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Abstract

In the context of the medical applications of B-sheet self-assembling peptides, it is important to be able to predict their activity at the biological
membrane level. A study of the interaction of four systematically varied 11-residue (P11-1, P11-2, P11-6 and P11-7) and one 13-residue
(P13-1) designed B-sheet self-assembling peptides with DOPC monolayers on a mercury electrode is reported in this paper. Experiments
were carried out in 0.1 mol dm~3 KCl electrolyte with added phosphate buffer (0.001 mol dm~3) at pH ~ 7.6. The capacity—potential curves of
the coated electrode in the presence and absence of the different peptides were measured using out-of-phase ac voltammetry. The frequency
dependence of the complex impedance of the coated electrode surfaces in the presence and absence of the peptides was estimated between
65,000 and 0.1 Hz at —0.4 V versus Ag/AgCl 3.5mol ™3 dm~ KCIl. The monolayer permeabilising properties of the peptides were studied
by following the reduction of TI(I) to TI(Hg) at the coated electrode. Of the five peptides studied, P11-2, P11-7 and P13-1 interact most
strongly with the DOPC layer. P11-1 which has a polar primary structure shows no obvious interaction with the phospholipid but surprisingly,

it permeabilises the phospholipid layer to T1*.
© 2006 IPEM. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The interaction of biologically active peptides with bio-
logical membranes in particular the phospholipid component
has received much interest in the last decade [1-12]. The
results have relevance to biological mechanisms since pep-
tide and protein interactions with biological membranes are
of great significance in many aspects of physiology [7], such
as cell signalling and toxicology. Of particular interest are
the antimicrobial peptides [1,2,5,6,9—12] and the membrane-
active peptides [3], which act by disrupting biological mem-
brane structure and function. The ability of antimicrobial
peptides to kill bacteria while not disrupting native cells is
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attracting a great deal of attention, especially since traditional
antibiotics are becoming increasingly difficult to produce and
because of increased bacterial mutation. The mechanism of
action of antimicrobial peptides is not entirely understood,
but it is clear that they interact not with membrane proteins,
but with the lipid matrix itself, and therefore leave little or no
possibility for mutation which could affect their performance.

Three models of membrane rupturing mechanisms have
been proposed to date: barrel-stave [13—17], carpet [18,19],
and toroidal [20-22]. According to the barrel-stave model,
peptides bound to the membrane recognize each other and
oligomerize. Upon oligomerization, antimicrobial peptides
orient themselves, allowing the hydrophobic surface to inter-
act with the hydrophobic core of the membrane and the
hydrophilic surface to point inward to create a hydrophilic
transmembrane pore. The carpet model suggests that antimi-
crobial peptides initially bind to and cover the surface of
the target membrane. The electrostatic interaction between
the peptide and the lipid head group imposes strain in the
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membrane, and membrane permeation is induced only at
sites where local peptide concentration is higher than certain
threshold values. In the toroidal model, peptides similarly
bind and interact with lipid head groups, imposing a positive
curvature strain on the membrane (e.g., magainin 2) and pro-
ducing channels where the polar headgroup region expands
to form “toroidal” pores. In these mechanisms, the interaction
between the phospholipid component of the membrane and
the peptide is often of particular importance [23,24]. Because
of this phospholipid—peptide interactions are the subject of
considerable interest.

Several molecular properties of the peptides are known to
promote interaction with the phospholipid such as hydropho-
bicity [25], number of residues [26] and the presence of
specific peptide residues such as tryptophan [26].

In order to study the interaction of peptides with biologi-
cal membranes, biological membrane models are often used
[27]. These represent a significant approach since the experi-
mental conditions can be rigorously controlled and selective
aspects of the interaction can be investigated. Membrane
models used to study phospholipid—peptide interaction have
ranged from free-standing bilayers [27] to monolayers at the
air—water [28] interface to supported monolayers and bilayers
[29]. One of the most powerful supported membrane mod-
els available is that of a phospholipid monolayer/bilayer on
a mercury electrode [30]. The great advantage is its inherent
reproducibility and ease of use and the ability to control the
potential and measure the current very precisely. The system
has acted as a good host for the gramicidin monomolecu-
lar channel so that channel function can be monitored using
the TI*/TI(Hg) system as a redox probe [31]. At the same
time interactions with the phospholipid monolayer can be
investigated since the pure monolayer system is virtually
defect-free and self-sealing. Any modification to the struc-
ture can be easily monitored. Electrochemical methods of
impedance are a very sensitive way to monitor the structure
and properties of the layer and a novel impedance model has
been developed using the system to test it [32]. Recently an
investigation of the interaction of gramicidin peptide deriva-
tives with the monolayer was carried out using voltammetric
and impedance techniques [33]. Results were encouraging
and they correlated well with those of independent experi-
ments carried out with membrane models of monolayers at
the air—water interface. This has provided the instigation to
use the system to study interactions with other peptides. In
order to isolate the molecular principles associated with the
interaction it was deemed appropriate to use custom designed
peptides. In this case the type of phospholipid—peptide inter-
action could be related to specific molecular characteristics.

This paper reports on the interaction of custom designed
peptides with phospholipid monolayers of dioleoyl phos-
phatidylcholine (DOPC) on mercury. The particular tech-
niques used were: (i) ac voltammetry to examine the effect
of peptide interaction on the phospholipid phase transitions
in capacitance—potential curves, (ii) ac impedance to look
at the extent of penetration of peptide into the monolayer

and any modifying effect on the monolayer structure from
impedance—frequency data, and (iii) sampled-current voltam-
metry of the TI*/TI(Hg) redox probe to look for permeabil-
ising effects of the peptide.

In recent years, the biological B-sheet motif has been
exploited to design simple de novo peptides that self-
assemble in a hierarchical manner to form a variety of
well-defined twisted elongated nanostructures [34—37] such
as tapes (single molecule in thickness), ribbons (a pair of
stacked tapes back to back), fibrils (a bundle of stacked rib-
bons) and fibres (a pair of fibrils interacting edge-to-edge). A
theoretical model has been developed to rationalise this self-
assembly process [38,39]. At concentrations typically higher
than 0.5% (v/v) in solution these micrometer-long aggre-
gates can form isotropic solid-like organogels and hydro-
gels, as well as nematic liquid crystalline fluids and gels.
The self-assembly can be switched on or off by a variety
of external chemical triggers such as pH and ionic strength
[40,41]. On the one hand these peptides provide an ideal
model system for the investigation of the principles that
drive biomolecular peptide self-assembly, and in particular
the formation and stabilisation of elongated (3-sheet struc-
tures, e.g. present in amyloid diseases. On the other hand
the mechanical, structural and bioactive properties as well as
the surface chemistry of these systems can be finely con-
trolled by appropriate peptide design. Therefore, there is
the opportunity to design self-assembling peptides with a
combination of properties appropriate for specific applica-
tions, e.g. in the biomedical field such as scaffolds for tissue
engineering, or biomaterials for personal care and dental
hygiene. In the light of these applications, it was considered
appropriate to test the putative membrane-activity of these
B-self-assembling peptides using the DOPC coated electrode
system.

The structures of the peptides tested in this study are shown
in Scheme 1.

2. Experimental
2.1. Apparatus and materials

Two distinct measurements were carried out using the
electrochemical apparatus. The first series of measurements
focused on impedance measurements in which no faradaic
process is involved. These experiments concentrated on
capacitive elements [30,32,33]. The second series investi-
gated the transport of TI1* ions in which a faradaic process
is involved [31]. The rationale for using T1* as a probe is the
following. (1) T1* is isoelectronic with K* and thus it is an
effective probe for this ion’s behaviour and the alkali metal
ions in general. (2) TI* undergoes a rapid reversible redox
reaction on the mercury surface with a reduction potential at
about —0.42 V versus Ag/AgCl, 3.5 mol dm~3 KCI which is
in the potential domain of the low capacity and ion imper-
meable region of the DOPC monolayer. As a consequence
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in the presence of the DOPC monolayer the electrochemical
reduction of TI* is suppressed because T1* is denied access
to the mercury surface. When the DOPC monolayer is per-
meabilised a reduction current of T1* is observed. The results
of both impedance and voltammetric measurements are con-
sidered in terms of the properties of the phospholipid and
modified phospholipid monolayer.

A home made potentiostat connected to a function
generator and lock-in-amplifier interfaced to a MacLab
acquisition board and software was used to measure
capacitance—potential curves of the coated electrodes. An
Autolab system, FRA and PGSTAT 30 interface (Ecochemie,
Utrecht, The Netherlands), controlled with Autolab software,
was used in all the impedance versus frequency measure-
ments of the coated electrodes. A home made potentiostat
connected to a MacLab acquisition board and software (AD
Instruments Ltd.) was used in the sampled-current voltam-
metry experiments to measure the reduction of TI*. The
experiments were performed in a standard three electrode
cell. An Ag/AgCl, 3.5moldm™> KCI reference electrode
with a porous sintered glass frit separating the 3.5 mol dm >
KCl solution from the electrolyte served as reference and
a platinum bar served as counter electrodes located on
either side of the working electrode, respectively. In the
impedance—frequency measurements, a solution resistance of
around 280-300 €2 was recorded for the cell [32,33]. Diag-
nostic plots of the impedance data showed it to be that of
an RC series circuit as before [32,33]. There was a distinct
absence of instability at high frequencies and for this rea-
son, the use of a fourth pseudo-reference electrode was not
considered necessary at this stage.

The electrolyte, KCI (0.1 mol dm~3) was prepared from
Analar KCl (Fisher Chemicals Ltd.) calcined at 600°C
and dissolved in 18.2MQ MilliQ water with added
0.001 moldm™3 phosphate buffer. A blanket of argon gas
was maintained above the fully deaerated electrolyte dur-
ing all experiments. Monolayers of DOPC were prepared as
described earlier [30-33] by initially spreading 13 wdm?® of
a 2mgcm™> solution of DOPC in pentane (HPLC grade,
Fisher Scientific Chemicals Ltd.) at the argon—electrolyte
interface in the electrochemical cell [30—33]. The working
solution of DOPC was obtained by dilution of the 20 mg cm ™3
stock solution (Lipid Products, UK). A fresh mercury drop
(area, A =0.0092 cm?) was coated with the spread phospho-
lipid [30-33] layer at the argon—electrolyte interface prior
to each series of experiments to give a monolayer coated
electrode.

Aliquots of the respective working solutions of peptide
were injected below the layer into the electrolyte. The solu-
tion was then gently stirred for 5min. The phospholipid
monolayer was then deposited on the electrode. Such lay-
ers in this study are referred to as peptide modified layers
regardless of the extent of interaction. In the experiments
studying the T1(I)/T1(Hg) reduction, TINO3 (Sigma Products)
was employed to prepare the stock solution (0.1 moldm™)
from which aliquots were added to the electrolyte.

2.2. Electrochemical impedance

Measurements of capacity versus potential for the coated
electrode were carried out by measuring the out-of-phase cur-
rent (I") at potentials between —0.2 and — 1.2 V ata frequency
(f) of 75 Hz with 0.0046 Vs (A V) using the ac voltammetric
method. Capacitance (Cq) was calculated from the I” value
using the equation C4 = (I"/A AVw) where w is the angular fre-
quency (=27f) assuming RC series behaviour of the cell [30].

The capacitance—potential curve of the DOPC coated elec-
trode was recorded prior to each experiment. At least two
capacitance—potential curves following respective deposi-
tions on a fresh electrode surface were recorded for the
individual peptide—phospholipid interactions.

Measurements of the impedance (Z) versus frequency of
the electrode systems using frequencies logarithmically dis-
tributed from 65,000 to 0.1 Hz, 0.005 Vs at potentials of
—0.4V were carried out on the coated electrode systems.
The impedance versus frequency plot of the DOPC coated
electrode was recorded prior to each experiment. At least
three impedance versus frequency plots following respective
depositions on the fresh electrode surface were recorded for
the individual peptide—phospholipid interactions. The exper-
imental conditions for the measurement of impedance are
listed in the following. For one measurement, one cycle was
used except when the cycle was less than 1 s, in which case,
the measurement time was 1 s. In order to reach steady state,
10 cycles were used except when 10 cycles lasted more
than 3's, in which case, 3 s were used. Each frequency scan
took 5 min with the potential continually applied commenc-
ing with the highest frequency. These time intervals are a
compromise in providing sufficient time to carry out the mea-
surement and reaching steady state, whilst still enabling all
the experiments to be done within a specified time period on
one phospholipid layer without altering the structure of the
layer. No significant difference in the spectra was noted when
longer equilibration periods were used before each experi-
ment. The impedance data were transformed to the complex
capacitance plane and the complex capacitance axes were
expressed as Re Yo~ ! and Im Yo~ !, respectively. This was
done using the EXCEL (Microsoft) spreadsheet. Curve fit-
ting of the data was carried out using IGOR (Wavemetrics)
in the same way as described previously [32,33].

Due to the absence of any electroactive component, the
simplest equivalent circuit model is the uncompensated solu-
tion resistance (Ry) of the cell and the capacitance (C) of the
working electrode in series [45]. R, can be determined by
extrapolating the Im Z versus Re Zplot to the Re Zaxis [46].In
the complex capacitance plane, values of Re Yo~ ! were plot-
ted against Im Y ~! for all values of frequency [46—48]. For
a series RC circuit, the Re Yo~ ! versus Im Yo~ ! plots gives
a single semi-circle for the RC element, where the capacitor
has no frequency dispersion. The extrapolation of this semi-
circle to the Im Yo~ ! axis at low frequency gives the zero
frequency capacitance (ZFC equivalent to C) [46—48] of the
RC circuit which is therefore an empirical quantity. When
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applied to the phospholipid-coated electrode any additional
elements to the RC semi-circle at lower frequencies will cor-
respond to properties of the phospholipid layer. Further, if the
semi-circle representing the RC element is not perfect [49],
the non-ideality of the capacitor is indicated. This can be due
to dielectric relaxations coupled to the RC charging process
and to additional circuit elements at the interface between the
capacitor and the solution resistance [50].

Representative impedance data were fitted to Eq. (1) below
as done previously [31,32]:

1

Y = 1 1)

; =BT Cs—G;
(i), ’ [l-ls—(iw;‘)]‘{‘ +Ci“f]

In Eq. (1), Y is the admittance, R equivalent to the uncom-
pensated solution resistance (Ry), Cinf equivalent to the zero
frequency capacitance (ZFC) of the monolayer, Cs — Cipf the
additional low frequency capacitative element with relax-
ation time constant, (7), « the coefficient which represents
the distribution of time constants around a most probable
value (the lower the « value below unity, the more diffuse the
distribution) and g is the coefficient which characterises non-
idealities at the interface between R and C and is equivalent

to a “surface roughness” [49] (the lower the 8 value below

unity, the more non-ideal or “rougher” the interface). a)(l)fﬂ

is a dummy constant which corrects for units.
2.3. Electrochemistry of TI*/TI(Hg)

The following procedure [31] was taken to measure the
peptide permeabilising activity to TI* of the monolayer.
Subsequent to deaeration of the electrolyte, 10~# mol dm—3
T1(I) was added from the stock solution. The DOPC layer
was then spread on the electrolyte and transferred to the
electrode. A cyclic voltammogram was recorded to check the
impermeability of the deposited layer. Following addition of
peptide to the electrolyte and stirring, the phospholipid layer
was deposited on the electrode surface. A series of voltage
pulses from —0.2'V to potentials from —0.3 to —0.7 V and
back were initiated and the current transients recorded. The
pulses were 40 ms long and the currents were sampled at
40 kHz with a 20 kHz low pass filter. A delay period of 15s
between each pulse enabled the establishment of initial con-
centration conditions. After the pulsing programme had been
performed, an ac out-of-phase voltammogram was recorded
to ensure that the phospholipid layer had not degraded
during the experiment. Pulse transients were analysed by
sampling the current transient after a time interval of 2.5 ms
from the beginning of the pulse and plotting this current
value against potential as a sampled-current voltammogram.
The currents were measured for the cathodic train of pulses
and the anodic train of pulses. The mean current value and
the range between the two values expressed as an error bar
were recorded at each potential.

The entire current transient was fitted to the model describ-
ing a homogeneous chemical reaction preceding a rapid elec-

tron transfer (C;E; mechanism). The equation characterising

this model is written as [51]:

KX - K)
T1/241/2

FAD2¢,
1 — K2

i) = +eB Kk + B)'/?

x erf[(k + B)!/211/2]] — B 2erf(B'/211/2)) 2)

In Eq. (2), k=k1+k_1 and k; and k_; are the forward
and reverse homogeneous rate constants, respectively of the
chemical step of which K(=k1/k_1) is the equilibrium con-
stant. k represents the rate of attainment of chemical equi-
librium prior to the charge transfer. B=K?k/(1 — K?). The
important feature of Eq. (2) is that it is valid for all values
of K provided k_;>k; and for current data obtained over
all real time. This equation simplifies to the following equa-
tion at longer time scales where kfllet = Kk'/2D'/2 [52] and
kllm is a heterogeneous rate constant describing the intrinsic
monolayer permeability to TI* at a specified potential:

khet 2 khct
i:FAcok}llet exp <<(]D)> t) erfc <<D11/2 2 3)

Expressed in this way, Eq. (3) is referred to as the approxi-
mate equation describing the potential step current transient
resulting from the C;E; mechanism [53]. When Eq. (2) is fit-
ted to the current transients, the time constant of the initial
exponential decay corresponds to k~! [31,52].

Curve fitting of the data was carried out using the IGOR
programme as before [31].

2.4. Preparation of peptide solutions

Peptide production was carried out using standard solid
phase Fmoc peptide synthesis protocol. The HPLC-purified
peptides were checked by analytical HPLC, mass spectrom-
etry and amino acid analysis. The mass spectra showed in
each case only one main peak corresponding to the expected
molecular weights: 1497.5 Da for P11-1, 1594 Da for P11-2,
1452.6 Da for P11-6, 1346.7 Da for P11-7 and 1896 Da for
P13-1.

Peptides were dissolved in 3,3,3,trifluoroethanol (TFE)
(Fisher Chemicals Ltd.)at5 g dm—3, vortexed and sonicated
until a homogenous solution was obtained, and immediately
distributed in aliquots to different vials and kept in the freezer.
One vial was taken out of the freezer before the start of an
experiment. The remainder of the solution in a vial was dis-
carded at the end of the experiment.

3. Results

3.1. Effect of peptide interaction with DOPC on the
impedance of the monolayer

Figs. 1 and 2 show the effect of the addition of peptide
to the electrolyte on representative capacitance—potential
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Table 1
Values of coefficients £S.D. extracted from fit of Eq. (1) to impedance data
derived from DOPC coated mercury electrode with peptide in electrolyte

Coefficient 2.24 pwmol dm~3 0.13 wmol dm~3
P11-7 gramicidin A [33]

o 0.58 £+ 0.02 1 +0.04

B 0.989 £ 0.003 0.981 £ 0.001

Cs — Cinr (WFcm™2) 23+5 88 £52

7 (s) 13.01 £ 7.3 58+4

errors are displayed in Table 1. These values are compared
with those derived from the impedance data for DOPC in
the presence of gramicidin derivatives [33]. The main differ-
ence is the decreased « value which is close to unity when

3.2. Effect of peptide interaction with DOPC on the
TI(1)/TI(Hg) redox process

Fig. 5 shows the sampled-current voltammograms of the
TI* reduction at the uncoated and coated mercury electrodes.
The reduction of TI* at the uncoated electrode appears as
a reversible wave with a plateau height as predicted from
the Cottrell equation with the given experimental condi-
tions. A monolayer of DOPC on the electrode suppresses
the reduction. P11-2 modified DOPC facilitates TI* reduc-
tion and this is dependent to some extent on the P11-2
concentration in solution. P11-7 modified DOPC also facil-
itates TI* reduction but the height of the reduction wave is
not related to the peptide concentration in solution. P11-1

extracted from the data of DOPC—gramicidin A interaction facilitates TI* reduction to some extent but as with P11-
[33]. 7, there is no dependence of the height of the reduction

3
3 3
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1
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Fig. 5. Sampled-current voltammograms of the reduction of TI* in 0.1 mol dm~3 KCl and 0.001 mol dm 3 phosphate buffer with added T1(I) (10~* mol dm™3).
(a) No peptide in electrolyte at DOPC coated (filled triangle) and uncoated (cross) mercury, (b) and (¢) DOPC coated mercury with no peptide (filled triangle)
and the following added peptides to electrolyte: P11-1 (filled square), P11-6 (open circle), P11-7 (open triangle), P13-1 (cross) and P11-2 (filled circle) at
2.24 (b) and 8.96 (c) wmol dm~3. Symbols express mean, and error bars express total range, of current values from the cathodic and anodic train of pulses,
respectively. Where no error bars are observed, they are within the symbol size.



952 E. Protopapa et al. / Medical Engineering & Physics 28 (2006) 944-955

K=0.1+ 0.0004

8 k=23s1+ 0.4
het = -1
0.6 ki 0.0022 cm s
Y
61 curve‘a’ 3 04 s
N curve ‘b
0.2~
T
5 e cune
= 4 0.0 Lt;rve C
) 0 10 20 40x10°
2k
curve ‘b’
0 I 1 1 ]
0 10 20 30 40x10°

Fig. 6. Current transients in response to potential steps applied to mercury
electrodes in 0.1 mol dm~3 KCl and 0.001 mol dm~3 phosphate buffer with
10~* mol dm~3 TI. Curve ‘a’: transient arising from potential step (—0.2 to
—0.7 V) applied to uncoated mercury with no peptide in solution. Compar-
ison transient calculated from Cottrell equation (solid line). Curves ‘b’ and
‘c’: transients arising from potential step —0.2 to —0.7 V at DOPC coated
electrode with 2.24 wmol dm—3 peptides, P11-7 (curve ‘b’),and P13-1 (curve
‘c’) in solution, respectively. Fit of the exact (solid line) Eq. (2) describing
the current transient resulting from a C.E; electrode mechanism following
a potential step. K and k fitting errors expressed as +S.D. Current transient
calculated from approximate C.E; Eq. (3) using extracted coefficients K and
k (solid line).

wave with peptide concentration in solution. The remain-
ing peptides facilitate TI* reduction to a lesser extent. The
form of TI* reduction across the P11-2 and P11-7 modified
DOPC layer shows some form of plateau current whereas
TI* reduction through the P11-1 modified DOPC mono-
layer increases irregularly with increase in applied negative
potential.

Fig. 6 shows the nature of the T1* reduction current tran-
sient following a voltage pulse from —0.2 to —0.6 V applied
to the P11-7 modified DOPC coated electrode. The cur-
rent transient of TI* reduction at an uncoated mercury sur-
face is shown for comparison. The current transient at the
uncoated mercury surface conforms as expected to the Cot-
trell equation. The current transient at the peptide modified
DOPC coated electrode fits Eq. (2) and thus emulates that
observed for a C;E; reduction. At longer time scales the cur-
rent transient assumes the characteristics of that expected
for the diffusion of an ion to a heterogeneous reaction and
the plot for this is generated and displayed using the coef-
ficients K and k extracted from the fit of Eq. (2) to the
data. The initial decay in the transient fitted to Eq. (2)
could be interpreted as a relaxation of time constant ~k~!
due to a conformational change in the peptide. Values of K
and k and klfet which are a measure of TI* permeability in
the monolayer extracted from the Eq. (2) fit are displayed
in Fig. 6.

4. Discussion
4.1. Peptide interaction with phospholipid

Peptide interaction with DOPC depresses the capacitance
peaks because the peaks relate to phospholipid phase tran-
sitions whose occurrence is sensitive to the structure of the
layer [33]. In addition the capacitance peaks on the anodic
scan show greater depression than those on the cathodic scan.
The reason for this is that the anodic scan follows a cathodic
scan during which the potential is taken to a negative value,
—1.2'V, where the phospholipid layer is more permeable. In
this state the monolayer will be more available for interac-
tion with the peptide than in the impermeable state during the
cathodic scan.

The effect of the monolayer active peptides on the
impedance data is similar to that of gramicidin A [33]. The
introduction of the extra capacitative element in the complex
capacitance plot is related to the introduction of inhomogene-
ity into the monolayer. This concurs with an increase in the
ZFC which is related to a peptide of higher dielectric constant
penetrating the monolayer. The result is also commensurate
with the results from the application of Eq. (1) to the data
which shows a significant decrease of B from unity asso-
ciated with “surface roughness”. Of interest is the o value
which is less than that observed from gramicidin interaction
with DOPC [33]. A tentative explanation could be that the
gramicidin interaction leads to single molecule channels pen-
etrating the monolayer whereas the self-assembling peptide
permeabilisation is due to assemblies of peptide penetrating
the layer. These assemblies in contrast to single molecular
channels give rise to a more diffuse time constant in their
relaxation in the ac field.

The data from the capacitance—potential curves and the
impedance—frequency plots in the complex capacitance plane
categorise the peptides into two groups which relate to the
extent of interaction which they have with the DOPC mono-
layer. The first group contains the peptides which interact
weakly with the monolayer namely P11-6 and P11-1 and
the second group contains peptides which interact more
strongly with the monolayer namely P11-2, P13-1 and P11-
7. The main feature which separates these two groups is the
presence/absence of the aromatic residues tryptophan and
phenylalanine (see Scheme 1). Clearly the presence of such
aromatic amino acid residues in the peptide promotes inter-
action with the DOPC.

Out of the three peptides which interact more strongly with
the phospholipid monolayer, P11-2 permeabilises the layer
to TI* to the greatest extent. Permeabilisation can be due to
either disruption of the monolayer structure or channel forma-
tion. The similarity of the sampled-current voltammetry plots
to those facilitated on modification of DOPC with gramicidin
suggests that channel formation by the peptide might be the
factor increasing permeability. The form of the current—time
transient taken from the top of the current plateau is indica-
tive also of channel control of TI* transport through the
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monolayer and is similar to that resulting from gramicidin
channel transport. Further tests would need to be done with
other redox active ions to confirm channel activity from
the peptide. The transient shows the relaxation interpreted
previously as a conformational change associated with the
peptide. This relaxation is of longer duration (k~! ~ 45 ms)
than that associated with the gramicidin channel transport of
TI* (k! ~ 4 ms). The value of k5 of 2 x 1073 cms~! with
2.24 wmol dm—3 P11-7 in the electrolyte is smaller than the
value of klfet of ~9 x 1073 cms™! due to gramicidin perme-
abilisation with only 0.013 wmoldm™ gramicidin A in the
electrolyte.

The increase in the ZFC resulting from peptide interac-
tion indicates penetration of the DOPC dielectric by P11-2,
P11-7 and P13-1 (which is commensurate with channel for-
mation by the peptide) but not for P11-6 or P11-1. A rather
odd finding is that P13-1 which interacts with and penetrates
the phospholipid layer does not permeabilise the layer to T1*.
An explanation for this is that due to the increased number of
residues, the secondary structure of the peptide is not able to
form anion conducting moiety in the phospholipid layer since
the peptide length may not be compatible with the thickness
of the layer. A further anomaly is described in the following.
Peptide P11-1 does not show a significant interaction with
or penetration into the DOPC layer at low solution peptide
concentrations. However, this peptide facilitates the perme-
ability of TI* in the DOPC layer. The impedance data of
DOPC-P11-1 interaction suggests that channel formation is
unlikely thus the only explanation is that the peptide adsorbs
on the layer and this affects the distribution of DOPC in the
monolayer which facilitates TI* permeability.

4.2. Comparison with natural antimicrobial peptides

Based on the ac voltammetry data, the self-assembling
peptides appear to have a less destructive behaviour on the
DOPC monolayer compared with the antimicrobial peptide
magainin (2) [54,55]. Preliminary data obtained for magainin
(2) at 0.03-0.13 wmol dm 3 peptide concentration (data not
shown) display the same effect as that which the most DOPC-
active self-assembling peptides display at 2.24 wmol dm—3
peptide concentration. T1* permeability data supported these
data. In particular the addition of 0.06 wmol dm~> of antimi-
crobial peptide magainin (2) in solution facilitated T1* per-
meability through the monolayer five times more efficiently
than the addition of 2.24 wmol dm~3 of P11-2. Gramicidin A
also renders monolayers of DOPC four times more perme-
able to TI* at concentrations of gramicidin in solution 100
times lower than the self-assembling peptide (see above).

The self-assembling peptides also appear to have a
less destructive behaviour on the DOPC monolayer com-
pared with the antimicrobial peptide gramicidin A. About
0.13 wmoldm™> of gramicidin A peptide in solution
depresses the DOPC capacitance peak (capacitance peak 1,
cathodic scan) to ~25 wF cm™2 [33]. A similar capacitance
peak depression is obtained only with the addition of pep-

tide P11-2 at 1.12 pwmol dm—3 concentration in solution (see
Fig. 1). All the other peptides cause less capacitance peak
depression at all concentrations. Part of the reason for the
increased ability of magainin (2) and gramicidin A to parti-
tion into the monolayer at much lower solution concentration
is their water insolubility and hence greater hydrophobicity
than the synthetic self-assembling peptides.

4.3. Self-assembling state of the peptides in solution
prior to interaction with the lipid monolayer

The insertion and self-assembly behaviours of the peptides
in the lipid monolayer can only be thoroughly understood if
there is also a thorough understanding of the peptide self-
assembly behaviour in the electrolyte solution, i.e. the peptide
state prior to interactions with the lipid monolayer.

Previous studies have investigated the self-assembling
behaviour of peptides P11-1, P11-2, P11-6, P11-7 and P13-1
in a variety of solution conditions. The critical concentrations
(c”) of peptide in solution necessary for the start of B-sheet
self-assembly has thus been identified: 7 1 pmol dm™3
for P11-1 [42], 45+15pumoldm™ for P11-2 [37],
8 +2 umoldm~3 for P11-6 [42], 80 +20 wmoldm 3 for
P11-7 [43] and <2 pmol dm~3 for P13-1 [42]. These self-
assembling studies in solution have been carried out at neutral
pH ~ 7 in water in the absence of salt (low ionic strength solu-
tions). The electrochemical cell used for the studies presented
here was filled with aqueous solution at neutral pH ~ 7.6
in the presence of 0.1 moldm™3 KCl and 0.001 mol dm—3
phosphate buffer. ¢* values for zwitterionic peptides are not
expected to be significantly affected by the ionic strength
of the solution. Therefore, we may assume that the ¢~ values
determined for low ionic strength solution may also apply for
the peptides in the aqueous solution in the electrochemical
cell. If this assumption is correct then all the electrochemi-
cal studies of peptides P11-1, P11-2, P11-6 and P11-7 carried
out with peptide concentration 4.45 mmol dm =3 (<¢™) or less,
involved predominantly interactions of monomeric peptides
from solution with the lipid monolayer rather than interac-
tions of self-assembled (3-sheet peptide tapes with the lipid
monolayer. However, the situation is exactly the opposite one
for P13-1, due toits very low ¢ compared to all the other pep-
tides. All the electrochemical experiments carried out with
P13-1 employed peptide solutions with peptide concentra-
tions higher than ¢”. Therefore, in all the electrochemical
studies presented here, P13-1 is expected to interact with the
lipid monolayer as a mixture of monomeric peptides in coex-
istence with self-assembled beta-sheet tapes and fibrils.

4.4. Peptide interactions with a phospholipid monolayer
versus peptide interactions with a phospholipid bilayer

The interaction and self-assembly behaviour of peptides
P11-2, P11-7 and P13-1 with a black lipid membrane (BLM
technique) consisting of phosphatidylethanolamine (PE) and
PC have been previously studied [44]. All three peptides
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were found to penetrate the lipid bilayer and to self-assemble
into discrete transmembrane pores that acted as ion-channels.
P11-2 formed well-defined ion channels with low conduc-
tance values. P11-7 formed ion selective channels with a
similar conductance as P11-2 as well as occasional channels
with higher conductance.

P13-1 proved to be the most bilayer active of all three
peptides. Compared with the other two peptides, it formed a
far greater number of transmembrane channels. Furthermore
P13-1 channels had heterogeneous conductance values reach-
ing in certain cases very high values, indicating formation of
very large transmembrane pores. P13-1 has a higher over-
all fraction of hydrophobic character than P11-2 and P11-7.
Therefore, P13-1 is expected to be characterised by a higher
lipid membrane—water partition coefficient than P11-2 and
P11-7 and thus to have a higher tendency to partition into the
phospholipid membrane. In addition the longer hydrophobic
side of P13-1 is thought to match the hydrophobic thickness
of the lipid bilayer better, therefore P13-1 transmembrane
channels are expected to be more stable than those of P11-2
and P11-7.

Attenuated total reflection infrared spectroscopy (ATR-
IR) of P13-1 in PC lipid membranes indicated the formation
of transmembrane porin-like 3-barrel pores [44]. These BLM
and ATR-IR results of peptide interactions with a lipid bilayer
are partly consistent with the results of the present study
which reveal lipid interaction and facilitation of TI* perme-
ability caused by P11-2 and P11-7. However, the behaviour
of P13-1 is different when in contact with the lipid bilayer
as opposed to the lipid monolayer. The data of the present
study reveal a significant interaction of P13-1 with the lipid
monolayer but no increased TI* permeability. This may be
due to a different arrangement of P13-1 in the lipid monolayer
compared to the bilayer, due to their different hydrophobic
thicknesses.

5. Conclusions

The results show that the phospholipid-coated mercury
electrode can be used as an effective screening system for
the phospholipid membrane-activity of synthetic peptides,
including self-assembling peptides. This conclusion is based
on the following findings:

1. Out of five systematically varied (3-sheet self-assembling
peptides tested in the present study, P11-2, P11-7 and P13-
1 amphiphilic peptides, containing a tryptophan residue
each, showed the strongest interaction with a monolayer
of DOPC. This was based on impedance data of the DOPC
coated electrode. The same peptides in concurrent studies
have been shown to penetrate and modify phospholipid
bilayers.

2. The P11-2 and P11-7 amphiphilic peptides containing
tryptophan facilitated some permeability to T1* on interac-
tion with DOPC. The P11-1 polar peptide not containing

a tryptophan residue, surprisingly, also facilitated perme-
ability to TI*.

3. All self-assembling peptides were found to interact with
DOPC in a much weaker manner compared to the natural
antimicrobial peptides magainin (2) and gramicidin A.
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