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A Pro — Ala substitution in melittin affects
self-association, membrane binding and pore-formation
kinetics due to changes in structural and electrostatic
properties ™
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Abstract

Melittin, the main component of bee venom of Apis mellifera, contains a proline at position 14, which is highly
conserved in related peptides of various bee venoms. To investigate the structural and functional role of Prol4 a
melittin analogue was studied where proline is substituted by an alanine residue (P14A). The investigations were
focussed on: (i) the secondary structure in aqueous solution and membranes; (ii) the self-association in solution; (iii)
the binding to POPC membranes; and (iv) the P14A-induced leakage and pore formation in membrane vesicles.
Circular dichroism and gel filtration experiments showed that P14A exists at concentrations < 12 pM in monomeric
form with an o-helicity of 28 + 7%. A further increase in peptide concentration leads to the formation of large
aggregates consisting of 9 + 1 monomers. While binding studies with POPC vesicles revealed for P14A a stronger
binding affinity towards membranes than for melittin, the peptide-induced leakage of fluorescent markers from
vesicles was less efficient for P14A than for melittin. Furthermore, an unexpected efflux behaviour at high values of
bound P14A was observed which indicated that the pore formation kinetics for P14A is more complex than it was
reported for melittin. The different features of P14A in aggregation, binding and efflux compared to melittin are
mainly ascribable directly to structural changes caused by the proline — alanine substitution. Furthermore, the
results indicate an improved screening of the positively charged residues of P14A by counterions which contributes
additionally to the observed differences in peptide activities. It is suggested that the presence of proline in melittin is
not only of structural importance but also influences indirectly the electrostatic properties of the native peptide.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Proline has a unique position among the amino
acids because of its inability to form backbone
hydrogen bonds. In soluble proteins it is thought
to be the least likely residue to occur in an
a-helix [1]. Despite its hydrophobic side chain its
typical location is that of a hydrophilic residue
and is almost always exposed on the protein sur-
face [2], hence it would not be expected within a
membrane. Nevertheless, proline residues have
been found in numerous transmembrane helices
of membrane proteins. Their possible structural
and dynamical role has been discussed in great
detail by Williams and Deber [3]. Proline is known
to introduce a kink into an a-helix causing an
increased flexibility in the helical structure due to
the lack of intramolecular hydrogen bonds. The
resulting bending angle has been estimated to be
constant at approximately 20-30° and is, there-
fore, thought to be of structural or functional
importance [4]. In numerous studies the contribu-
tions of proline to the stabilisation of channel
structures and the optimisation of properties of
transport proteins have been investigated [3,5-7].
Proline residues do not only occur within mem-
brane spanning o-helices of transport proteins
and receptors, but also in amphipathic helices of
channel-forming peptides like alamethicin, melit-
tin and pardaxin 1 [8].

Table 1
Melittin from venoms of various honeybee species?

Melittin (isolated from bee venom of Apis mel-
lifera) is a well-studied peptide of 26 amino acids
with a proline residue at position 14 (for reviews
see [8-12]). Under conditions favouring the «-
helical conformation of melittin (e.g. in mem-
brane-bound state or self-associated in form of
tetramers in aqueous solution) the proline in-
duces a kink in the helical structure [13]. As
shown in Table 1, proline at position 14 is highly
conserved among the melittin components of
venoms from various honeybee species. Several
studies have been attributed to the investigation
of proline’s contribution to structural and functio-
nal properties of melittin [14—17] by using a syn-
thetic melittin analogue where Prol4 is substi-
tuted by an alanine ([Ala-14]melittin or P14A).

Similar to melittin, its analogue P14A has an
amphiphatic character and is well soluble in wa-
ter. Structural studies with P14A in methanol by
'"H-NMR and amide exchange measurements [14]
revealed the existence of a more stable helix for
P14A than for melittin which is especially
pronounced in the central region of the peptide.
In melittin the N- and C-terminal helical seg-
ments are connected by a flexible hinge due to
the existence of proline whereas P14A shows a
large suppression of backbone fluctuations in this
region. Further structural studies in methanol [16]
indicated a cooperative effect of the proline to
alanine substitution on helix stability. The re-
placement leads not only to a stabilisation of the

Melittin from... Sequence

Apis mellifera (honeybee) 1 10 20 26

Apis mellifera cerana GIGAVLKVLTTGLPALISWIKRKRQQNH,
(Indian honeybee) (+) + + 4+ + +

Apis mellifera dorsata

GIGAILKVLSTGLPALISWIKRKRQENH,

(Giant honeybee) (+)

Apis mellifera florea

++++

GIGAILKVLATGLPTLISWIKNKRKAQNH,

(Little honeybee) (+)

+ + o+ ++

“The peptides differ only slightly in their amino acid sequence. Underlined residues are 100% conserved. Variations occur
mainly in the C-terminal region but net charges (+5 to +6) and charge distributions are very similar for the melittin peptides.
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kinked region but was observed throughout the
entire helix, though to a less extent.

The interaction of P14A with biological as well
as model membranes has been investigated in
several studies [14,15,17]. P14A was reported to
cause reversible disc micellization of dimyris-
toylphosphatidylcholine bilayers when the tem-
perature was decreased or increased relative to
the phase transition temperature of the mem-
brane. The rate of this process was found to be
much slower for P14A than for melittin and is
ascribed to the structural differences of both pep-
tides. Performing conductivity measurements on
planar lipid bilayers Dempsey et al. [14] showed
that melittin is more active than P14A, thus indi-
cating a higher barrier of membrane insertion for
the melittin analogue and the formation of more
stable channels by melittin. However, in experi-
ments with erythrocytes P14A caused similar
biphasic release kinetics as melittin but appeared
to be more efficient [14]. According to Rudenko
and Nipot [17], the higher lytic activity of P14A in
erythrocytes can be ascribed to a higher binding
affinity towards the cells. In addition, peptide—
protein interactions seem to play an important
role in the haemolytic mechanism, which is pro-
posed to be different for both peptides.

In this report, the investigations of structural
and functional contributions of proline to the
properties of melittin were extended. Besides
structural studies, the investigations were aimed
at the interaction of P14A with model mem-
branes. In a first set of experiments the secondary
structure of P14A in various aqueous solutions
was explored by circular dichroism. In combina-
tion with gel filtration experiments insights into
the concentration-dependent self-association
process of P14A and the size of the formed aggre-
gates were obtained. The second part of my study
was focussed on peptide—membrane interactions.
Here, especially the binding to POPC membranes
and the P14A-induced leakage of dye molecules
from differently sized vesicles were investigated in
greater detail. The leakage experiments gave in-
formation about the mechanism of pore forma-
tion, which was found to be more complex for
P14A than for melittin. The study presented here
demonstrates that melittin’s proline, first, plays a

structural role and second, influences indirectly
the electrostatic properties of the native peptide.
As a consequence, proline optimises melittin’s
functional properties by regulating the aggregate
size in solution and the binding affinity towards
membranes, and by controlling the pore size
and/or pore lifetime which leads to a more effi-
cient lytic activity in model membranes.

2. Materials and methods
2.1. Materials

5(6)-Carboxyfluorescein (mol wt. = 376), FITC-
dextran (mol wt. = 9400, commercial name FD10,
0.008 mol FITC/mol glucose), TES and molecu-
lar weight marker proteins for calibration of the
gel filtration column were purchased from Sigma
(St. Louis, MO, USA). NaCl, Na,EDTA-2H,0
and Triton X-100 were supplied by Merck
(Darmstadt, Germany) and HEPES by Bioprobe
(Basel, Switzerland). POPC and NBD-DOPE were
obtained from Avanti Polar Lipids, Inc. (Bi-
rmingham, AL, USA). Sephadex G50, Sephacryl
S-300 HR and Blue dextran 2000 were received
from Pharmacia (Uppsala, Sweden).

The synthetic peptide P14A (mol wt.= 2814
Da) was a generous gift of Dr Chris Dempsey
(Biochemistry Department and Centre of Molec-
ular Recognition, Bristol University, UK). Syn-
thetic melittin (mol wt. = 2840 Da) was purchased
from Bachem Feinchemikalien (Bubendorf,
Switzerland) and used without further purifica-
tion. The concentration of both peptides in aque-
ous solution was determined by UV spectroscopy
using an absorption coefficient of 5570 M~ ! cm ™!
at 280 nm [15,18].

If not otherwise noted, the buffer was com-
posed of 10 mM HEPES, 107 mM NaCl, 1 mM
Na,EDTA-2H,0 (pH 7.4, 20°C). An aqueous
stock solution of the fluorescent dye 5(6)-carb-
oxyfluorescein contained 50 mM CF, 10 mM
HEPES, 10 mM NaCl, 1 mM Na,EDTA-2H,0
(pH 7.4, 20°C). The composition of the dye solu-
tion was adjusted to be iso-osmolar with the buf-
fer. The concentration of CF was determined by
UV spectroscopy using an absorption coefficient
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of 72000 M~ cm ™! at 492 nm [19]. An aqueous
solution of FITC-dextran was composed of 7.4
mM dye, 7.4 mM HEPES, 37 mM NacCl, 0.75 mM
Na,EDTA-2H,0 (pH 7.4 at 20°C). The size of
FITC-dextran was determined as 2-3 nm in ra-
dius [20-22].

As described previously in detail [22,23] LUV
with diameters of approximately 100 and 200 nm,
respectively, were prepared by means of the ex-
trusion technique [24,25]. Briefly, POPC in
chloroform was dried down to form a thin lipid
film, which was resuspended in buffer or a dye
solution. After five freeze—thaw cycles the sus-
pension was extruded through a polycarbonate
filter of 100- or 200-nm pore diameter, respec-
tively. The external dye was separated from the
vesicles by gel filtration over either a Sephadex
G50 column (in the case of CF) or a Sephacryl
S-300 HR column (in the case of FD10) (both
1 X 30-cm columns). The total lipid concentration
was determined by phosphate analysis [26]. As
reported earlier [22] the vesicle diameter was
determined as 106 £ 6 nm for LUV,,, and as
240 + 20 nm for LUV,,.

2.2. Circular dichroism spectroscopy

CD spectra of P14A were recorded at a Jasco
J-710 Spectropolarimeter (Jasco, Japan Spectros-
copic Co., Tokyo) scanning the wavelength from
250 to 200 nm at 20°C under N, flow. Quartz
cuvettes with a thickness of 1 or 0.2 mm, respec-
tively, were used. A total of 30 accumulations
were recorded using a scan speed of 50 nm /data,
0.5 or 0.1 nm/datapoint and 1 or 0.5 s response
time. Each spectrum has been corrected for sol-
vent contributions. The so corrected ellipticity
[@]., (in mdeg) was converted into the mean
residue ellipticity [®]=[®]Cm/cp-d ‘N (in deg
cm® dmol™") with ¢, as the peptide concentra-
tion, d as the thickness of the cuvette and N as
the number of amino acid residues per peptide.
The a-helical fraction fy; of a peptide was esti-
mated from the mean residue ellipticity at 222
nm, [@],,,, according to a relationship proposed

by Chen et al. [27]:
fu = {0122 — (—2340)} /(—30300) (D

where the ellipticity values are given in deg-cm?
dmol 1.

To determine the peptide structure in a mem-
brane 10 wM P14A was incubated for 10 min with
200 wM POPC LUV, vesicles in buffer at room
temperature. The spectra were corrected for con-
tributions from vesicles and free peptide, and the
helicity was calculated as described above.

2.3. Gel filtration experiments

Gel filtration runs of various concentrations of
P14A were performed using a 0.7 X 50-cm
Sephadex G50 column eluted by a buffer com-
posed of 10 mM TES, 107 mM NaCl and 1 mM
EDTA (pH 7.4) at a rate of 14 ml h™'. The
column was calibrated by molecular weight using
the proteins carbonic anhydrase, soybean trypsin
inhibitor, cytochrome ¢ and aprotinin. In addi-
tion, melittin (70 wM) in salt-free buffer (10 mM
TES, 1 mM EDTA, pH 7.4) was utilised as marker
peptide for P14A monomers. Furthermore, Dex-
tran blue 2000 has been used as an indicator of
the void volume in each column run. A sample
volume of 200 wl was applied to the column and
approximately 160 w1 were collected per fraction.
The peptide content per fraction has been de-
termined by a modified Lowry assay as described
by Markwell et al. [28].

2.4. Dynamic light scattering

To determine the hydrodynamic radii of aggre-
gates of P14A and vesicles a commercial appara-
tus [ALV-125 laser light scattering goniometer
equipped with a He—Ne-Laser (A = 632 nm) and
an ALV-5000 correlator] was used. All measure-
ments were performed at 20°C under a scattering
angle of 90° using cylindrical quartz cuvettes (1
cm diameter) which were especially made for
light scattering measurements. The experimental
autocorrelation function was fitted by a CON-
TIN-analysis (built-in-software in ALV-5000).
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2.5. Binding measurements

Binding of P14A to large unilamellar vesicles of
POPC was measured by a resonance energy
transfer assay as described previously [23,29].
Briefly, vesicles containing 0.3 mol% NBD-DOPE
were prepared as described above. The energy
transfer between the tryptophan residue of P14A
(donor) and the NBD group of the lipids (accep-
tor) resulted in an enhanced NBD emission after
binding of the peptide to the membrane. A Jasco
FP 777 spectrofluorometer (Jasco, Japan Spec-
troscopic Co., Tokyo) has been used with excita-
tion at 280 nm (slit 1.5 nm), emission at 530 nm
(slit 3 nm), and a 295-nm cut-off filter. To obtain
a binding isotherm a vesicle solution was titrated
to 1 ml buffer (1 X 0.5-cm quartz cuvette, 20°C)
containing a constant P14A concentration
between 4 and 11 uM, so that the final lipid
concentration ranged from 0.04 to 2.3 mM. A few
seconds after addition of the vesicle solution the
fluorescence signal was recorded and subse-
quently corrected for lipid and buffer contribu-
tions (contributions from the peptide could be
neglected). A correction for the light scattering of
vesicles, as proposed by Hellmann and Schwarz
[29], was additionally taken into account. The
maximal fluorescence value (reached when all
peptides are membrane-bound) was determined
by a procedure established by Schwarz and co-
workers [29-31].

2.6. Efflux measurement

The measurements were performed at the same
fluorimeter with excitation at 480 nm (slit 1.5
nm), emission at 518 nm (slit 5 nm), and a 495-nm
cut-off filter. A 1 X 1-cm quartz cuvette contained
2 ml buffer and dye-loaded POPC vesicles at
20°C. The initial fluorescence signal F, was mea-
sured before each run was started by adding
P14A. The increasing fluorescence signal F(¢)
was followed continuously within 20 min. To ob-
tain the final signal F, (all dye released at ¢ — )
a volume of 50 pl of a 10% (w/w) Triton X-100
solution was added to the cuvette. The sponta-
neous efflux of dye-loaded vesicles (no addition of
P14A) was determined to be 0-1% after 20 min

and could, therefore, be neglected in the data
analysis. The lipid concentration in a cuvette
ranged from 20 to 160 pM (LUV,,) and from 20
to 70 uM (LUV,,,) whereas the total concentra-
tion of P14A was varied between 0.01 and 1.9
M.

2.7. Static and transient quenching factors

The self-quenching efficiency of a dye solution
entrapped in vesicles (static quenching factor Q)
was determined as a function of the dye concen-
tration as described previously [23,32]. The tran-
sient quenching factor (Q,) was obtained by mod-
ifying the efflux measurements as reported else-
where [23,32]. Briefly, P14A was added to a cu-
vette containing a total volume of 2.5-3 ml buffer
and dye-loaded vesicles at 20°C. When the fluo-
rescence signal F(¢) reached an almost stationary
value (after approx. 30 min) a volume of 0.8—1 ml
was transferred immediately from the cuvette to a
Sephadex G50 column in order to separate the
vesicles from P14A and from dye molecules being
released so far. A volume of 2 ml vesicle solution
was collected from the column into a new cuvette.
Before and after the addition of 50 wl Triton
X-100 to this vesicle solution, the fluorescence
signals F7 and E/, respectively, were recorded.
The ratio F:/F; is defined as the transient
quenching factor Q, [32]. The lipid concentration
ranged from 50 to 150 M (LUV,,) and from 64
to 68 wM (LUV,,). The concentration of P14A
has been varied between 0.01 and 0.4 wM.

3. Results
3.1. Secondary structure of PI14A

Circular dichroism experiments gave insights
into the secondary structure of P14A in various
aqueous solutions. CD spectra of the melittin
analogue were recorded at two different values of
pH and salt content. In Fig. 1 (spectrum B) the
CD spectrum of 24.5 pM P14A in buffer (107
mM NaCl, pH 7.4) is shown. According to Eq. (1)
it corresponds to an a-helical content of 41 + 7%.
At the same salt content but a lower pH of 5.8 a
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Fig. 1. Corrected and averaged CD spectra of P14A at various
peptide concentrations and in different solvents: (A) 5.2 pM,
(B) 24.5 wM and (C) 762 uM P14A in buffer (pH 7.4, 107 mM
NaCl); dotted line, 24.5 wM P14A in water (pH 5.8);
dashed—dotted line, 5.2 wM P14A bound to POPC LUV,
vesicles at a lipid concentration of 200 wM.

similar spectrum has been found representing an
a-helical content of 46 + 7% for a peptide con-
centration of 27.8 wM. Dissolving P14A at 24.5
.M in salt-free solutions like distilled water (pH
5.8) or a solution of 10 mM HEPES (pH 7.4),
resulted in spectra representing a random coil
structure with less than 10% helicity (Fig. 1, dot-
ted line).

To determine the conformation of P14A in a
lipid environment, 10 wM P14A was incubated
with 200 M POPC LUV,,, vesicles in buffer.
Applying the appropriate binding constant of K,
=54x10° M™! (see Table 2) it was estimated
that 5.2 wM peptide are bound to the membrane.
After correcting the CD data for contributions
from free peptide and vesicles the spectrum shown

in Fig. 1 (dashed—dotted line) was obtained. It
displays an «-helical content of 93 + 7% for
membrane-bound P14A. In comparison the CD
spectrum of 5.2 wM P14A free in buffer has been
shown (Fig. 1, spectrum A) representing an a-
helical content of 27 + 5%.

3.2. Self-association of P14A

To investigate the self-aggregation tendency of
P14A in comparison to the tetramerization of
melittin, the CD spectra of P14A were measured
in buffer (107 mM NaCl, pH 7.4) in a concentra-
tion range of 1-762 wM. The helicity at 222 nm
was determined by Eq. (1). In Fig. 2a (circles) the
semi-logarithmic plot of the total peptide concen-
tration ¢, vs. the o-helical content displays a
sigmoidal curve. A qualitatively similar behaviour
has been found for melittin [33,34]. Up to a
peptide concentration of approximately 12 pM
the helicity of P14A has a constant value of
28 + 7%. With further increase in peptide con-
centration an increase in the a-helical content
occurs until a value of 754 7% is reached at
approximately 800 wM P14A. The spectra A-C in
Fig. 1 manifest this increase in helicity. Additio-
nally, CD spectra of P14A in water (pH 5.8,
absence of salt) were recorded in a concentration
range of 12-238 pwM (Fig. 2a, triangles). Here,
P14A remained in a random coil conformation
(see Fig. 1, dotted line) and a qualitative change
in the spectra was not observed within the chosen
concentration range. For reasons of comparison
CD spectra of melittin in water (absence of salt)
were also recorded as a function of the peptide

Table 2

Parameters of membrane binding?®

Peptide Vesicles K, (in 10°M™H Zegp

P14A LUV, 5.4 0
LUV, 4.0 0

Melittin” LUV, 5.0 15
LUV, 6.0 22

*Binding parameters obtained from the isotherms [Egs. (4) and (5)] for differently sized POPC vesicles at 20°C and pH = 7.4
(see text for details). Uncertainties have been estimated as +30% for K, and +10% for z..

®Data from Rex and Schwarz [23].
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Fig. 2. Helicity of P14A as a function of peptide concentra-
tion. (a) Semi-logarithmic plot of the a-helical content fy
[calculated by Eq. (1)] of P14A in buffer (circles) and water
(triangles) as a function of the total peptide concentration Cp-
fumin (=28%) and fyn. (=78%) indicate the helicity of
P14A in monomeric and aggregated form, respectively. Eq. (2)
was used to obtain the best fit for the data points. The
experimental error of fy is approximately +7% helicity. The
average value of helicity obtained for P14A in water is 8.6%
and shown as a straight line. (b) Presentation of the data
points of P14A in buffer (from a) according to a method
described by Taylor and Kaiser [37]. The best linear regression
was obtained for an aggregation number of n =9 + 1 [Eq. (3)].

concentration in a range of 30-207 wM (data not
shown). Melittin displayed a similar behaviour as
P14A in water. The spectra showed mainly ran-
dom coil character (see Fig. 1, dotted line).

The conformational changes which melittin un-
dergoes with increasing peptide concentration
have been explained in terms of peptide self-
association [33-36]. Therefore, it seems likely to
suppose that the increase in helicity of P14A is

also caused by an aggregation process. To test
this hypothesis gel filtration experiments were
performed at various P14A concentrations using
a Sephadex G50 column. Furthermore, it was
investigated whether P14A at concentrations up
to 12 wM exists in a monomeric or an aggregated
state. As a control monomeric melittin at pH 7.4
in the absence of salt has been used [18]. Melittin
eluted at approximately 9.3 ml as indicated in Fig.
3. Loading a concentration of 30 uM P14A in
buffer onto the gel filtration column resulted in
the elution of a large peak at approximately 9.4
ml (Fig. 3, arrow A) which is in good agreement
with the control peak of monomeric melittin. The
fraction collected at the peak maximum con-
tained an approximate peptide concentration of 6
M which falls into the concentration range (c,
<12 wM) where P14A monomers would be ex-
pected (see Fig. 2a). Furthermore, a small but
broad peak eluted at approximately 3.0 ml and
thus indicated the existence of larger aggregates.
Similar results were obtained by applying 70 pwM
P14A to the column. The highest injected peptide
concentration was 328 wM resulting in a main
peak at approximately 9.1 ml elution volume and
two very broad, overlapping peaks with elution
maxima at 2.9 and 5.4 ml. According to the cali-

molecular weight (kDa)

T l T I T l T l T I T I T I T I T I T
0123 456 718910
elution volume (ml)

Fig. 3. Calibration of the Sephadex G50 gel filtration column
by molecular weight with following proteins: (1) carbonic
anhydrase (29 kDa); (2) soybean trypsin inhibitor (20 kDa); (3)
cytochrome ¢ (12.4 kDa); (4) aprotinin (6.5 kDa); and (5)
monomeric melittin (2.8 kDa). The arrows indicate the elution
volume at which significant peaks of P14A in monomeric (A)
and aggregated form (B,C), respectively, were detected.
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bration curve (Fig. 3) these peaks correspond to
dimers and tetramers (arrows B,C) which seem to
occur with a higher probability than other aggre-
gate sizes under the chosen pH and salt condi-
tions.

The use of gel filtration to study the concentra-
tion dependent self-association of a peptide has
two drawbacks, which may limit the application of
this technique. First, the injected sample will be
diluted while passing through the column. Sec-
ond, the method to determine the peptide con-
tent has to be sensitive enough in order to detect
very low peptide concentrations per fraction. Un-
der the gel filtration conditions chosen here, it
was not possible to determine the aggregate size
of P14A in the stock solution prior to sample
injection. Obviously, the salt content was too low
to stabilise the largest possible aggregate sizes.
However, by means of the sample dilution one
was able to show that P14A exists in monomeric
form at low peptide concentrations. The possibil-
ity of loading the column with a low concentrated
P14A solution (¢, <12 wM) would have led to
difficulties in the determination of peptide con-
tent per fraction. A modified Lowry assay [28] was
found to be sensitive enough to detect peptide
concentrations as low as 2-3 pM.

Based on the results of the gel filtration experi-
ments, the CD data shown in Fig. 2a were anal-
ysed further. Generally, the self-association
process of P14A in buffer can be described as
equilibrium:

n Monomer < Aggregate

where n is the degree of aggregation. The equi-
librium constant of the aggregation process is
expressed as K,,,, =4, /A", where A and A, are
the equilibrium concentrations of monomers and
aggregates, respectively. Combining K, with
the total peptide concentration ¢, =A4 +nA, and

the relation A./cp = (fI‘{aggr - fH)/(fHaggr -
FHmono) the following equation was derived:

Cp = (meono _fHaggr {(fH meono

/7K e Frtagee = f1)"] }W* ! )

where fy; is the a-helical content in percent as it
was calculated from the experimental mean
residue ellipticity [see Eq. (1)l. The quantities
Jtimono @nd fiy,ge correspond to the a-helicity of
the monomeric and the highest aggregated state,
respectively, and are indicated in Fig. 2a. The
unknown parameters in Eq. (2) are the aggrega-
tion constant K,,,,, the aggregation degree n and
JHager- They can be determined by applying a
method proposed by Taylor and Kaiser [37]. Ac-
cordingly, Eq. (2) is converted into the expression:

[(fH meono /Csil]l/n = [nKaggr/(fHaggr

1 1/n
_meono)n ]

'(fHaggr _fH) (3)

The total peptide concentration ¢, and fiyon0
(=28%) are known quantities. Thus, by plotting
fu vs. the left hand side of Eq. (3) a straight line
will be obtained for an appropriate value of n.
The best linear regression curve was found for
n=9+1 as shown in Fig. 2b. By inserting the
value of n into Eq. (3) the values for fy,,, and
K, can be determined [37]. Thus, a maximal
value of helicity for P14A of fy,,, = 78% and an
aggregation constant of K — 554 10% M~®
have been obtained.

To provide further evidence that the P14A
aggregates are larger than melittin tetramers, the
aggregate size of both peptides was estimated by
dynamic light scattering. For 762 wM P14A in
buffer an averaged hydrodynamic radius of 1.8 +
0.2 nm was found. Tetrameric melittin (pH 7.4, 1
M NaCl) at peptide concentrations of 14 and 135
pM gave a hydrodynamic radius of 1.0 + 0.1 nm
which demonstrated that a P14A aggregate is
approximately twice as large as a melittin te-
tramer. These findings are in good agreement
with the CD results.

Furthermore, it was observed in NMR line
width measurements that aggregates formed by
P14A are larger than aggregates formed by melit-
tin (C.E. Dempsey, personal communication).

aggr



S. Rex / Biophysical Chemistry 85 (2000) 209228 217

3.3. Binding of P14A to membranes

The binding affinity of P14A to differently sized
POPC liposomes (LUV,,,, LUV,,) was studied
by resonance energy transfer between the tryp-
tophan residue of P14A and the NBD group of
NBD-PE lipids in the membrane [29]. The pep-
tide concentration was kept constant while the
lipid concentration was gradually increased by
titrating a vesicle solution. The experiment has
been repeated for three to four different peptide
concentrations. The binding curves obtained were
analysed as described previously [31,38] in order
to derive a binding isotherm for each vesicle
system.

The binding of a peptide to a membrane can

generally be described as a partitioning equilib-
rium of the peptide between aqueous phase and
membrane: Peptide (free) + Lipid < Peptide
(bound) whereby the partition coefficient K, is
defined as:
K,=r-a/c; with r=c,/cy 4)
where ¢, is the total lipid concentration and c,,
¢, are the equilibrium concentrations of free and
bound peptide, respectively. The activity coeffi-
cient a which takes into account the electrostatic
repulsion between charged, membrane-bound
peptides, was expressed by the Gouy—Chapman
approach as:

a(r) =expl2-z4 arcsinh (z g b -r)] 5

where z. is the effective charge of a bound
peptide and b is a dimensionless parameter being
related to the ionic strength of the aqueous phase.
Under the buffer conditions applied here, a value
of b =11.5 was determined. In the ideal case of
negligible electrostatic interactions between
bound peptides (z,4; =0, a=1) the binding
isotherm is linear and the partition coefficient K,
is given by its slope. In the non-ideal case where
electrostatic interactions interfere with the bind-
ing (z, #0), deviations from the linear be-
haviour will be observed.

In Fig. 4 the isotherms for P14A binding to
POPC LUV,,, and LUV, vesicles, respectively,
are presented. The binding parameters K, and
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Fig. 4. Binding of P14A to POPC LUV,;, and LUV, vesi-
cles, respectively, in buffer. For clarity only the data set for
LUV, is shown. The binding isotherms for LUV, (continu-
ous line) and LUV, (dashed line) represent the best fit of
the binding data. The values of the fitting parameters K, and
z.¢ are given in Table 2. For comparison the isotherm of
melittin binding to POPC LUV, vesicles is shown (dotted
line) which has been calculated from the binding parameters
published by Rex and Schwarz [23].

z.; were determined from the best fit using Eqgs.
(4) and (5) and are summarised for each mem-
brane system in Table 2. For comparison the
isotherm for melittin binding to POPC LUV,
vesicles is shown in Fig. 4 as a dotted line.

Interestingly, the binding isotherms for P14A
were found to be linear in the studied concentra-
tion range compared to the non-linear binding
curve reported for melittin [23]. This fact is mainly
reflected in the different z.; values for P14A and
melittin. Whereas bound melittin possesses an
effective charge of approximately +2, the binding
data for P14A could only be fitted by setting
Zye =0 in Eq. (5). Obviously, the net charge of
membrane-bound P14A is drastically reduced so
that the repulsion between bound peptides be-
comes negligible.

The curvature of the membrane vesicles has a
slight influence on the membrane binding of both
peptides. The tendency to bind less to LUV,
vesicles than to LUV, vesicles is the same for
P14A and melittin [23]. Obviously, the less dense
packed lipid bilayer of LUV, vesicles contains
more membranous defects enabling the peptide
to incorporate better into the bilayer. However, at
low peptide concentrations where the usual efflux



218 S. Rex / Biophysical Chemistry 85 (2000) 209-228

curves were obtained (r < 0.001, ¢; < 0.3 pM; see
below), the affinity of P14A towards LUV,,, and
LUV, vesicles is very similar.

The total peptide concentration in the binding
experiments ranged between 4 and 11 pM. Ac-
cording to the CD data (Fig. 2a) and the gel
filtration experiments (Fig. 3), it can be assumed
that P14A is in a monomeric state within this
concentration range. At concentrations approxi-
mately 11 wM the existence of a very small num-
ber of aggregates cannot be ruled out completely,
however, a contribution to the binding equilib-
rium seems to be negligible.

3.4. Efflux and mode of dye release

To study the leakage potential and the pore
formation kinetics of P14A the fluorescent dye
carboxyfluorescein was entrapped into POPC
vesicles at a self-quenching concentration. The
empirical efflux function E(¢) is obtained from
the measured fluorescence signal F(¢) as:

E(t) =[F.—F®]/(F.—F,) (6)

where F, and F, are the fluorescence signals
prior to addition of peptide and after addition of
detergent, respectively. E(¢) describes the marker
content within the vesicles, which decreases ac-
cording to the normalisation from 1 towards 0
with progressing time.

For a qualitative comparison of the efflux
curves, the ratio of bound peptide per lipid, r =
¢y,/cL, was determined for each curve by means
of the binding data in Table 2. In Fig. 5a three
examples of efflux curves with LUV, vesicles
are presented (curves A-C). As expected, the
induced efflux increases with increasing number
of bound P14A per lipid. The dashed line in Fig.
5a is an example for the leakage from LUV,
vesicles which was recorded for the same value of
r=1.84x10"* as curve B (LUV,,). For a simi-
lar number of bound peptides per lipid the in-
duced leakage is enhanced for LUV,,, vesicles
which have an increased packing density of lipids
and are less bent than LUV, vesicles. In addi-
tion a curve of melittin-induced efflux from POPC

1.0

E()

040 T T I T T I T T l T T I T T

0 3 [3 9 12 15
t (min)

1.0

0.8

0.6 —

E®

0.4 —

0.2 - E

(b)

0.0 T T l T T I T T l T T I T T
0 3 6 9 12 15

t (min)

Fig. 5. Efflux curves E(¢) of P14A-induced leakage of differ-
ently sized marker molecules from POPC vesicles. (a) Efflux
of CF from LUV, at various values of bound peptide per
lipid, r. (A) r=0.51x10"*, (B) r=1.84x 107* and (C) r =
3.04 X 1074, For comparison the efflux curves of CF from
LUV, induced by P14A (r=1.87 X 10*, dashed line) and
by melittin (r=1.86 X 10~*, dotted line) are included. (b)
Efflux of FITC-dextran from LUV,;, induced by P14A at
r=072x10"*% (D) and r=2352x10"* (E). The
dashed—dotted line represents the efflux of CF at a compara-
ble ratio r=0.74 X 10~* under the same experimental condi-
tions as in (D).

LUV,,, vesicles at r=1.86x 107" is presented
(Fig. 5a, dotted line). The efflux curve for P14A at
a comparable value of r (dashed line) shows less
leakage for P14A than for melittin demonstrating
that under the same experimental conditions at a
similar number of bound peptides per lipid, the
lytic potential of P14A is reduced in comparison
to melittin. The higher leakage capability of
melittin over P14A was found for LUV,,, and
LUV, vesicles (data not shown).
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In addition to the small fluorescent marker
carboxyfluorescein (0.5 nm in radius [39]) the
larger marker molecule FITC-dextran (2-3 nm in
radius [22]) was used. In Fig. 5b it is shown that at
low values of bound peptide per lipid (r = 0.7 X
10~*) P14A causes the release of carboxyfluo-
rescein (dashed—dotted line) but not of FITC-
dextran (curve D) from LUV,,, vesicles. This
observation suggests that the pores formed by
P14A at low concentrations have a cut-off size
somewhere between the size of CF and FITC-de-
xtran. Interestingly, at much higher r values (e.g.
r=35.2x10"*) a significant leakage of FITC-de-
xtran can be detected (Fig. 5b, curve E) which
indicates that either the diameter of the pore has
drastically increased or the vesicles are disrupted
by the high number of bound peptide per lipid.
However, the latter case could be ruled out as
shown below. The data presented here give a first
indication that the size of a P14A pore seems to
be a function of the number of bound peptides
per vesicle and increases with increasing value of
r. Qualitative similar results were found for a
melittin pore. Encapsulated FITC-dextran was re-
leased from LUV, vesicles by melittin at r-val-
ues larger than 4 X 10~ *, whereas for r =2 x 10~*
no leakage of dextran molecules occurred (S. Rex,
unpublished results).

For a more quantitative analysis of the efflux
curves towards a mechanism of pore formation
one has to consider the fact that the measured
fluorescence signal F(¢) does not necessarily cor-
respond to the total amount of leakage in a
cuvette. F(¢) reflects the overall fluorescence in-
tensity emitted by the released and the still en-
capsulated marker molecules. As described previ-
ously in detail [32,40], a correction has to be
included into the data analysis in dependence on
the mode of dye release. Two different modes of
dye release can be distinguished. First, in an
all-or-none mode all marker molecules are re-
leased from a vesicle once a pore has opened.
Thus, the efflux curves describe the actual con-
tent of retained marker molecules. Second, in a
graded mode the entrapped dye molecules are
only partially released so that FE(¢) has to be
corrected and transformed into a retention func-
tion R(¢) [23,32]:

R(t)=[A-0,) /(- QDIE() (7

This function represents the fraction of dye
molecules which are retained inside the vesicles.
In the case of an all-or-none release, where ide-
ally Q,=0Q,, the function R(¢) is simply de-
scribed by E(2).

The self-quenching efficiency of carboxyfluor-
escein as a function of its concentration has been
determined previously [23,32]. In the case of
FITC-dextran solubility problems occurred at
concentrations above 10 mM so that the self-
quenching efficiency of this dye as a function of
its concentration could not be studied further.
Due to these difficulties no information about the
mode of dye release was obtained and a more
quantitative analysis of the efflux curves with
FITC-dextran was not possible.

To determine the mode of carboxyfluorescein
release, the efflux experiments were modified as
described in Section 2. To each value of the
transient quenching factor Q, a corresponding
value of E(¢) was obtained as shown in Fig. 6 for
POPC LUV,,, vesicles. By fitting the E(¢)— Q,
data as explained previously in detail [32], a re-
tention factor p was obtained which describes the
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Fig. 6. Transient quenching factor Q, as a function of the
extent of efflux E(¢) determined for P14A and POPC LUV,
vesicles. The continuous line presents the best fit of the data
with Q, =0.0915 and a retention factor p = 0.46. The dotted
lines describe the extreme cases of an all-or-none-release
(p=0, Q,=0Q,) and a graded release (p > 1, O,> Q,), re-
spectively. For comparison the E(¢)—Q, curve for melittin
interacting with LUV, vesicles is shown as dashed—dotted
line (p = 0.91).
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average fraction of dye being retained in a vesicle
after one pore had been opened [40]. The reten-
tion factor p can be expressed in relation to the
average lifetime of a pore 7, and the relaxation
time 7, of marker efflux through a single pore
[32,40]:

p=’TO/(’TO+Tp) or T,/1,=1/p—1 8)

For an all-or-none mode of dye release one would
ideally find p = 0 and thus, 7,/7, — o because the
lifetime of a pore will be much larger than the
relaxation time of the marker. In case of an
extreme graded release, the retention factor p
will approach a value of 1 and thus, 7,/7, =0
because the lifetime of a pore is very short com-
pared to the relaxation time so that the vesicle
content leaks extremely slowly.

In Table 3 the values of both quantities, p and
T,/ T, are given for LUV, and LUV, vesicles.
In both vesicle systems CF is released in a graded
manner whereas the lifetime of a P14A pore and
the relaxation time of CF are of approximately
the same magnitude since their ratio 7, /7, = 1.
The effect of the vesicle size on the mode of dye
release is negligible. The p values for melittin [23]
are approximately twice as large as for P14A,
which indicates an enhanced graded efflux for the
native peptide. Furthermore, the magnitude of
the lifetime of a melittin pore is smaller than the
relaxation time of CF by a factor of 10 (LUV,,)
and 5 (LUV,y,), respectively. The vesicle size
seems to play a slightly more significant role for
melittin than for P14A.

Table 3

Single pore retention factors®

Vesicles P14A Melittin®
LUV, 0.46 (1.17) 0.91 (0.10)
LUV, 0.44 (1.27) 0.83 (0.20)

“The retention factor p for P14A and differently sized
POPC vesicles were determined as described in the text. The
S.D. was estimated to be +0.05. The ratio of the average pore
lifetime to the relaxation time of marker efflux through a
single pore, 7,/7,, is given in parentheses as calculated from
Eq. (8).

®Data from Rex and Schwarz [23].

The possibility that the peptide-induced efflux
was caused by disrupture or fusion of the vesicles
could be excluded in a series of control experi-
ments. Hydrodynamic radii and size distributions
of LUV,,, vesicles incubated with P14A were
investigated by dynamic light scattering under
identical conditions as in the efflux experiments.
The radius of untreated LUV,,, has been de-
termined as 53+ 3 nm [22]. For r values of
42x107%, 21 x10™* and 101 X 10~* hydrody-
namic radii of 51, 50 and 52 nm, respectively,
were found indicating that the vesicle size has not
changed after incubation with P14A. Changes in
the vesicle size distribution have also not been
observed and the formation of mixed micelles
could be excluded as well. For melittin, similar
control experiments were carried out in a previ-
ous study [22].

All efflux measurements have been performed
at total P14A concentrations much less than 2
pM. Hence, the presence of P14A aggregates in
solution can be excluded (see Fig. 2a).

3.5. Pore formation kinetics

After determining the retention factor p the
retention function R(#) was converted into a
function p(¢) in order to gain more information
about the underlying pore formation kinetics. p(¢)
describes the average number of pores per vesicle
being opened within time ¢ [40]. The following
equation has been proposed empirically [23,41]:

p(t) = (v, /k D[ — exp(—k,1)]

+ (0, /k,)[1 — exp(—k,t) + ;2] ©)

where k,, k,, v;, v, and v, are rate parameters
which are obtained from the fit. The pore forma-
tion rate per vesicle is defined as v(¢) = dp(¢) /d¢
which results in o(z) = v; X exp(—k,t) + v,
exp(—k,t) + v;. Thus, three further rate parame-
ters can be introduced [23]: (i) the initial pore
formation rate v, at t =0 as v, = v; + v, + v5; (iD)
the intermediate pore formation rate v; = v, + v5;
and (iii) the pore formation rate v, as v, = v,
when t — oo
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Table 4

Pore formation rate parameters®

Peptide Vesicles k1 k2 v, = v; = U, =
(n107%s™ Gins™h
P14A LUV, 9.1 083 377r +0.27/%° 027" 0.025"°
LUVy 80 081 124r + 0.23/°° 0.23/%° 0.023/%°
Melittin® LUV, 50 050 960r 225r 17r
LUV, 50 065 17007 313r 20r

“The rate parameters of pore formation of P14A in differently sized POPC vesicles were obtained from the analysis of efflux
curves as described in the text [Eq. (9)]. S.D. were estimated to be +30%.
®Data from Rex and Schwarz [23]. For better comparison the originally given v* data were converted into the values v as

described in the text.

To perform the quantitative analysis, the efflux
data E(¢) were converted into the corresponding
function p(¢) and fitted by Eq. (9). The values
obtained for the rate parameters have been stud-
ied as a function of the number of bound peptide
per lipid, . In a double-logarithmic plot (Fig. 7)
the results of this analysis of the rate parameters
vy, v, and v; for POPC LUV, vesicles are
presented. The slope of the best fit of each data
set reflects the underlying reaction order. For v,
a slope of 1.0 was found indicating that the rate
parameter depends linearly on r, whereas for v,
and v; a slope of approximately 0.5 was de-
termined. The rate parameters k, and k, were
averaged in the form of In & and found to be
constant. Their values are given in Table 4. Addi-
tionally, v,, v; and v, were determined as de-
scribed above and the resulting functions of r are
displayed in Table 4. For reasons of comparison
the melittin data [23] are listed additionally. The
v* data from [23] were recalculated into v data as
described therein (by multiplication with the
number of lipids per vesicles) in order to have an
equal basis for comparison with the data of P14A.

Except for the initial rate of pore formation v,
the rate parameters for LUV,,, and LUV, are
very similar, especially if one takes into account a
S.D. of 30%. Only in the initial reaction steps of
the pore formation process, the vesicle size seems
to have an effect on the P14A induced leakage of
CF. For melittin similar conclusions can be drawn.
The rate constant k, is in all cases approximately
10 times larger than k,, independent of peptide
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Fig. 7. Double-logarithmic plots of the rate parameters v,
(circles), v, (squares) and v5 (triangles) are shown as a func-
tion of r, determined for P14A and POPC-LUV,,,. The
straight lines correspond to the best fit of each data set with a
slope of approximately 1.0 for v, and approximately 0.5 for v,
and v; (see text for details).

and vesicle system. Comparing both peptides, the
rate constants k, and k, for P14A are by a factor
of 1.5-2 larger than those for melittin. The de-
pendencies of the rate parameters v,, v; and v,
on r differ significantly between both peptides. In
general, it reveals that the pore formation mecha-
nism for P14A is different and obviously more
complex than the one proposed for melittin [23].
This statement is supported by efflux data showing
that at r values above 10 X 107* (LUV,,,) and
above 6 X 107* (LUV,,,) the complexity of the
pore formation kinetics increases even further, as
reported below.
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3.6. Efflux behaviour at high values of r

The efflux data which have been used so far for
kinetic analysis were obtained at low values of r.
The distinction between low and high values of
bound peptides per lipid became necessary when
a qualitative and quantitative change of the
P14A-induced leakage of CF from vesicles was
observed with increasing r values. This change in
leakage behaviour has been measured in both
vesicle systems. The time course of efflux curves
at high r values was found to deviate from the
usually observed efflux curves at low r values of
P14A. Several examples of this change in the
efflux time course with increasing concentration
of P14A at a constant lipid content are shown in
Fig. 8. Curves A,B represent usual efflux curves
and were analysed and fitted in the manner de-
scribed above. However, for curves C—F a reason-
able good fit using Eq. (9) was not found. This
suggests that the leakage mechanism, which un-
derlies these curves, is different from the one
proposed by Eq. (9). For comparison a curve of
melittin-induced efflux from POPC LUV, vesi-
cles at r=12.4x10"* is shown (Fig. 8, dotted
line). Its time course demonstrates clearly that
melittin does not display a similar efflux be-
haviour as P14A at these high values of r. This
observation suggests that also at high r values the
mechanism of pore formation is different for both
peptides. Furthermore, by comparing the efflux
curve for melittin with curve C for P14A at a
similar r, the higher lytic activity of melittin over
P14A is demonstrated repeatedly.

Analysing the efflux curves at high r values the
following features could be revealed. (i) Relative
high concentrations of P14A are necessary to
induce the deviating efflux behaviour. The lowest
r values, at which this phenomenon was observed,
were 10 X 107* (LUV, ) and 6 X 107* (LUV,,),
respectively. (i) The initial slopes of the FE(¢)
curves are very similar for varying high r values.
(iii) Reaching approximately 80% (LUV,,,) or
70% (LUV,,,) leakage, respectively, the slope of
an efflux curve changes relatively abrupt in a
concentration-dependent manner. In both vesicle
systems it takes approximately 6 s to reach these
leakage levels, independent of the value of r. (iv)
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Fig. 8. With increasing ratio of bound peptide per lipid (r >
10X 10~* for LUV,,,) a change in the usual time course of
an efflux curve is observed. The P14A-induced leakage of CF
from POPC LUV,,, at various values of r is shown. (A)
r=344x107*,(B)5.72x 1074, (C) 11.45 X 107, (D) 22.8 X
1074, (E) 45.2 x 10~* and (F) 88.9 X 10~*. The lipid concen-
tration was kept constant at 28 pM and the total P14A
concentration varied from 0.073 pM (A) to 1.89 pM (F). In
comparison, a time course for melittin-induced efflux in POPC
LUV,, at r=12.4 X 10™* is presented (dotted line).

With increasing r values a second or even third
change in the slope of an efflux curve can occur
with time (Fig. 8, curve E,F). The higher the
number of bound peptides per lipid, the shorter is
the time needed to reach the conditions for an
additional change in slope. In conclusion, the
efflux behaviour at high r values suggests strongly
that the underlying pore formation mechanism
for P14A is more complex than it was derived for
ordinary efflux curves at low values of r (see
Table 4).

The P14A-induced leakage of FITC-dextran
(Fig. 5b, curve E) at r=352x10"* does not
exhibit the same unusual time course as it was
observed for CF (Fig. 8, curve D,E). This observa-
tion seems to suggest that the size of a fluores-
cent marker has obviously an influence on the
time course of a leakage experiment, most likely
due to variations in the diffusion coefficient upon
passing through a pore and/or due to possible
dye—membrane interactions. However, the fact
that FITC-dextran molecules can leak out of vesi-
cles in a relatively high extent indicates strongly
that the pores formed by P14A at high r values
are larger than the pores formed at low r (see
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Fig. 5b, curve D). This suggests that the size of a
P14A pore is a function of r and, hence, a change
in the mechanism of pore formation with increas-
ing r can be expected.

As mentioned above, the possibility that the
observed efflux at high r values was caused by
disrupture or fusion of vesicles or interfered with
P14A aggregates in solution, can be excluded.

4. Discussion

4.1. Effect of proline on secondary structure and
self-association

Alanine is a strong helix-promoting amino acid
[42] so that in general the replacement of Prol4
by an alanine residue is likely to increase the
probability of a-helix formation in the case of
P14A. Experimental evidence was given by 'H-
NMR measurements [14] and amide exchange
studies of P14A in methanol [16]. It was shown
that the backbone fluctuations of P14A are largely
suppressed around position 14 which leads to a
stabilisation of the a-helix possessing a regular,
rod-like shape.

The secondary structure and the self-associa-
tion process of melittin in aqueous solution have
been investigated in numerous studies. In salt-free
solution (ionic strength T < 0.01 M), melittin was
found to adopt a random coil conformation which
is not altered by an increase in peptide concentra-
tion [18,43,44]. Brown et al. [45] reported that
melittin at 4 mM in the absence of salt (pH 7)
exists in the form of monomers. The structural
conformation of P14A in salt-free solution is simi-
lar to melittin and shows no variation with in-
creasing peptide concentration (Fig. 2a). Despite
the higher propensity of P14A for an «-helical
conformation, such a structure seems to be pre-
vented under salt-free conditions by a high charge
density, especially at the C-terminal end. These
circumstances lead also to the suppression of a
self-aggregation process.

An increase in ionic strength (I = 0.1 M) at low
peptide concentrations (¢, <10 pM) does not
affect the random coil conformation of melittin
[18]. However, P14A monomers undergo a con-

formational change towards a higher structural
content of approximately 28% helicity. A small
increase in ionic strength seems to lead to a
partial weakening of the electrostatic repulsive
forces between the charged residues due to the
presence of counterions. Approximately seven
amino acids are involved in this helical structure.
It is very likely that the helix-forming residues are
located around position 14 according to the
observed stabilisation of the amides in the central
turn of the helix [14]. The presence of proline in
melittin prevents any partial helical structure at
low peptide and salt concentrations.

A further increase in peptide concentration
under otherwise constant solvent conditions (I =
0.1 M) leads to an aggregation process for both
peptides. The driving force of such a process has
been ascribed to hydrophobic interactions which
seem to be favoured by the proximity of peptide
molecules [13], whereby the balance between
electrostatic repulsion of the charged residues
and the stable packing of the monomers by clus-
tering the hydrophobic sides of the amphiphatic
helices, has to be maintained. In case of melittin
it has been demonstrated that the stabilisation of
single helices within an aggregate is ascribable
rather to the binding of counterions to the posi-
tive groups than to the formation of salt bridges
[46].

The helicity of a P14A monomer in an aggre-
gate was determined to be 78%. For tetrameric
melittin similar values of helical content were
found (75% [47]; 65% [48]; 75% [49]; 76% [50]).
But P14A requires a considerably lower salt con-
tent in order to reach the same value of helicity
as melittin. This is explained by a more efficient
screening of the charged residues in case of P14A
compared to melittin. Interestingly, another
melittin analogue where Pro14 was substituted by
a tryptophane showed also an a-helicity of ap-
proximately 75% in the aggregated state [51].

It was shown in this study that P14A aggregates
are composed of 9 + 1 monomers (Fig. 2b). The
formation of aggregates larger than tetramers
might have two reasons. First, P14A forms a
straight a-helix, which is more rigid around posi-
tion 14 than the kinked helix of melittin [16]. A
rod-like shaped helix seems to have more poten-
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tial to be arranged in an aggregate larger than
tetramers. Second, a reduced charge density,
which is caused by an improved screening of the
positively charged residues, could also account for
the formation of larger aggregates. Hereby, the
repulsive electrostatic forces are thought to be
diminished in comparison to the hydrophobic in-
teractions between the single amphipathic helices
so that the clustering of a higher number of
monomers is facilitated. However, the arrange-
ment and orientation of nine monomers within an
aggregate are not known. Several possibilities for
peptide arrangements within large self-associated
complexes have been proposed by John and Jahnig
[49].

4.2. Effect of proline on membrane interactions

Melittin is known to adopt an a-helix in mem-
branous and micellar environments [35,43,
50,52,55]. For membrane-bound P14A an «-heli-
cal conformation has also been postulated [14]
because the peptide was found to be involved in
haemolysis and voltage-gated channel activities.
Both peptides differ in their degree of helicity in
the membrane-bound state. As shown in this study
P14A adopts a structure with 93 + 7% helicity,
while melittin was reported to display a helical
content of approximately 76% [50]. Again, forma-
tion of a more stable helix and an improved
screening of charged residues are very likely to be
the reasons for the different results. In addition,
the polar headgroups of membrane lipids may
contribute to the more efficient screening in case
of P14A. Dempsey and Butler [55] and Okada et
al. [52] demonstrated by nuclear magnetic reso-
nance spectroscopy that the C-terminal end of
membrane-bound melittin remains unstructured.
Would the five C-terminal residues be involved in
an a-helical conformation the charged side chains
of Lys23 and Arg24 of melittin would be buried in
the hydrophobic part of the lipid bilayer which is
an energetically unfavourable situation [52]. For
similar reasons it is very likely that the C-terminal
residues of P14A do not contribute to the a-heli-
cal structure of the peptide — despite the screen-
ing of their positively charged side chains (see

below). In this regard the measured value of
93 + 7% appears to be somewhat larger than the
expected value of approximately 85% (assuming
22 of the 26 residues are involved in the helix
formation). This discrepancy can be mainly as-
cribed to experimental uncertainties, especially to
the fact that the spectra have to be corrected for
contributions from vesicles and free peptide (see
Section 3).

The helical content of P14A in a membranous
environment is higher than in its peptide aggre-
gates (78 + 7%). This can be explained by the
amphipathic nature of the helical peptide whereby
the hydrophobic half seems to be better accom-
modated within a lipid bilayer than within an
aggregate of several identical peptides. Pre-
sumably, the shielding of the hydrophobic side
chains in an aggregate is not as effective as in the
membrane.

Additional evidence for the efficient shielding
of the positive residues of membrane-bound P14A
was given by the binding measurements with
POPC vesicles. The binding isotherm of melittin
deviates from a linear slope, thus indicating the
presence of repulsive interactions between bound
peptides which possess an effective charge of
zg = +2. In contrast, the binding isotherm of
P14A was found to be linear. The effective charge
of z.; =0 shows that repulsive forces between
membrane-bound peptide molecules can be ne-
glected (Fig. 4). This indicates, furthermore, that
the charged residues of the peptide, which are
very likely to be exposed on the membrane—water
interface, are shielded completely by counterions.
At concentrations where electrostatic repulsive
forces are negligible the binding of P14A and
melittin towards POPC membranes is very simi-
lar, hence showing that the different structural
properties do not influence the binding per se
(Table 2).

4.3. Effect of proline on pore formation

Due to the differences between P14A and
melittin in their structural and overall elec-
trostatic properties it is almost expected to find
deviations in efflux behaviour and pore formation
kinetics for both peptides. The observation that
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the P14A-induced leakage is suppressed com-
pared to the leakage induced by melittin, might
be explained by differences in their pore sizes
and/or pore lifetimes. The pore lifetime 7, and
the relaxation time of the fluorescent marker T,
are not known individually. However, the relax-
ation time is related to the pore size as 7, ~
1/pore size and from the analysis of the efflux
data it is known that p,_., =2pp,a (Table 3).
Furthermore, it was observed that at similar val-
ues of r the actual leakage induced by melittin is
larger than the one induced by P14A (Fig. 5a).
Analysing these facts it can be ruled out that: (i)
both peptides have identical pore sizes but differ
in their pore lifetimes; and (ii) both peptides have
identical pore lifetimes but differ in their pore
sizes. Obviously, pore lifetime and pore size are
both different for P14A and melittin. Consistent
with the results mentioned above, the following
two possibilities exist: (1) the pores formed by
P14A are larger than melittin pores but their
lifetime is much shorter; or (2) the P14A pores
are much smaller but have a longer lifetime than
melittin pores, in such a way that in both cases a
reduced efflux for P14A will be found. The higher
tendency of P14A to form aggregates in solution
and the reduced net charge (z = 0) of the pep-
tide in a membrane-bound state, seems to make
the first possibility very likely. The formation of
P14A aggregates within the membrane surface
prior to pore formation should also be taken into
consideration. The analysis of the efflux curves
showed a more complex nature of the mechanism
of pore formation for P14A. Thus, the absence of
proline influences directly (by the formation of a
rod-like shaped a-helix) and indirectly (by an
improved screening of charged residues leading
to a zero net charge) the lytic activity of P14A.
With increasing r values P14A and melittin
[53,54] change their pore size towards larger as-
semblies as it was demonstrated by the efflux of
larger marker molecules at higher values of mem-
brane-bound peptide per lipid. This suggests
strongly that the mechanism of pore formation
also underlies changes with increasing r values.
Both peptides are similar in these features; how-
ever, the detailed kinetic mechanism which un-

derlies the peptide-induced leakage is different
for both peptides (Table 4).

An explanation for the unusual leakage which
is induced by P14A at high r values, is not yet
available. More detailed experiments would be
necessary to elucidate the molecular basis of the
observed macroscopic effects. However, it is very
probable that at such high r values very large
pores have been formed since a strong efflux of
FITC-dextran was found.

Dempsey et al. [14] reported that in voltage-
dependent conductance measurements the activ-
ity of P14A is suppressed compared to melittin
which was ascribed to the structural differences
between both peptides. Additionally, it is sug-
gested that the difference between the peptides in
their net charge may also contribute to the re-
duced activity of P14A.

5. Conclusions

The proline residue at position 14 and the
number and distribution of positively charged
residues are well conserved among the various
melittin peptides of other species of honeybees
(see Table 1). In this report it was confirmed that
the proline residue in melittin is mainly of struc-
tural importance. Additionally, it has been
observed that in the absence of proline a better
exposure of the charged residues to counterions
was possible which led to an improved screening
of those amino acids. Thus, proline influences the
overall electrostatic properties of melittin by pre-
venting a facilitated shielding of its charged
residues. Consequently, these circumstances lead
to the formation of aggregates of a defined small
size, to a reduced membrane binding, and to an
increase in the efficiency of its lytic activity in
model membranes. The functional properties of
P14A and melittin show only differences in their
efficiencies but are not dramatically inhibited by
the Pro — Ala substitution. Therefore, it is specu-
lated that the proline residue is the optimal amino
acid at position 14 for melittin’s functional fea-
tures and biological activity.
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6. Nomenclature

P14A: melittin analogue with Prol4 — Ala substi-
tution

LUV, and LUV,,: large unilamellar vesicles of
100 or 200 nm diameter, respectively

POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospha-
tidylcholine

DOPE: 1,2-di-oleoyl-sn-glycero-3-phosphatidyl-
ethanolamine

NBD: nitrobenz-2-oxa-1,3-diazol

CF: 5(6)-carboxyfluorescein

FITC: fluoresceinisothiocyanate

HEPES: N-(2-hydroxy-ethyl)piperazine-N'-2-
ethanesulfonic acid

TES: N-tris-[hydroxymethyllmethyl-2-amino-
ethanesulfonic acid

EDTA: ethylenediaminetetraacetic acid

CD: circular dichroism
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