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Abstract

The change of Trp fluorescence intensity when large vesicles with 10% acidic lipid are added to mastoparan X
solutions reflects a fast and a slow binding process. By means of a novel procedure of data analysis that takes
advantage of so-called mass conservation plots we have separated association isotherms related to: (i) the apparent
fast pre-equilibrium; and (ii) the final equilibrium, respectively. This approach also reveals that the intrinsic
fluorescence signal of the slow binding is considerably raised against that of the fast binding, presumably indicating a
penetration of bound peptide from the lipid /water interface into the apolar lipid core. The shape of either binding
curve discloses a pronounced tendency of aggregation. Furthermore, it turns out that in the slow process the final
binding ratio decreases markedly compared with the initial fast binding ratio. Accordingly the occupation of final
binding sites must exert a substantial effect of negative cooperativity on the affinity of the interfacial binding states.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction pronounced lipid bilayer permeability for hy-
drophilic substances [5,7-11]. Actually a multi-
tude of other amphiphilic agents, mostly also pep-
tides, induce similar leakage effects in model and
cell membranes. Presumably they are caused by
the formation of channel-like porous defects in
the lipid bilayer structure [12-14]. This could
easily be envisaged in terms of the helical bundle
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The mastoparan family comprises a number of
toxic tetradecapeptides from the venom of vari-
ous wasp species. They exert manifold biologically
significant molecular functions [1-6]. In particu-
lar, this includes the generation of a rather
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venom factor [15], would comply with this condi-
tion whereas the structurally similar mastoparans
are definitely not long enough. Nevertheless, both
peptide species have been found to show largely
the same pore formation pattern with electrically
neutral liposomes where the mastoparans only
need substantially more material [11] to bring
about the same effect as melittin [16].

The underlying molecular mechanism necessar-
ily implies a binding reaction as a first step. This
can be monitored by means of an appropriate
physical signal, e.g. changes of optical properties
such as circular dichroism [17,18] or fluorescence
intensity [16,19]. With electrically neutral lipo-
somes the binding does apparently proceed rather
fast in the subsecond range [11,16]. In the present
study it is demonstrated that the addition of some
amount of acidic lipids in the vesicles gives rise to
a biphasic binding kinetics. Our fluorescence sig-
nal reveals another process in the course of min-
utes that takes place after the fast phase. This will
be shown to arise from a rearrangement of bound
peptide which provokes a substantial decrease of
the affinity exerted by the initially populated fast
binding states. The argumentation takes advan-
tage of a universal model-free approach to ana-
lyze binding signals [20]. Such an approach will
result in the relevant thermodynamic binding
isotherm in any case of a more or less complex
molecular mechanism. In particular, structural in-
formation about diverse binding states can be
derived by investigating the measured signal in-
tensity at equilibrium when being analyzed as a
function of the extent of binding.

We consider a total aqueous concentration of
peptide, c¢p, to which vesicles with a lipid concen-
tration, c;, have been added. A partitioning of
the peptide between the aqueous and lipid associ-
ated moieties will naturally be subject to mass
conservation so that

cp=citrep (D

involving the concentration of free (i.e. unbound)
peptide, c;, and the binding ratio, r =c,,/c; (c,
being the concentration of all peptide in a lipid
associated state). In the case of equilibrium ther-

modynamic principles imply a definite functional
relationship, the association isotherm (i.e. the so-
called ‘binding curve’)

r=f(cg) 2)

It is determined by the underlying molecular
binding mechanism. With a series of different ¢,
one can find matching c;-values where the re-
lated r, ¢; remain the same. According to Eq. (1)
a plot of these ¢, vs. those ¢; must fit a straight
line whose intercept and slope are equal to ¢
and r, respectively. Such a procedure may be
realized in general practice with an appropriate
binding signal [20].

In the present case we measure the fluores-
cence intensity, @, emitted by the Trp residue in
the mastoparan X peptide under investigation.
Intrinsic molar intensities of free and any number
of bound peptide states i (=1, 2,...) are taken
into account as constant coefficients ¢,, ¢; so
that

D =¢,c;+ 3¢, 3)

is a linear function of the diverse individual pep-
tide concentrations. The pertinent experimental
binding signal F=® - o, (O, = ¢, cp) is then
chosen to be the change of ® when lipid has
been added to a pure peptide solution. This is
readily expressed as

F=Frc, (4a)
involving a characteristic molar signal intensity
Foc = EiA(Pixi (4b)

(A, =@, — ¢,; x;=c;/c,,). At equilibrium it is
functionally determined by r which plays the role
of a single independent thermodynamic variable
of state. Note that F, would be a constant upon
more or less binding only if either any bound
molecule emits the same intrinsic signal or the
molar fractions of bound molecules in their vari-
ous possible states remain unaltered. Otherwise a
change of F, with r discloses quantitative infor-
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mation about structural transitions between dif-
ferent binding modes in the course of the binding
process.

According to Eq. (4b) we may evaluate from
the experiments the quantity

Q(r)=F/c, =E(r)r (4¢)

in a series of measurements with sufficiently dif-
ferent cp to which more and more lipid is added.
Pairs of matching cp, ¢, (at a given value of Q)
can so be determined where according to Eq. (2)
both r as well as ¢; must each be on the same
level. These c¢p and ¢ can then be utilized for a
linear mass conservation plot according to Eq.
(1). Since the basic idea of this approach was first
published [21,22] only overall binding curves have
sporadically been derived in this way. As pointed
out quite recently [20] the method under con-
sideration also implies a highly useful potential to
differentiate between diverse binding states by
means of analyzing F(r). We shall demonstrate
this in the present article. It is shown that the
binding affinity of rapidly bound molecules is
substantially reduced by peptide in slowly popu-
lated binding states which has apparently farther
penetrated the lipid membrane.

2. Materials and methods
2.1. Peptide

All experiments were performed with synthetic
mastoparan X having the amino acid sequence
"INWTKGIAAM*K*KLL-NH,. It was sup-
plied by Bachem Feinchemikalien (Bubendorf BL,
Switzerland). The concentration of the aqueous
peptide solution was determined by measuring
the tryptophan absorption with an UV spec-
trometer (A =280 nm, ¢ = 5570 cm ™! M~ 1). Small
amounts of stock solution were stored at —20°C.

2.2. Lipid vesicles

The phospholipids were purchased from Avanti
Polar Lipids (Birmingham, AL, USA). A mixture

of 90 wt.% POPC and 10 wt.% POPS dissolved in
chloroform was pre-dried under a flow of nitro-
gen gas and dried under oil pump vacuum for 3 h.
The lipid film was dissolved in an aqueous buffer
containing 10 mM Hepes (Bioprobe, France), 107
mM sodium chloride (Merck), 1 mM EDTA
(Merck) and 5.6 mM sodium hydroxide to adjust
the pH value to 7.4. The lipid suspension was
vortexed for approximately 3 min and then sub-
jected to five freeze—thaw cycles in liquid nitro-
gen. The solution was extruded 10 times through
a stack of two polycarbonate membranes with a
pore size of 100 nm (Nucleopore, Sterico) at a
nitrogen pressure of 15 bar. The exact concentra-
tion of the lipid solution was determined by phos-
phate analysis [23]. Dynamic light scattering ex-
periments with a commercial supplier ALV 5000
at A=532 nm and various detection angles
between 30° and 150° were performed to de-
termine the size of the vesicles. The size distribu-
tion of the diameter turned out to be very narrow
having a maximum at 106 nm (with a polydisper-
sity parameter 3 of 0.964, compared with 1.0 for a
perfectly monodisperse system).

2.3. Fluorescence measurements

The experiments were carried out on a spec-
trofluorometer F777 (Jasco, Tokyo, Japan)
equipped with one monochromator in each light
path. The excitation wavelength was set at 280 nm
(bandwidth: 1.5 nm) and the emission wavelength
was 325 nm (bandwidth: 3 nm). This corresponds
to the peak of the Trp spectrum of the bound
molecule. Details of whole spectra changes were
not needed in our present analytical approach.
Quartz cuvettes with a path length of 1 cm were
used. The temperature was kept constant at 20°C.
Each peptide concentration was adjusted in a
separate vessel and used for the whole series of
concentrations. Lipid vesicles were titrated into
the peptide solution while stirring and measuring
continuously. An implied dilution was taken into
account upon fixing the actual values of ¢, and
c.. The fluorescence signal was measured as a
function of time and corrected for light scattering
effects [19]. Its increase apparently reflects bound
peptide where the Trp fluorophore has pene-
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trated an environment of reduced polarity at or
inside the lipid moiety.

3. Results

Solutions of mastoparan X in our standard
buffer have been examined at concentrations of
cp pM™1'=45, 6.7, 10 and 14, respectively. In
each case the fluorescence intensity ® was
recorded in the course of time ¢ after an addition
of lipid vesicles. A typical example of such a
recording is presented in Fig. 1. There is a practi-
cally instantaneous initial jump of ® up to &’
above its zero value ®, (in a pure peptide solu-
tion). The so established signal F' =®' — ®, is
considered to reflect a fast pre-equilibrium of
binding. Subsequently a comparatively slow in-
crease of @ is observed. It approaches asymptoti-
cally a level of ®” which results in a signal
F" =®" — @, related to a slowly established ap-
parently final equilibrium. A plot of log (®" — ®)
vs. t = 0 leads to a rather well founded Q’'-value
whose remaining small uncertainty does not es-
sentially affect the binding curves.

Firstly, we examine Q' =F'/c, as it decreases
for a given cp upon adding more and more lipid
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Fig. 1. Typical example of the course of fluorescence intensity
® (arbitrary units) after having added lipid vesicles to an
originally pure mastoparan X solution (cp = 10 pM, ¢, = 161
wM). There is a practically instantaneous jump from @,
(being corrected for dilution) up to @’ that is followed by a
slow approach to a final value ®".
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Fig. 2. Evaluation of data at fixed Q' (see text). (a) Double
logarithmic plots of Q' vs. ¢; for various peptide concentra-
tions cp WM™ ! =4.5(v),6.7(a), 10 (W), 14 (). The dashed
horizontal line at Q' =7 au. uM™! exemplifies points (O)
with matching cp, c¢;-pairs for a mass conservation plot
[according to Eq. (1)]. (b) Examples of such linear plots for Q'
(in au. pM™ 1) =5 (8), 7 (M), 9 (&), 11 (¥) resulting in ¢,
(intercept) and r (slope), respectively.
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vesicles. This is shown in Fig. 2a for each of the
cp under consideration. In a double logarithmic
plot the measured data can be fitted quite satis-
factorily by straight lines. At fixed values of Q' in
the range of 12 down through 4 (expressed in a.u.
wM™1) we have evaluated the corresponding ¢,
for the various ¢, which yields four points for a
mass conservation plot. Several examples are dis-
played in Fig. 2b. According to the Egs. (1) and
(4c) this leads to r, ¢;, and F,' = Q' /r. Secondly,
an analogous procedure was carried out with the
final quantity Q" as to be seen in the Fig. 3a,b.
Let us now envisage Fig. 4 where both the
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Fig. 3. Evaluation of data at fixed Q" (see text) analogously as
done in Fig. 2 with Q".

characteristic F,-terms are presented as a func-
tion of the binding ratio. We should emphasize
that F, [see Eq. (4b)] must remain constant if the
emitted fluorescence of bound peptide is the same
in any of its possible states. Obviously our results
demonstrate a very pronounced increase of the
fluorescence intensity when the slowly populated
binding sites are finally occupied. However, there
is a creeping decrease of the characteristic signal
for the fast as well as the final binding states,
indicating some molecular interaction that causes
a quenching effect.

The two binding isotherms in Fig. 5 also fea-
ture a qualitatively similar appearance. There is a
linear increase up to approximately 1.3 pM of
free peptide reflecting thermodynamically ideal
binding conditions, described by r =K ,c; with a
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Fig. 4. The characteristic fluorescence intensity F, (in a.u.
wM 1) for the fast (@) as well as the final (M) states of bound
peptide. The data points are fitted by single exponential
curves (dotted) of the form A + B X exp(—r/C) where A=
94.6, 183.3; B=77.3, 113.1; C=4.85X 1072, 3.06 X 1072, re-
spectively.

partition coefficient K, =3.9x10* (+0.3) M™!
for the fast and K, =2.25x10* (+0.3) M~ for
the final binding. The uncertainty of roughly 10%
is essentially due to an error margin of some
+0.1 uM in the determination of ¢; from the
intercept of the mass conservation plots. The
slope is much less error affected so that r and F,
can be evaluated more precisely.

Beyond the ideal range of binding the upward
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Fig. 5. Binding isotherms plotted as r vs. ¢;. The points are
fitted according to an octameric micellation model by a func-
tion of the type A X ¢+ B Xcf with A=39X10"2, B=45
X 1073 (e, fast equilibrium) and A =2.25x 1072, B="7.5X
1075 (m, final equilibrium) where ¢; is expressed in wM
units. For details see text.
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curvature indicates some attractive interaction,
presumably aggregation of bound peptide. As a
rather unexpected peculiar finding we observe a
decrease of the total binding in the course of the
slow process.

4. Discussion

Binding of the mastoparans as well as of the
structurally analogous amphipathic melittin to
electrically neutral lipid vesicles is very rapidly
completed in the subsecond range [11,16]. This
appears to be a nearly diffusion-limited process
[18,24]. Experimental evidence indicates that the
bound mastoparan molecules on neutral lipid
membranes assume a largely helical conformation
[25] oriented parallel on the outer surface [26]
similar to melittin which is likewise surface seek-
ing according to a hydrophobic moment analysis
[27]. Our present results with mastoparan X and
negatively charged liposomes (10% acidic lipids)
also reveal such a fast binding step being fol-
lowed, however, by another comparatively slow
change of the binding signal. We reason that in
this case a similar surface association occurs lead-
ing to a fast pre-equilibrium. In view of Eq. (4b)
the decrease of the characteristic binding signal
E/'(r) exhibited in Fig. 4 points to a pronounced
distribution of the individual binding states. Such
could be caused upon more and more crowding
so that the Trp residue is gradually pushed into a
domain of higher polarity (towards the aqueous
moiety) and/or by quenching due to the forma-
tion of aggregates. Aggregation is actually sup-
ported by the upward curvature of the binding
isotherm in Fig. 5. It may be well fitted on the
basis of a broad variety of conceivable quantita-
tive models that could be more or less complex.
In order to demonstrate this most simply we
confine ourselves to a thermodynamic ideal for-
mation of uniform aggregates. A best fit is then
obtained assuming octameric micellation accord-
ing to

re=Kgr} )

if we presume an ideal monomer—monomer parti-

tioning with r; = K ¢; as indicated by the linear
part of the binding curve (see slope of the dashed
line in Fig. 5). The partition coefficient K, =3.9
X 10* M~! is approximately a factor of 10 larger
than determined for mastoparan X with neutral
liposomes [11]. This factor k can be considered to
result from the electrostatic attraction that the
negative electric potential of the lipid surface
exerts on the positive peptide charges. Based on
the Gouy—Chapman model one obtains

k = exp{2zsinh~!(yb)} (6)

with z = effective charge number per peptide
monomer, <y = fraction of effective negative
charge per lipid molecule, b = 11.5 (according to
the physical characteristics of the aqueous elec-
trolyte [11]). A value of y = 0.1 corresponding to
the actual fraction of acidic lipid would imply
z = 1.2 which is, however, much smaller than the
2.4 that was found in the neutral lipid case [11].
Even that is markedly below the intrinsic physical
charge number of almost 4 at the given pH. This
well-known phenomenon has been attributed to
deficiencies in the application of the Gouy—Chap-
man model which is based on a smeared out
charge density in the very two-dimensional inter-
face between the polar buffer and apolar lipid
moieties [28].

In reality, we have, however, a distribution of
discrete charges extending to some degree in the
three-dimensional surroundings. Under such cir-
cumstances the effective charges will actually be-
come reduced. Thus also the +y-term may be af-
fected. Keeping z=2.4 the observed k-factor
leads to y =0.043. Anyway, there is in addition
the possibility that charges are neutralized due to
pK-shifts because of low dielectric constants. We
note that even with electrically neutral lipid mem-
branes initially linear association isotherms ex-
hibiting subsequent upward curvature have been
observed if only the positive charges on the pep-
tide are comparatively small as for instance in the
case of polistes mastoparan [11] or alamethicin
[21]. In view of these rather complex electrostatic
features the present value of K, appears to be
quite reasonable. Nevertheless, we cannot de-
finitely rule out possible stronger attraction at low
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¢; because of missing reliable data (due to the
uncertainty of the intercept in the mass conserva-
tion plots). At any rate, the apparent upward
curvature of the binding isotherm must be taken
into account as an indication of aggregation above
a specific critical concentration. According to Fig.
5 this becomes evident at approximately r = 0.06
pointing to the formation of larger aggregates
although their actual dispersion cannot be clearly
deduced. The possible formation of octamers im-
plies the existence of equal amounts of monomeric
and aggregated peptide at r = 0.2 (corresponding
to a molecular ratio of 1:5 peptide per lipid).

The slow increase of the fluorescence binding
signal may at first sight be regarded as an indica-
tion of additional peptide being bound. This would
certainly be correct if the newly assumed binding
states emit the same intrinsic fluorescence inten-
sity as the rapidly occupied states. However, such
conditions must not simply be taken for granted.
Application of our data analysis enables us to
separate quantitatively the fast and the final bind-
ing characteristics. Accordingly we observe that
the average molar fluorescence intensity is sub-
stantially increased once the slow process has
reached its final equilibrium. In the course of it
new binding states are obviously occupied which
feel a further reduced environmental polarity,
presumably because the peptide has penetrated
farther into the hydrophobic core of the lipid
bilayer. This appears to be associated with exten-
sive translocation across the membrane as indi-
cated by pertinent chemical evidence [11].

We note that the established slow binding
isotherm exhibits qualitatively the same shape
that was already seen in the fast case, i.e. an
initial linear part followed by an upward curva-
ture that can as well be fitted by an octameric
micellation model (see Fig. 5). It must be con-
sidered to reflect a superposition of signals sent
forth by both fast and slowly bound peptide. Sur-
prisingly, the total binding ratio is found to be
smaller than in the initial fast binding event. This
implies a pronounced effect of negative coopera-
tivity being exerted on the surface binding. Thus
the underlying displacement of peptide into the
more apolar interior of the membrane does subs-
tantially impair the surface binding affinity. We

gather that farther penetrated positive peptide
charges have to a considerable degree neutralized
the negative lipid charges so that the electrostatic
factor k is reduced. For given cp, ¢, the mass
balance relation of Eq. (1) may be plotted in the r
vs. ¢; diagram as a straight line. Its intersection
points with the specific binding curves permit a
quantitative analysis of the change of binding
states in the course of the slow process. As an
example we present the case of ¢, =8 pM, ¢ =
100 wM as a dotted line in Fig. 5. One observes a
decrease of the binding ratio r=0.064 at the
surface to a total of 0.0605 together with the
slowly occupied binding states indicating that the
surface binding must be substantially reduced.
Also we note an increase of ¢; from 1.6 to 1.96
wM. Interestingly, on the other hand, it turns out
that the fraction of aggregated peptide has grown
from nearly nothing to approximately 26% of
bound material.

The binding isotherm of mastoparan X with
neutral liposomes had not indicated noticeable
aggregation. Nevertheless, the apparent pore for-
mation pattern revealed that rather small amounts
of peptide could penetrate the core of the lipid
bilayer during an initial short period of structural
perturbation so that transient pore-like aggre-
gates are formed [11]. The presence of negative
charges appears to reduce the overall net charge
density sufficiently so that aggregation is substan-
tially promoted and can be seen directly in the
upward curvature of the binding isotherm. Actu-
ally this phenomenon had been observed with
neutral liposomes if only the peptide ligand car-
ried comparatively little positive charge as was
demonstrated in the case of polistes mastoparan
(only two basic residues). This had also led to a
strongly intensified pore formation process [11].
The possible effect of aggregation on pore forma-
tion in our present system remains to be investi-
gated in further studies.

5. Conclusions
Data analysis using mass conservation plots

could well be applied to separate fluorescence
signals and binding curves of a fast transient
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pre-equilibrium and the final equilibrium, respec-
tively, exhibited by the present biphasic peptide-
liposome binding process.

The fast phase does apparently result from a
nearly diffusion controlled association of the posi-
tively charged peptide at the lipid/water inter-
face as it takes place with electrically neutral
vesicles as well. However, in comparison with the
latter case, the presence of negative lipid charges
does strongly raise the binding affinity and pro-
mote aggregation of bound mastoparan X
molecules.

In the final course of the binding reaction the
peptide is seen to penetrate farther into the more
apolar interior of the lipid bilayer while aggrega-
tion still increases. This proves to have a signifi-
cant effect of negative cooperativity on the fast
surface binding so that the total binding ratio is
actually reduced.
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