse or aggregate even
without any peptide. Therefore, they were used only
the same day they were prepared. On the other hand,
extruded LUV proved to be stable and retained their
size with and without peptide for weeks.

2.3. Peptide binding

The partitioning of aqueous peptide into the lipid
bilayer phase was determined through the fluores-
cence increase of the peptide’s tryptophan residue:
excitation 280 nm (slit 1.5 nm); emission 320 nm
(slit 3 nm) measured in 0.5 cm cuvettes at 20°C. A
peptide solution was titrated with lipid vesicles. We
employed a quite comprehensive data-processing
routine that includes a large number of measure-
ments with a series of different peptide concentra-
tions taking into account corrections for dilution
and light scattering. The method has been described
elsewhere in great detail [27]. At low concentrations
of peptide, there may be some loss of it due to stick-
ing on the walls. This effect could be remedied for by
presaturating the cuvette with the same concentra-
tion used afterwards in the actual experiments. Fol-
lowing our established theoretical approach [27-30],
an association isotherm (‘binding curve’) can be de-
rived as

r=(Kp/a)c, Ina=2zsinh™!(zbr) (1)

expressing r, the ratio of bound peptide per lipid, as
a function of ¢, the concentration of free peptide in
the aqueous phase. The ideal partition coefficient,
K,, is a measure of the ‘binding’ affinity to the lipid
bilayer, whereas the activity coefficient, ¢, takes into
account the repulsive electrostatic interactions of the
positively charged peptide molecules as they get
rather close to each other in the membrane associ-
ated state. The parameter z stands for an effective
charge number per monomer and b is a constant
factor depending on the ionic strength of the buffer.
Whether bound peptide would translocate across the
liposomal membrane has been investigated using a
method proposed by Maduke and Roise [31]. MPX
was added to NBD-PE symmetrically labeled vesicles
and the binding was monitored by means of the flu-
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orescence energy transfer between tryptophan and
NBD (excitation 280 nm, emission 536 nm). After
some time, an amount of the order of 20-40 ug pro-
teinase K was added to digest the peptide on the
outer leaflet. The amount still bound on the inner
leaflet (not digestible within 3-5 min) was then de-
termined from the reduced plateau value of the fluo-
rescence signal. Instead of digestion by protease, an
excess of lipid (about five times higher than the initial
lipid concentration) could be added to remove pep-
tides bound to the outer leaflet. In this case, the
results had to be corrected for lipid fluorescence
and light scattering. These experiments were done
with the LUV only.

Also for the LUV, a possible lipid flip-flop caused
by bound peptide has been checked adopting a meth-
od proposed by other authors [26,32]. Briefly, MPX
was incubated with asymmetrically labeled vesicles
(NBD-PE only on the inner leaflet). Having waited
some time, we first added 40 ug proteinase K (20 pl
of 2 mg/ml stock solution) to digest the peptide and
after 3-5 more minutes NBD on the outer leaflet was
reduced by means of Na-dithionite. The part of
NBD labeled lipid that has flipped within this time
to the outer leaflet can so be determined from nor-
malizing the NBD fluorescence (excitation 460 nm,
emission 536 nm).

2.4. Marker efflux

The release of vesicle entrapped CF that is induced
by the interaction with peptide has been monitored
as a dequenching signal upon dilution into the extra-
vesicular domain. Vesicles were dissolved in 2 ml
standard buffer (at a final lipid concentration that
ranged between about 15 and 200 uM) using a
I-cm quartz cuvette. Then the peptide was added
(0.1-4 uM). We preferred this order of mixing both
components since one can so easily measure the ini-
tial fluorescence of the fully entrapped dye. Tests
with a reversed sequence of mixing revealed no sig-
nificant differences of the efflux curves (provided the
cuvette walls had been presaturated with peptide).
Increase of the fluorescence intensity F(¢) (at 520
nm, slit 5 or 10 nm; excitation at 490 nm, slit 1.5
nm) was recorded as a function of time ¢ while stir-
ring the solution. A typical time course of F(¢) is
shown in Fig. 1. We have always normalized it to-

wards an experimental efflux function
E(1) = (Fo—F)/(Fx—F,) (2)

involving the initial signal, F, (at =0 when the pep-
tide is added), and the final signal, F. (when all dye
is released, determined upon destroying the vesicles
by adding a 0.1% amount of the detergent Triton X-
100) so that E(¢) decreases from unity towards zero
upon complete depletion of the liposomes. It should
be noted that this function does not necessarily de-
crease in proportion to the fraction of marker being
still retained inside the vesicles. The latter defines a
retention function R(z) [22] which can be generally
expressed as

R(1) = [(1=Q0) /(1= Q)IE(1) (3)

The static quenching factor, Q, = F,/F, is meas-
ured for vesicles without added peptide and an en-
trapped dye concentration ¢,. In order to determine
the transient quenching factor, Q; (related to the still
entrapped dye after some time of efflux) we have
eventually stopped the efflux by adding an excess of
empty vesicles or simply waited (~ 30-35 min) until
the rate slowed down by itself to less than 5% fluo-
rescence increase within 5 min. Having the external
dye separated by gel filtration, the now effective aver-
age degree of quenching was measured [20,22]. This
experimentally accessible value of Q; reflects the dis-
tribution of more or less marker depleted vesicles
after an elapsed efflux time 7. Applying a basic
pore-formation theory [33], this distribution can be
quantitatively described by a single pore-retention
factor p, i.e. the average fraction of marker retained
inside a vesicle after a single pore had been activated.
In the present case, where we can presume that the
relaxation time of diffusional efflux through one
pore, T,, is much smaller than our actual efflux times,
we have

P =To/(Tp+ To) (4)

with 7, being the average lifetime of an open pore. In
the limit of 7,/7, > % we arrive at the ‘all-or-none’
case of efflux with p=0 where vesicles would be ei-
ther full (if no pore had been activated so far) or
empty (in case one or more pores had been opened).
Then one has Q;=Q, and R(t) = E(¢). Otherwise a
graded mode of efflux would be observed with
0> 0, (due to partially depleted vesicles where
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the quenching factor is enhanced), being equivalent
to 0<p<1 and R(¢) > E(?). In other words, the per-
centage of fluorescence increase, 1—E(z), would be
actually larger than the percentage of released
marker, 1—R(?).

3. Results
3.1. Peptide-lipid association

3.1.1. Neutral liposomes

Binding of MPX to POPC-vesicles and DOPC-
SUV has already been investigated quantitatively in
a previous report from our laboratory [27]. We have
applied the same approach to the DOPC-LUV and
MPP-LUYV cases. Generally, a fast kinetics of the
process is completed below a few seconds. Dilution
of the whole system with buffer led to a change of
signal reflecting a rapid repartitioning of the peptide
between the aqueous and lipid moieties according to
a reversible binding equilibrium. Apparently, the
binding/dissociation steps take place within the sub-
second range just as it was reported for the interac-
tion of melittin [28,34] and alamethicin [35] with PC
liposomes when studied by means of stopped-flow
experiments.
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Fig. 1. A typical recording of the fluorescence signal, F (arbi-
trary units), versus time, ¢, induced by adding peptide to dye
loaded vesicles at 1=0. Due to dequenching of dye upon dilu-
tion into the external medium, F increases above the initial val-
ue, F,, (all dye entrapped at a self-quenching concentration
with a static quenching factor Q,). After some time, the vesicles
are destroyed by the detergent Triton X-100 so that the final
value F. (all dye being released) can be determined.
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Fig. 2. Association isotherms (‘binding curves’) plotted as the
peptide/lipid binding ratio, r, versus the free peptide concentra-
tion, ¢r. The data points have been averaged over a larger num-
ber of reiterated vesicle preparations (see text). (A) Results ob-
tained for MPX binding to DOPC-LUV. The solid curve was
calculated based on Eq. 1 (b=11.5) with K,=2.X10°> M~! and
z=1.9. (B) Results obtained for MPP and POPC—LUYV. The
initial linear part reflects ideal binding with K, =4.6x10> M™!
and z=0.

In Fig. 2A, the resulting association isotherm for
the MPX/DOPC-LUYV system is presented based on
a number of experiments with a series of different
vesicle preparations. We have averaged the free pep-
tide concentrations, ¢, from up to nine measured
values related to the same bound peptide/lipid ratio,
r. This is indicated due to the inevitable margin of
physical properties in reiterated vesicle preparations
as pointed out already above. The mean data points
can eventually be fitted quite well by a curve accord-
ing to the functional relationship of Eq. 1 specifying
a partition coefficient, K,, and an effective charge
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number, z. These parameters are compiled in Table 1
for the various systems under consideration. The
partition coefficients and effective charge numbers
for MPX are about the same as found for melittin
[20]. These charge numbers turn out to be clearly
smaller than the physical net charge of +4, a phe-
nomenon usually observed in such cases. This has
been attributed to the fact that one deals with dis-
crete charges being not strictly localized in the exact
lipid/water interface [36].

Fig. 2B features the same situation for MPP (with
a physical net charge of +2) and POPC-LUYV. This
demonstrates a clearly different picture. Below a crit-
ical value of ¢f there is a linear course of the associ-
ation isotherm reflecting thermodynamically ideal as-
sociation with practically no effective charge and a
markedly enhanced binding affinity. The sharp up-
ward bend beyond that range apparently points to
a pronounced aggregation of bound MPP monomers
similar to such an effect proposed for alamethicin
[37,38] and other peptides [39,40].

3.1.2. Charged liposomes

Binding to negatively charged vesicles can be ex-
pected to be much more efficient than to the zwitter-
ionic ones, presumably due to electrostatic attrac-
tion. We have probed this with mixed PC/PS (9:1)
LUYV. Interestingly, we observed there a pronounced
biphasic binding kinetics. After an initial subsecond
phase, a much slower additional association could be
measured. The latter process extended well into the
minutes range depending on the given peptide to
lipid ratio. The additional association appears to be

Table 1

Partition coefficients, K,, and effective charge numbers, z, ac-
cording to Eq. 1 determined for the mastoparan peptides upon
association with the various vesicle types at pH 7.4 and 100
mM NaCl (b=11.5)

Peptide Vesicle type K, (10> M z

MPX POPC-SUV*? 24 2.4
POPC-LUV? 4 2.4
DOPC-SUV? 16 1.8
DOPC-LUV 2.0 1.9

MPP POPC-LUV 4.6 0

These parameters are subject to uncertainties of about *30%
and 15%, respectively (see text).
4Results adopted from [27].
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Fig. 3. Additional slow association and translocation of MPX
with DOPC/POPS (9:1) and NBD-PE labeled LUV (cL =51
UM, cp =6 uM) as monitored by the fluorescence increase (arbi-
trary units). Arrows point to the addition of peptide and even-
tually 20 uM proteinase K (see text). The dashed and dotted
lines indicate the signals of pure lipid (no peptide) and apparent
inner leaflet peptide binding, respectively.

caused by a translocation of peptide molecules across
the membrane. In that case, all lipid would be acces-
sible for the peptide and the partitioning equilibrium
shifted towards a larger degree of binding. This idea
is supported by a translocation assay as shown by
the example of Fig. 3. There is an initial jump of the
signal resulting from fast binding to the outer leaflet,
followed in the course of 50 min by a signal indicat-
ing that approximately half of the bound peptide has
apparently reached the inner membrane side. Thus
the slow part of the biphasic association Kkinetics
could well be caused by the observed translocation
process as recently suggested by Matsuzaki et al. [41].
This interesting biphasic kinetics needs a more com-
prehensive investigation and will not be further ana-
lyzed in the present report. With any of the neutral
liposomes, only comparably negligible traces of a
slow binding phase and a peptide translocation
across the membrane could be seen.

3.1.3. Bilayer perturbation

A given membrane asymmetry can apparently be
perturbed by pore-forming peptides [42,43]. The abil-
ity of MPX to induce an exchange of lipids between
the leaflets even in zwitterionic vesicle membranes
[41] was probed by us in view of a possible relation
between a peptide induced structural perturbation
and pore formation. We observed a rapid lipid ex-
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change induced by mastoparan X using LUV asym-
metrically labeled with NBD-PE (on the inner leaf-
let). With POPC-LUV about 30-40% of NBD-PE
flipped to the outer layer in less than 1-2 min. Practi-
cally the same results were obtained for a flip-flop of
NBD-PE from the outer leaflet.

3.2. Marker efflux

3.2.1. Static quenching

Carboxyfluorescein exhibits self-quenching in the
mM range [18-20,22]. The static quenching factor
of the dye, Q,, when entrapped at a concentration
¢o (up to about 50 mM) in our PC vesicles has been
reported elsewhere [20,22]. The observed results
could be very well described by an exponential func-
tion, Q, =exp{—ac,}, with a characteristic parameter
a. For the sake of convenience, however, we have
fitted the data by a polynomial, namely

Oolco) =1 +ary+ aZ°y2 + a3°y3 (5)

where y=c¢,/(50 mM) and the set of respective coef-
ficients (aj, aj, a3) is given as: (—1.84, +0.94, 0) for
POPC-SUV; (—1.325, +0.487, 0) for DOPC-SUV;
and (—2.95, +3.3, —1.29) for all LUV.

This choice allows a more appropriate calculation
of transient quenching factors, Q, in terms of a sin-
gle pore retention factor, p [22].

Spontaneous efflux that slowly leads to a decrease
of O, was measured for the various vesicle samples
under the standard efflux conditions (without a pep-
tide). The SUV showed some irreproducible sponta-
neous efflux. It resulted in a linear increase of Q, in
the course of about 10 h with a AQ, <0.01 per hour.

Table 2

Single pore-retention factors, p, for the various mastoparan—CF
vesicle systems determined from measurements of the transient
dequenching effect

POPC DOPC DOPC/DOPS
MPX-SUV 0.1 (9) <0.1 (> =10)

MPX-LUV  0.55 (0.8) 0.24 (3.2) 0.21 (3.8)
MPP-LUV  0.52 (0.9)

Uncertainties are estimated to be about 0.05. The average pore
lifetime in proportion of the relaxation time of the efflux
through a single pore, 7,/7,, according to Eq. 4 is given in pa-
rentheses.

o
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04+
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00"

Fig. 4. Transient quenching factors, Q;, versus the efflux func-
tion E(¢), in the course of dye release induced by mastoparan
peptides in LUV. The curves have been calculated by means of
the Eqs. 3, 5 and 6 (Q,=0.04 according to an entrapped CF
concentration of 53 mM).The dashed lines indicate the two ex-
treme cases of p=0 (‘all-or-none’ mode of efflux, horizontal
line) and p—1 (upper bound of graded efflux). The two solid
curves for p=0.24 and p=0.52 are fits to the experimental data
obtained with MPX/DOPC-LUV (@) and MPP/POPC-LUV
(m), respectively.

Thus it may be neglected when the efflux experiments
are carried out right after having removed external
dye by gel filtration. Interestingly, we found that
under the conditions of low efflux extent the increase
of the CF fluorescence in the control without peptide
could be higher than in the samples with peptide
after approximately 1-2 h. Apparently, the bound
peptide has a stabilizing effect against spontaneous
efflux. Spontaneous efflux from LUV was negligible
for much longer times. The static quenching factor of
the extruded vesicles suspension did not change sig-
nificantly during the experimental day.

3.2.2. Transient quenching

In an extension of the applied basic theory [33],
the experimentally accessible value of Q; can be re-
lated to the factor p, the instantaneous value of E(r)
and the parameters of Eq. 5 through the equation

Q=1+ awy™R(O)]" (m=1,2,3)

where z,, = mp /(m + 1—mp) (6)

as described in detail previously [22]. Together with
Eq. 3 the appropriate Q; at any observed value of
E(¢r) may so be calculated for a given p<<1.

In view of this approach, we have plotted our
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measured Q; versus the respective value of E(¢) as
shown for the two examples in Fig. 4. Evidently,
the data points can quite satisfactorily be fitted by
a solid curve corresponding to a specific p-value. The
various pore retention factors as well as the average
pore lifetimes in relation to 7, are compiled in Table
2.

The order of magnitude of 7, can be estimated
assuming free diffusion of marker molecules through
a water-filled cylindrical pore [44]. In the present
cases (with an estimated pore diameter of some 2-3
nm, see below), this results in about 10 us for the
SUV and 2 ms for the LUV. Accordingly, the pore
lifetimes in the large vesicles appear to fall in the ms
range, thus being about one order of magnitude
above those in the SUV.

3.2.3. Pore-formation kinetics

Leakage of marker that is induced by the masto-
parans proved to be reversibly coupled to the fast
peptide binding process. This is indicated by several
observations. (1) The efflux was additive. Addition of
either dye-loaded vesicles or peptide stock solution to
a prepared peptide-vesicle suspension induced a fast
efflux up to the level expected for the total peptide
and lipid concentration. (2) The efflux could be
stopped immediately by an excess of unloaded lip-
osomes (at a concentration that is about five times
higher than the original lipid concentration). (3) The
release could also be stopped when removing bound
peptide by gel filtration.

Pertinent processing of measured efflux functions
was performed along the lines of the basic theory
under consideration [33] that had led to the relation

R(1) = exp[—(1=p)p(1)] )

Thus we could calculate p(¢), the average number
of pore openings per vesicle, from the empirical ef-
flux function E(f) with a pertinent value of p and
taking into account Eq. 3. An example is presented
in Fig. 5. We always observed only a few or even less
than one average pore opening(s) within minutes.
Generally, all such kinetic pore activation curves
could very well be fitted by an integrated pore for-
mation rate v=dp/d¢ which comprises two single-ex-
ponential relaxation steps:

v = vyexp(—kit) + vaexp(—kat) + v3 (8)

051 P

0.4r

0.3
0.2

0.1 .
— {[min]

L I L I L 1 1 1 1 1 ]
5 10 15
Fig. 5. Number of pore openings, p(¢), in the course of time
calculated with Eq. 7 from an experimental efflux function with
MPP acting on POPC-LUV (cp =53 uM, c¢p=0.3 uM;
r=1.11x1073). The solid curve is a fit according to Eq. 8. The
relevant time constants are k;=3.6 min~!, k»=0.45 min~',
whereas the rate amplitudes are v;=0.71 min~!, ©v,=0.086
min~!, v3=0.0064 min".

Averages of the involved five rate parameters, i.c.
two time constants and three relaxation amplitudes,
were investigated with regard to the bound peptide/
lipid ratio, r, calculated according to Eq. 1. The pep-
tide concentrations were in any case so small that
practically ideal binding (with a=1) did apply.
Thus the molar fraction of lipid associated peptide
could be computed as

Xas = Kper /(1 + Kper)
and subsequently r = x,5*(cp/cL) 9)

We emphasize that our lipid concentrations were
always taken so that the values of x, fell between a
percentage of about 20 up to less than 50. In other
words, there was, in any case, an amply endowed
pool of free peptide that could rapidly exchange
with bound peptide.

As mentioned already, vesicle preparations are dif-
ficult to be reproduced precisely. Measurements at
the same value of r have therefore been subject to
a greater uncertainty of up to 30%. Within this error
margin it could be quite satisfactorily established by
the applied averaging procedure that the time con-
stants k; and k, showed no significant change upon
variation of r. The rate amplitudes, on the other
hand, apparently increased when r was raised as
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Fig. 6. Double logarithmic plots of the averaged rate amplitudes, v; (®), v, (M), v; (A), versus the peptide/lipid binding ratio, r. (A)
MPX acting on POPC-LUYV. The straight lines have a slope of 1 (indicating a first-order rate law). (B) MPX acting on POPC-SUV.

The straight lines have a slope of 2 (second-order rate law).

demonstrated in Fig. 6. A rate law of the first order
turned out to apply to the two MPX/LUYV systems,
whereas a second order was found in the other cases.
The average number of bound peptide monomers per
liposome was in the range of 60 to 650 for the LUV
and 30 to 75 for the SUV, respectively.

When comparing pore activities on vesicles of dif-
ferent sizes, v should be divided by Nr. The reduced
rate v*=v/rNp then becomes equal to the rate of
pore openings per bound peptide monomer. It will
be independent of r for a first-order law and propor-
tional to r for the second-order cases. The various
averages of the two time constants and three charac-
teristic reduced rate amplitudes are compiled in Ta-
ble 3. These latter quantities are v,* (derived from
the extrapolated initial rate v, = v+, +v; at t=0),

Table 3

the intermediate v* (from wv,+v;) and the final
steady state value v.* (from the final rate v3).

3.2.4. Pore size

To probe the upper limit of an effluent’s molecular
dimensions we loaded POPC-LUV with FITC-dex-
tran of MW 9400 at a self-quenching concentration
of 23 mM. No significant peptide-induced efflux of
FITC-dextran was observed. Hence we concluded,
that the average diameter of a pore was smaller
than 4 nm, the apparent diameter of dextran 9400
[45]. Since the CF marker molecules can be estimated
to have a diameter slightly above 1 nm, a pore size in
the range of 2-3 nm would be most likely, which
agrees quite well with results obtained for melittin
pores [46].

Averages of the reduced pore-forming rate amplitudes (see text) for the various mastoparan—vesicle systems (experimental uncertainties

are around 30%)

ki (1072 s71) k (1072 571 Vo* (1075 571 u* (1075 s71) Vo* (1075 s71)
MPX/POPC-LUV 8.2 0.51 12.65 2.75 0.55
MPX/DOPC-LUV 12.9 0.66 8.57 0.52 0.13
MPX/POPC-SUV 10.8 0.46 1690-r 160r 15.7-
MPX/DOPC-SUV 12.7 0.50 561+ 91 4r 3147
MPP/POPC-LUV 6.5 0.68 19300- 2520 220
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3.2.5. Long-time resealing

We measured the extent of efflux out of the rather
stable LUV after 1, 2, 6 and 8 h. When approxi-
mately 8 h had elapsed the fluorescence signal
stopped to increase altogether. Below a certain crit-
ical peptide/lipid ratio it remained practically con-
stant over 60 h at definitely less than F.. In other
words, there was no full depletion of the vesicles’
marker content, indicating total termination of fur-
ther pore formation. The fraction of still entrapped
dye was determined as R, i.e. the value of the final
retention function. For the MPX/POPC-LUYV system
it turned out that after a distinctly noticeable initial
efflux process a complete resealing with R, remain-
ing clearly above zero was evident for an average of
20-50 bound peptide monomers (or r=2-6X107%).
In that case, much less than 1% of the liposome’s
outer surface could have been covered with bound
peptide, suggesting a pore-like action.

4. Discussion

The fact that electrically neutral lipid vesicles are
able to bind the present peptides evidently indicates
an affinity based on hydrophobic interactions. This
can be considered to be a rather fast process. On the
other hand, electrostatic interactions between the
positive charges of MPX and negatively charged
vesicles has been seen to result in a biphasic kinetics
where an additional much slower binding reaction
takes place. Our experiments suggest that this goes
along with farther penetration into the bilayer, lead-
ing eventually to a translation across the membrane.
Practically no such translocation does occur in our
electrically neutral vesicle membranes to which we
have directed the main attention in this study. By
all means, however, these membranes are structurally
perturbed by the peptide as indicated by a rapid lipid
flip-flop.

We note that definitely a graded mode of marker
efflux is indicated in most of the present cases. Ac-
cordingly, the pore lifetimes were estimated to be of
the order of milliseconds or less, based on free dif-
fusion through water-filled pores. A somewhat re-
duced diffusion rate due to an activation barrier at
the pore would only marginally change this picture.
However, an appreciable specific dye-pore interac-

tion appears to be rather unlikely since in test experi-
ments with a chemically quite different marker (co-
balt ions) we have seen practically the same efflux
curves. Anyway, pore lifetimes are one or two orders
of magnitude larger in the LUV than in the SUV,
suggesting a definitely larger pore stability in the less
curved lipid bilayers. On the other hand, the number
of pore openings remains quite small within the
measuring time of minutes. Thus the average number
of peptide molecules involved in an active pore will
always be negligible in comparison with the bulk of
bound peptide.

A rather peculiar feature of the efflux kinetics is its
remarkable slowing down. This phenomenon has
been generally observed with other permeabilizing
agents, too. Actually, one should expect that a
reversible binding process with a fast exchange of
the agent between the vesicles implies a continuing
pore formation everywhere. Only if there is an irre-
versible binding mode of the agent, the resulting
Poisson statistics of distributing molecules on the
individual liposomes would necessarily lead to a de-
creasing efflux rate as suggested by Parente et al. [47]
with regard to the peptide GALA.

However, there are more general cases exhibiting
fast reversible binding where nevertheless an obvious
slowing down of the pore opening kinetics occurs.
This clearly indicates the existence of a most favor-
able molecular setting for pore formation right after
the moment of adding the agent that will then be-
come more and more ineffective due to some adverse
process. Such an event must be related to a transient
destabilization caused by the action of the added
agent as pointed out by Grant et al. [48] in the
case of magainin 2a. It may be coupled with a trans-
location across a negatively charged membrane [49].

In our present cases involving zwitterionic vesicles,
we can rule out irreversible binding as well as trans-
location. Actually, we deal with a situation that is
largely similar to the one recently encountered with
melittin [20]. After a fast binding step, the total
bound peptide/lipid ratio, r, remains virtually con-
stant over the time of measured efflux. Only a com-
paratively small fraction of bound peptide seems to
be involved in pore-related conversions. These are
reflected in two relaxation steps of the pore-opening
rate. The respective time constants are seen to be
practically independent of r. Thus we propose a
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pore nucleation step being controlled by a passage
through two rate determining intermediate states of
bilayer inserted peptide monomers. Interestingly,
those time constants are of about the same magni-
tude for melittin and the present mastoparans. Only
the rate amplitudes are much smaller for the latter
peptides. Anyway, however, they turn out to be of
the first order also with our MPX-LUV systems.
Therefore we propose basically the same scheme of
reaction steps that has been advanced in the melittin
case [20], namely that shown in Scheme 1.

The various A stand for monomeric states of the
pore-forming agent. The k are first-order rate con-
stants that are to apply after the initial perturbation
period. The Ay is the main binding state of mono-
mers being always coupled with the free monomer
Afee through a fast partitioning equilibrium. The
states A; and A, are bound monomers in a structur-
ally and/or energetically more favorable membrane
penetrating position. These states are rapidly popu-
lated during the initial bilayer perturbation but will
decline along Scheme 1 when the rapid bilayer per-
turbation has given way to a restabilization of the
peptide/lipid structural arrangement. The prepore
nucleus Aj; immediately undergoes a reaction to-
wards a pore opening. Because of the established
coupling to the fast binding step, this apparently in-
volves merging with an unknown number of m addi-
tional monomers of the Ag-type. Then the rate of
pore openings would be equal to the production
rate of Aj. Accordingly we have

V= k23'NL°I"2 (10)

where r, refers to the bound peptide/lipid ratio of A,.
Upon its fast deactivation, the pore is to equilibrate
rapidly with the bulk of bound peptide (indicated as
X) so that pore formation and decomposition rates
cancel out each other. Furthermore, as pointed out
above, we may neglect in the total amount of all
bound peptide molecules those that are momentarily
engaged in an active pore.

Applying standard routines of relaxation kinetics,
Scheme 1 leads to two linear differential equations

fast ko1 kia ka3 fast
Agee = Ag = A = A; > A; (+mAy) —» pore - X
klO k21
Scheme 1.

for the variables r; (the peptide/lipid ratio for A;)
and rp. These can be generally solved so that the
time dependence of r, may be inserted into Eq. 10.
Eventually v assumes the functional form of Eq. 8.
The whole mathematical procedure has been de-
scribed in great detail previously [20]. Here we
present the final results in order to give a quantita-
tive account of our experimental kinetics. The five
rate parameters of Table 3 turn out to be related
to the kinetic parameters of Scheme 1 as

ki = ka1 + kas, k= kio + kiar(kas/k1) (11)
U, = kazx, U7 = kior(kaz/ki)x10, UV = kazxo®
(12)

This involves the initial molar fractions of bound
peptide in the states Ay, Ay (xj0=rj/r, j=1,2) and
the final steady-state molar fractions x,°=(ko/
ki)x1°, x1°=koi/k;. Vice versa, one can calculate
the rate constants in the proposed scheme which
are quantitatively consistent with the empirical data
of Table 3. Generally one obtains

kyy = vy /x20, kot =ki—ky, kix=v](ki/kxs)/x10
(13)

ko = ko—kia:(kas/k1), kot = vy (ki /kas) (ka/ki2)
(14)

Since we have seven unknown variables, but only
five equations, there is an apparent ambiguity of a
solution, allowing some arbitrary choice of xjy and
xy0. Accordingly, rather low populations of the fa-
vorable Ai-, A,-states would be sufficient to give a
quantitative account of our experimental data. In the
case of the MPX/POPC-LUV those initial molar
fractions may be chosen as small as 0.6 and 0.2%
of the total bound peptide, respectively. To present
an example, let us choose 2 and 1% so that only a
total of 3% would be involved in the relaxation. The
various rate constants then turn out to be ko1, kio;
k12, ko1 ko3 (in units of 1073 s71)=0.02, 3.7; 8.9,
6.9; 12.7. In the course of time, the initial popula-
tions of Ay, A, level off to marginal steady-state
values of only 0.4 and 0.04%, respectively.

It should also be of interest to consider for the
same system how much the individual relaxation
terms contribute to pore formation and marker re-
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tention. This can be derived directly from the meas-
ured data. After about 10 min we have generally
p=pitprtvst where p; =vi/k; and p, =wlk, are
the total average pore openings in the first and sec-
ond relaxation steps, respectively. For r =103 (being
equivalent to 87 bound peptide monomers per large
liposome) one obtains p;=0.11, p,=0.37, and
3:t=1.72 per hour. According to Eq. 7 the fastest
step leads only to a retention factor of 0.95 (i.e. 5%
efflux), the intermediate step to an additional factor
of 0.84, whereas the slow one results in a factor of
0.46 per every hour so that after some 6 h, depletion
of vesicle marker content is practically complete.
This does indeed agree with our experiments. Since
the rate amplitudes are proportional to r those pore
openings and efflux rates will of course substantially
increase at higher degrees of peptide binding. On the
other hand, our Eqs. 7 and 8, with the rate amplitude
v3* of Table 3 do not explain the apparent resealing
at low r. We note that for instance with r=3.5x 1074
(i.e. 30 bound peptide monomers per liposome) the
retention function should have dropped below 1%
after around 8 h, whereas we have actually found a
largely stationary R. of about 70%. Thus we con-
clude that in the very long run even the slow step is
ultimately cut out by the membrane restabilization
process. Such final resealing of the membrane by
bound peptide would also be in accordance with
the observed decrease of spontaneous leakage.

Both the MPX/SUYV as well as the MPP/LUYV are
of a somewhat different nature than the MPX/LUV
as they exhibit a second-order law of pore formation.
Anyway, the two time constants are still concentra-
tion independent, so that we can, nevertheless, use
Scheme 1 to describe the kinetics. One must merely
introduce a second-order rate step in the conversion
of A, towards Ajz. We therefore assume that A, re-
acts with some other bound peptide monomer form-
ing a prepore dimer D instead of Aj. This simply
requires a substitution of k3 by a term kj;'-r where
ky3' is the appropriate second-order rate constant.
With this replacement, everything in our treatment
of Scheme 1 remains formally the same, provided
one takes care to choose ky3" small enough to
make kj, k» independent of r. In the same way as
pointed out above for MPX/LUYV, it can so indeed
be shown that the proposed kinetics with small initial
populations of pertinent Aj,A;-states does quantita-

tively describe the relaxation of the pore activity also
in these cases.

5. Conclusions

In spite of their suspected insufficient sequence
length in comparison with melittin, the mastoparans
can form pore-like lesions in lipid vesicles reflecting a
broad scope of similar characteristics. The apparent
pores are very short-lived and their formation in-
volves only a small fraction of the available lipid
associated peptide. There is a rate-limiting prepore
nucleation step fed by two coupled monomeric states
which are filled up during an initial bilayer perturba-
tion period. These monomers appear to have pene-
trated into the membrane to assume a structural ar-
rangement that is more favorable to induce pores
than the bulk of bound peptide. They will fade
away, however, towards a final steady state in the
course of a transient restabilization of the peptide/
lipid bilayer structure. The time constants in that
relaxation process are practically the same for melit-
tin and the mastoparans in all the liposomes. There is
only a one to two orders of magnitude lower rate of
pore formation per bound mastoparan monomer (ex-
pressed as v*). Accordingly it needs much more of
these smaller peptide molecules to create an active
pore, possibly due to a considerably larger number
of monomers in the underlying aggregation. The
finding of an apparent dimer nucleus with MPX/
SUV and MPP/LUV does not very much change
the picture since the observed absolute rates are
nevertheless of about the same magnitude at the rel-
evant bound peptide to lipid ratios.
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