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bstract

In the context of the medical applications of �-sheet self-assembling peptides, it is important to be able to predict their activity at the biological
embrane 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 �-sheet self-assembling peptides with DOPC monolayers on a mercury electrode is reported in this paper. Experiments
ere 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

he coated electrode in the presence and absence of the different peptides were measured using out-of-phase ac voltammetry. The frequency
ependence of the complex impedance of the coated electrode surfaces in the presence and absence of the peptides was estimated between
5,000 and 0.1 Hz at −0.4 V versus Ag/AgCl 3.5 mol−3 dm−3 KCl. The monolayer permeabilising properties of the peptides were studied

y following the reduction of Tl(I) to Tl(Hg) at the coated electrode. Of the five peptides studied, P11-2, P11-7 and P13-1 interact most
trongly with the DOPC layer. P11-1 which has a polar primary structure shows no obvious interaction with the phospholipid but surprisingly,
t permeabilises the phospholipid layer to Tl+.

2006 IPEM. Published by Elsevier Ltd. All rights reserved.
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. Introduction

The interaction of biologically active peptides with bio-
ogical membranes in particular the phospholipid component
as received much interest in the last decade [1–12]. The
esults have relevance to biological mechanisms since pep-
ide and protein interactions with biological membranes are
f great significance in many aspects of physiology [7], such
s cell signalling and toxicology. Of particular interest are
he antimicrobial peptides [1,2,5,6,9–12] and the membrane-

ctive peptides [3], which act by disrupting biological mem-
rane structure and function. The ability of antimicrobial
eptides to kill bacteria while not disrupting native cells is
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ttracting a great deal of attention, especially since traditional
ntibiotics are becoming increasingly difficult to produce and
ecause of increased bacterial mutation. The mechanism of
ction of antimicrobial peptides is not entirely understood,
ut it is clear that they interact not with membrane proteins,
ut with the lipid matrix itself, and therefore leave little or no
ossibility for mutation which could affect their performance.

Three models of membrane rupturing mechanisms have
een proposed to date: barrel-stave [13–17], carpet [18,19],
nd toroidal [20–22]. According to the barrel-stave model,
eptides bound to the membrane recognize each other and
ligomerize. Upon oligomerization, antimicrobial peptides
rient themselves, allowing the hydrophobic surface to inter-
ct with the hydrophobic core of the membrane and the
ydrophilic surface to point inward to create a hydrophilic

ransmembrane pore. The carpet model suggests that antimi-
robial peptides initially bind to and cover the surface of
he target membrane. The electrostatic interaction between
he peptide and the lipid head group imposes strain in the

s reserved.
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embrane, and membrane permeation is induced only at
ites where local peptide concentration is higher than certain
hreshold values. In the toroidal model, peptides similarly
ind and interact with lipid head groups, imposing a positive
urvature strain on the membrane (e.g., magainin 2) and pro-
ucing channels where the polar headgroup region expands
o form “toroidal” pores. In these mechanisms, the interaction
etween the phospholipid component of the membrane and
he peptide is often of particular importance [23,24]. Because
f this phospholipid–peptide interactions are the subject of
onsiderable interest.

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

In order to study the interaction of peptides with biologi-
al membranes, biological membrane models are often used
27]. These represent a significant approach since the experi-
ental conditions can be rigorously controlled and selective

spects of the interaction can be investigated. Membrane
odels used to study phospholipid–peptide interaction have

anged from free-standing bilayers [27] to monolayers at the
ir–water [28] interface to supported monolayers and bilayers
29]. One of the most powerful supported membrane mod-
ls available is that of a phospholipid monolayer/bilayer on
mercury electrode [30]. The great advantage is its inherent

eproducibility and ease of use and the ability to control the
otential and measure the current very precisely. The system
as acted as a good host for the gramicidin monomolecu-
ar channel so that channel function can be monitored using
he Tl+/Tl(Hg) system as a redox probe [31]. At the same
ime interactions with the phospholipid monolayer can be
nvestigated since the pure monolayer system is virtually
efect-free and self-sealing. Any modification to the struc-
ure can be easily monitored. Electrochemical methods of
mpedance are a very sensitive way to monitor the structure
nd properties of the layer and a novel impedance model has
een developed using the system to test it [32]. Recently an
nvestigation of the interaction of gramicidin peptide deriva-
ives with the monolayer was carried out using voltammetric
nd impedance techniques [33]. Results were encouraging
nd they correlated well with those of independent experi-
ents carried out with membrane models of monolayers at

he air–water interface. This has provided the instigation to
se the system to study interactions with other peptides. In
rder to isolate the molecular principles associated with the
nteraction it was deemed appropriate to use custom designed
eptides. In this case the type of phospholipid–peptide inter-
ction could be related to specific molecular characteristics.

This paper reports on the interaction of custom designed
eptides with phospholipid monolayers of dioleoyl phos-
hatidylcholine (DOPC) on mercury. The particular tech-

iques used were: (i) ac voltammetry to examine the effect
f peptide interaction on the phospholipid phase transitions
n capacitance–potential curves, (ii) ac impedance to look
t the extent of penetration of peptide into the monolayer

r
a
i
m
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nd any modifying effect on the monolayer structure from
mpedance–frequency data, and (iii) sampled-current voltam-

etry of the Tl+/Tl(Hg) redox probe to look for permeabil-
sing effects of the peptide.

In recent years, the biological �-sheet motif has been
xploited to design simple de novo peptides that self-
ssemble in a hierarchical manner to form a variety of
ell-defined twisted elongated nanostructures [34–37] such

s tapes (single molecule in thickness), ribbons (a pair of
tacked tapes back to back), fibrils (a bundle of stacked rib-
ons) and fibres (a pair of fibrils interacting edge-to-edge). A
heoretical model has been developed to rationalise this self-
ssembly process [38,39]. At concentrations typically higher
han 0.5% (v/v) in solution these micrometer-long aggre-
ates can form isotropic solid-like organogels and hydro-
els, as well as nematic liquid crystalline fluids and gels.
he self-assembly can be switched on or off by a variety
f external chemical triggers such as pH and ionic strength
40,41]. On the one hand these peptides provide an ideal
odel system for the investigation of the principles that

rive biomolecular peptide self-assembly, and in particular
he formation and stabilisation of elongated �-sheet struc-
ures, e.g. present in amyloid diseases. On the other hand
he mechanical, structural and bioactive properties as well as
he surface chemistry of these systems can be finely con-
rolled by appropriate peptide design. Therefore, there is
he opportunity to design self-assembling peptides with a
ombination of properties appropriate for specific applica-
ions, e.g. in the biomedical field such as scaffolds for tissue
ngineering, or biomaterials for personal care and dental
ygiene. In the light of these applications, it was considered
ppropriate to test the putative membrane-activity of these
-self-assembling peptides using the DOPC coated electrode
ystem.

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

. Experimental

.1. Apparatus and materials

Two distinct measurements were carried out using the
lectrochemical apparatus. The first series of measurements
ocused on impedance measurements in which no faradaic
rocess is involved. These experiments concentrated on
apacitive elements [30,32,33]. The second series investi-
ated the transport of Tl+ ions in which a faradaic process
s involved [31]. The rationale for using Tl+ as a probe is the
ollowing. (1) Tl+ is isoelectronic with K+ and thus it is an
ffective probe for this ion’s behaviour and the alkali metal
ons in general. (2) Tl+ undergoes a rapid reversible redox

eaction on the mercury surface with a reduction potential at
bout −0.42 V versus Ag/AgCl, 3.5 mol dm−3 KCl which is
n the potential domain of the low capacity and ion imper-

eable region of the DOPC monolayer. As a consequence
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Scheme 1.
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n the presence of the DOPC monolayer the electrochemical
eduction of Tl+ is suppressed because Tl+ is denied access
o the mercury surface. When the DOPC monolayer is per-

eabilised a reduction current of Tl+ is observed. The results
f both impedance and voltammetric measurements are con-
idered in terms of the properties of the phospholipid and
odified phospholipid monolayer.
A home made potentiostat connected to a function

enerator and lock-in-amplifier interfaced to a MacLab
cquisition board and software was used to measure
apacitance–potential curves of the coated electrodes. An
utolab system, FRA and PGSTAT 30 interface (Ecochemie,
trecht, The Netherlands), controlled with Autolab software,
as used in all the impedance versus frequency measure-
ents of the coated electrodes. A home made potentiostat

onnected to a MacLab acquisition board and software (AD
nstruments Ltd.) was used in the sampled-current voltam-
etry experiments to measure the reduction of Tl+. The

xperiments were performed in a standard three electrode
ell. An Ag/AgCl, 3.5 mol dm−3 KCl reference electrode
ith a porous sintered glass frit separating the 3.5 mol dm−3

Cl solution from the electrolyte served as reference and
platinum bar served as counter electrodes located on

ither side of the working electrode, respectively. In the
mpedance–frequency measurements, a solution resistance of
round 280–300 � was recorded for the cell [32,33]. Diag-
ostic plots of the impedance data showed it to be that of
n RC series circuit as before [32,33]. There was a distinct
bsence of instability at high frequencies and for this rea-
on, the use of a fourth pseudo-reference electrode was not
onsidered necessary at this stage.

The electrolyte, KCl (0.1 mol dm−3) was prepared from
nalar KCl (Fisher Chemicals Ltd.) calcined at 600 ◦C

nd dissolved in 18.2 M� MilliQ water with added
.001 mol dm−3 phosphate buffer. A blanket of argon gas
as maintained above the fully deaerated electrolyte dur-

ng all experiments. Monolayers of DOPC were prepared as
escribed earlier [30–33] by initially spreading 13 �dm3 of
2 mg cm−3 solution of DOPC in pentane (HPLC grade,

isher Scientific Chemicals Ltd.) at the argon–electrolyte
nterface in the electrochemical cell [30–33]. The working
olution of DOPC was obtained by dilution of the 20 mg cm−3

tock solution (Lipid Products, UK). A fresh mercury drop
area, A = 0.0092 cm2) was coated with the spread phospho-
ipid [30–33] layer at the argon–electrolyte interface prior
o each series of experiments to give a monolayer coated
lectrode.

Aliquots of the respective working solutions of peptide
ere injected below the layer into the electrolyte. The solu-

ion was then gently stirred for 5 min. The phospholipid
onolayer was then deposited on the electrode. Such lay-

rs in this study are referred to as peptide modified layers

egardless of the extent of interaction. In the experiments
tudying the Tl(I)/Tl(Hg) reduction, TlNO3 (Sigma Products)
as employed to prepare the stock solution (0.1 mol dm−3)

rom which aliquots were added to the electrolyte.

h
c
f
R
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.2. Electrochemical impedance

Measurements of capacity versus potential for the coated
lectrode were carried out by measuring the out-of-phase cur-
ent (I′′) at potentials between −0.2 and −1.2 V at a frequency
f) of 75 Hz with 0.0046 Vrms (�V) using the ac voltammetric
ethod. Capacitance (Cd) was calculated from the I′′ value

sing the equation Cd = (I′′/A�Vω) whereω is the angular fre-
uency (=2πf) assuming RC series behaviour of the cell [30].

The capacitance–potential curve of the DOPC coated elec-
rode was recorded prior to each experiment. At least two
apacitance–potential curves following respective deposi-
ions on a fresh electrode surface were recorded for the
ndividual peptide–phospholipid interactions.

Measurements of the impedance (Z) versus frequency of
he electrode systems using frequencies logarithmically dis-
ributed from 65,000 to 0.1 Hz, 0.005 Vrms at potentials of

0.4 V were carried out on the coated electrode systems.
he impedance versus frequency plot of the DOPC coated
lectrode was recorded prior to each experiment. At least
hree impedance versus frequency plots following respective
epositions on the fresh electrode surface were recorded for
he individual peptide–phospholipid interactions. The exper-
mental conditions for the measurement of impedance are
isted in the following. For one measurement, one cycle was
sed except when the cycle was less than 1 s, in which case,
he measurement time was 1 s. In order to reach steady state,
0 cycles were used except when 10 cycles lasted more
han 3 s, in which case, 3 s were used. Each frequency scan
ook 5 min with the potential continually applied commenc-
ng with the highest frequency. These time intervals are a
ompromise in providing sufficient time to carry out the mea-
urement and reaching steady state, whilst still enabling all
he experiments to be done within a specified time period on
ne phospholipid layer without altering the structure of the
ayer. No significant difference in the spectra was noted when
onger equilibration periods were used before each experi-

ent. The impedance data were transformed to the complex
apacitance plane and the complex capacitance axes were
xpressed as Re Yω−1 and Im Yω−1, respectively. This was
one using the EXCEL (Microsoft) spreadsheet. Curve fit-
ing of the data was carried out using IGOR (Wavemetrics)
n the same way as described previously [32,33].

Due to the absence of any electroactive component, the
implest equivalent circuit model is the uncompensated solu-
ion resistance (Ru) of the cell and the capacitance (C) of the
orking electrode in series [45]. Ru can be determined by

xtrapolating the Im Z versus Re Z plot to the Re Z axis [46]. In
he complex capacitance plane, values of Re Yω−1 were plot-
ed against Im Yω−1 for all values of frequency [46–48]. For
series RC circuit, the Re Yω−1 versus Im Yω−1 plots gives
single semi-circle for the RC element, where the capacitor

as no frequency dispersion. The extrapolation of this semi-
ircle to the Im Yω−1 axis at low frequency gives the zero
requency capacitance (ZFC equivalent to C) [46–48] of the
C circuit which is therefore an empirical quantity. When
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pplied to the phospholipid-coated electrode any additional
lements to the RC semi-circle at lower frequencies will cor-
espond to properties of the phospholipid layer. Further, if the
emi-circle representing the RC element is not perfect [49],
he non-ideality of the capacitor is indicated. This can be due
o dielectric relaxations coupled to the RC charging process
nd to additional circuit elements at the interface between the
apacitor and the solution resistance [50].

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

= 1

R + 1
(iω)βω

1−β

0

[
Cs−Cinf
1+(iωτ)α +Cinf

] (1)

n Eq. (1), Y is the admittance, R equivalent to the uncom-
ensated solution resistance (Ru), Cinf equivalent to the zero
requency capacitance (ZFC) of the monolayer, Cs − Cinf the
dditional low frequency capacitative element with relax-
tion time constant, (τ), α the coefficient which represents
he distribution of time constants around a most probable
alue (the lower the α value below unity, the more diffuse the
istribution) and β is the coefficient which characterises non-
dealities at the interface between R and C and is equivalent
o a “surface roughness” [49] (the lower the β value below
nity, the more non-ideal or “rougher” the interface). ω

1−β
0

s a dummy constant which corrects for units.

.3. Electrochemistry of Tl+/Tl(Hg)

The following procedure [31] was taken to measure the
eptide permeabilising activity to Tl+ of the monolayer.
ubsequent to deaeration of the electrolyte, 10−4 mol dm−3

l(I) was added from the stock solution. The DOPC layer
as then spread on the electrolyte and transferred to the

lectrode. A cyclic voltammogram was recorded to check the
mpermeability of the deposited layer. Following addition of
eptide to the electrolyte and stirring, the phospholipid layer
as deposited on the electrode surface. A series of voltage
ulses from −0.2 V to potentials from −0.3 to −0.7 V and
ack were initiated and the current transients recorded. The
ulses were 40 ms long and the currents were sampled at
0 kHz with a 20 kHz low pass filter. A delay period of 15 s
etween each pulse enabled the establishment of initial con-
entration conditions. After the pulsing programme had been
erformed, an ac out-of-phase voltammogram was recorded
o ensure that the phospholipid layer had not degraded
uring the experiment. Pulse transients were analysed by
ampling the current transient after a time interval of 2.5 ms
rom the beginning of the pulse and plotting this current
alue against potential as a sampled-current voltammogram.
he currents were measured for the cathodic train of pulses
nd the anodic train of pulses. The mean current value and

he range between the two values expressed as an error bar
ere recorded at each potential.
The entire current transient was fitted to the model describ-

ng a homogeneous chemical reaction preceding a rapid elec-

i

t
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ron transfer (CrEr mechanism). The equation characterising
his model is written as [51]:

(t) = FAD1/2c0

1 − K2 ×
[

K(e−kt − K)

π1/2t1/2 + eBt{[K(k + B)1/2

× erf[(k + B)1/2t1/2]] − B1/2erf(B1/2t1/2)}
]

(2)

n Eq. (2), k = k1 + k−1 and k1 and k−1 are the forward
nd reverse homogeneous rate constants, respectively of the
hemical step of which K( = k1/k−1) is the equilibrium con-
tant. k represents the rate of attainment of chemical equi-
ibrium prior to the charge transfer. B = K2k/(1 − K2). The
mportant feature of Eq. (2) is that it is valid for all values
f K provided k−1 > k1 and for current data obtained over
ll real time. This equation simplifies to the following equa-
ion at longer time scales where khet

1 = Kk1/2D1/2 [52] and
het
1 is a heterogeneous rate constant describing the intrinsic
onolayer permeability to Tl+ at a specified potential:

=FAc0k
het
1 exp

((
(khet

1 )
2

D

)
t

)
erfc

((
khet

1

D1/2

)
t1/2

)
(3)

xpressed in this way, Eq. (3) is referred to as the approxi-
ate equation describing the potential step current transient

esulting from the CrEr mechanism [53]. When Eq. (2) is fit-
ed to the current transients, the time constant of the initial
xponential decay corresponds to k−1 [31,52].

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

.4. Preparation of peptide solutions

Peptide production was carried out using standard solid
hase Fmoc peptide synthesis protocol. The HPLC-purified
eptides were checked by analytical HPLC, mass spectrom-
try and amino acid analysis. The mass spectra showed in
ach case only one main peak corresponding to the expected
olecular weights: 1497.5 Da for P11-1, 1594 Da for P11-2,

452.6 Da for P11-6, 1346.7 Da for P11-7 and 1896 Da for
13-1.

Peptides were dissolved in 3,3,3,trifluoroethanol (TFE)
Fisher Chemicals Ltd.) at 5 g dm−3, vortexed and sonicated
ntil a homogenous solution was obtained, and immediately
istributed in aliquots to different vials and kept in the freezer.
ne vial was taken out of the freezer before the start of an

xperiment. The remainder of the solution in a vial was dis-
arded at the end of the experiment.

. Results

.1. Effect of peptide interaction with DOPC on the

mpedance of the monolayer

Figs. 1 and 2 show the effect of the addition of peptide
o the electrolyte on representative capacitance–potential
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ig. 1. Representative capacity–potential curves recorded on cathodic volta
hosphate buffer with (a) no added peptide (capacitance peaks 1 and 2 ind
11-6, (d) P11-7, (e) P13-1 and (f) P11-2.

urves (cathodic (Fig. 1) and anodic (Fig. 2) scans) of the

OPC monolayer. The effect of the peptides in solution

1.12 �mol dm−3) in depressing capacitance peak 1 on
he forward scan follows the order for increasing sup-
ression: P11-1 < P11-6 � P11-7 ∼= P13-1 ∼= P11-2. This

f
p
i
e

ig. 2. Representative capacity–potential curves recorded on anodic voltage swee
hosphate buffer and (a) no added peptide (capacitance peaks 1 and 2 indicated) a
11-6, (d) P11-7, (e) P13-1 and (f) P11-2.
ep of DOPC coated electrodes in 0.1 mol dm−3 KCl with 0.001 mol dm−3

and (b)–(f) 1.2 �mol dm−3 of the following added peptides: (b) P11-1, (c)

ffect is more significant on the reverse scans than the

orward scans and the order of peptides in increasing
eak suppression resulting from their presence in solution
s: P11-6 < P11-1 � P11-2 ∼= P11-7 ∼= P13-1. This is also
vident in Fig. 3 which shows the effect of the peptide

p of DOPC coated electrodes in 0.1 mol dm−3 KCl with 0.001 mol dm−3

nd (b)–(f) 1.2 �mol dm−3 of the following added peptides: (b) P11-1, (c)
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Fig. 3. Capacitance value of capacitance peak 1 from capacity–potential
curves recorded on anodic voltage sweep of DOPC coated electrodes in
0.1 mol dm−3 KCl with 0.001 mol dm−3 phosphate buffer and the following
a
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dded peptides: P11-1 (filled square), P11-6 (open circle), P11-7 (open tri-
ngle), P13-1 (cross) and P11-2 (filled circle). Symbols express mean, and
rror bars express total range, of two or more measurements. Where no error
ars are observed, they are within the symbol size.
nteraction on capacitance peak 1 throughout the range of
oncentrations of the peptide in solution where the order
f effect is more or less retained. The clearest difference
n effect on the monolayer capacitance–potential curve

h
t
s
i

ig. 4. Plots in complex capacitance plane of representative impedance data derive
nd (a) no added peptide and (b)–(f) 2.24 �mol dm−3 of the following added peptid
ata shown as solid line. Numbers on the plots indicate frequencies of adjacent data
, 5.61; 2, 4.42; 4, 2.05; 5, 0.87.
g & Physics 28 (2006) 944–955

etween the first group of peptides, P11-6 and P11-1 and
he second group of peptides, P11-2, P11-7 and P13-1 is
oted for the 1.2 nmol dm−3 peptide additions. The markers
nd error bars in Fig. 3 express means and range of values,
espectively. In general two or more measurements were
aken relating to each peptide–DOPC interaction. The peak
eight of the capacitance peak of the pure DOPC coated
lectrode was recorded from all the measurements.

Fig. 4 shows plots in the complex capacitance plane of
ransformed impedance data obtained from DOPC coated

ercury in solutions with added peptides (2.24 �mol dm−3).
ontrol experiments without peptide added to the electrolyte
ere also carried out. The most accessible parameter is the

ero frequency capacitance (ZFC) which can be measured
irectly from the complex capacitance plots. The order of
eptide which causes the increase in ZFC of the monolayer in
rder of increasing effect is: P11-6 ∼= P11-1 < P11-2 ∼= P13-
< P11-7. In addition it is only peptides P11-2, P13-1 and
11-7 which give rise to a significant second capacitative
lement outside of the RC semi-circle. The model of White-

ouse et al. [32,33] (Eq. (1)) was applied to the data from
he interaction of P11-7 with DOPC which shows the most
ignificant extra capacitative element. The fit is displayed
n Fig. 4. Results for the coefficients together with their

d from DOPC in 0.1 mol dm−3 KCl with 0.001 mol dm−3 phosphate buffer
es: (b) P11-1, (c) P11-6, (d) P13-1, (e) P11-2 and (f) P11-7. Fit of Eq. (1) to
points expressed as and representing values in log(ω (rad s−1)) as follows:
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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 �mol dm−3

P11-7
0.13 �mol dm−3

gramicidin A [33]

α 0.58 ± 0.02 1 ± 0.04
β 0.989 ± 0.003 0.981 ± 0.001
C
τ

e
w
t
e
e
[

3
T

T
T
a
t
t
t
t
c

F
(
a
2
r

s − Cinf (�F cm−2) 23 ± 5 8.8 ± 5.2
(s) 13.01 ± 7.3 5.8 ± 4

rrors are displayed in Table 1. These values are compared
ith those derived from the impedance data for DOPC in
he presence of gramicidin derivatives [33]. The main differ-
nce is the decreased α value which is close to unity when
xtracted from the data of DOPC–gramicidin A interaction
33].
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n
f
7

ig. 5. Sampled-current voltammograms of the reduction of Tl+ in 0.1 mol dm−3 KC
a) No peptide in electrolyte at DOPC coated (filled triangle) and uncoated (cross) m
nd the following added peptides to electrolyte: P11-1 (filled square), P11-6 (ope
.24 (b) and 8.96 (c) �mol dm−3. Symbols express mean, and error bars express t
espectively. Where no error bars are observed, they are within the symbol size.
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.2. Effect of peptide interaction with DOPC on the
l(I)/Tl(Hg) redox process

Fig. 5 shows the sampled-current voltammograms of the
l+ reduction at the uncoated and coated mercury electrodes.
he reduction of Tl+ at the uncoated electrode appears as
reversible wave with a plateau height as predicted from

he Cottrell equation with the given experimental condi-
ions. A monolayer of DOPC on the electrode suppresses
he reduction. P11-2 modified DOPC facilitates Tl+ reduc-
ion and this is dependent to some extent on the P11-2
oncentration in solution. P11-7 modified DOPC also facil-

tates Tl+ reduction but the height of the reduction wave is
ot related to the peptide concentration in solution. P11-1
acilitates Tl+ reduction to some extent but as with P11-
, there is no dependence of the height of the reduction

l and 0.001 mol dm−3 phosphate buffer with added Tl(I) (10−4 mol dm−3).
ercury, (b) and (c) DOPC coated mercury with no peptide (filled triangle)

n circle), P11-7 (open triangle), P13-1 (cross) and P11-2 (filled circle) at
otal range, of current values from the cathodic and anodic train of pulses,
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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
10−4 mol dm−3 Tl. 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 �mol 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 CrEr electrode mechanism following
a potential step. K and k fitting errors expressed as ±S.D. Current transient
calculated from approximate CrEr Eq. (3) using extracted coefficients K and
k
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(solid line).

ave with peptide concentration in solution. The remain-
ng peptides facilitate Tl+ reduction to a lesser extent. The
orm of Tl+ reduction across the P11-2 and P11-7 modified
OPC layer shows some form of plateau current whereas
l+ reduction through the P11-1 modified DOPC mono-

ayer increases irregularly with increase in applied negative
otential.

Fig. 6 shows the nature of the Tl+ reduction current tran-
ient following a voltage pulse from −0.2 to −0.6 V applied
o the P11-7 modified DOPC coated electrode. The cur-
ent transient of Tl+ reduction at an uncoated mercury sur-
ace is shown for comparison. The current transient at the
ncoated mercury surface conforms as expected to the Cot-
rell equation. The current transient at the peptide modified
OPC coated electrode fits Eq. (2) and thus emulates that
bserved for a CrEr reduction. At longer time scales the cur-
ent transient assumes the characteristics of that expected
or the diffusion of an ion to a heterogeneous reaction and
he plot for this is generated and displayed using the coef-
cients K and k extracted from the fit of Eq. (2) to the
ata. The initial decay in the transient fitted to Eq. (2)
ould be interpreted as a relaxation of time constant ∼k−1
ue to a conformational change in the peptide. Values of K
nd k and khet

1 which are a measure of Tl+ permeability in
he monolayer extracted from the Eq. (2) fit are displayed
n Fig. 6.
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. Discussion

.1. Peptide interaction with phospholipid

Peptide interaction with DOPC depresses the capacitance
eaks because the peaks relate to phospholipid phase tran-
itions whose occurrence is sensitive to the structure of the
ayer [33]. In addition the capacitance peaks on the anodic
can show greater depression than those on the cathodic scan.
he reason for this is that the anodic scan follows a cathodic
can during which the potential is taken to a negative value,
1.2 V, where the phospholipid layer is more permeable. In

his state the monolayer will be more available for interac-
ion with the peptide than in the impermeable state during the
athodic scan.

The effect of the monolayer active peptides on the
mpedance data is similar to that of gramicidin A [33]. The
ntroduction of the extra capacitative element in the complex
apacitance plot is related to the introduction of inhomogene-
ty into the monolayer. This concurs with an increase in the
FC which is related to a peptide of higher dielectric constant
enetrating the monolayer. The result is also commensurate
ith the results from the application of Eq. (1) to the data
hich shows a significant decrease of β from unity asso-

iated with “surface roughness”. Of interest is the α value
hich is less than that observed from gramicidin interaction
ith DOPC [33]. A tentative explanation could be that the
ramicidin interaction leads to single molecule channels pen-
trating the monolayer whereas the self-assembling peptide
ermeabilisation is due to assemblies of peptide penetrating
he layer. These assemblies in contrast to single molecular
hannels give rise to a more diffuse time constant in their
elaxation in the ac field.

The data from the capacitance–potential curves and the
mpedance–frequency plots in the complex capacitance plane
ategorise the peptides into two groups which relate to the
xtent of interaction which they have with the DOPC mono-
ayer. The first group contains the peptides which interact
eakly with the monolayer namely P11-6 and P11-1 and

he second group contains peptides which interact more
trongly with the monolayer namely P11-2, P13-1 and P11-
. The main feature which separates these two groups is the
resence/absence of the aromatic residues tryptophan and
henylalanine (see Scheme 1). Clearly the presence of such
romatic amino acid residues in the peptide promotes inter-
ction with the DOPC.

Out of the three peptides which interact more strongly with
he phospholipid monolayer, P11-2 permeabilises the layer
o Tl+ to the greatest extent. Permeabilisation can be due to
ither disruption of the monolayer structure or channel forma-
ion. The similarity of the sampled-current voltammetry plots
o those facilitated on modification of DOPC with gramicidin

uggests that channel formation by the peptide might be the
actor increasing permeability. The form of the current–time
ransient taken from the top of the current plateau is indica-
ive also of channel control of Tl+ transport through the
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onolayer and is similar to that resulting from gramicidin
hannel transport. Further tests would need to be done with
ther redox active ions to confirm channel activity from
he peptide. The transient shows the relaxation interpreted
reviously as a conformational change associated with the
eptide. This relaxation is of longer duration (k−1 ∼ 45 ms)
han that associated with the gramicidin channel transport of
l+ (k−1 ∼ 4 ms). The value of khet

1 of 2 × 10−3 cm s−1 with
.24 �mol dm−3 P11-7 in the electrolyte is smaller than the
alue of khet

1 of ∼9 × 10−3 cm s−1 due to gramicidin perme-
bilisation with only 0.013 �mol dm−3 gramicidin A in the
lectrolyte.

The increase in the ZFC resulting from peptide interac-
ion indicates penetration of the DOPC dielectric by P11-2,
11-7 and P13-1 (which is commensurate with channel for-
ation by the peptide) but not for P11-6 or P11-1. A rather

dd finding is that P13-1 which interacts with and penetrates
he phospholipid layer does not permeabilise the layer to Tl+.
n explanation for this is that due to the increased number of

esidues, the secondary structure of the peptide is not able to
orm an ion conducting moiety in the phospholipid layer since
he peptide length may not be compatible with the thickness
f the layer. A further anomaly is described in the following.
eptide P11-1 does not show a significant interaction with
r penetration into the DOPC layer at low solution peptide
oncentrations. However, this peptide facilitates the perme-
bility of Tl+ in the DOPC layer. The impedance data of
OPC–P11-1 interaction suggests that channel formation is
nlikely thus the only explanation is that the peptide adsorbs
n the layer and this affects the distribution of DOPC in the
onolayer which facilitates Tl+ permeability.

.2. Comparison with natural antimicrobial peptides

Based on the ac voltammetry data, the self-assembling
eptides appear to have a less destructive behaviour on the
OPC monolayer compared with the antimicrobial peptide
againin (2) [54,55]. Preliminary data obtained for magainin

2) at 0.03–0.13 �mol dm−3 peptide concentration (data not
hown) display the same effect as that which the most DOPC-
ctive self-assembling peptides display at 2.24 �mol dm−3

eptide concentration. Tl+ permeability data supported these
ata. In particular the addition of 0.06 �mol dm−3 of antimi-
robial peptide magainin (2) in solution facilitated Tl+ per-
eability through the monolayer five times more efficiently

han the addition of 2.24 �mol dm−3 of P11-2. Gramicidin A
lso renders monolayers of DOPC four times more perme-
ble to Tl+ at concentrations of gramicidin in solution 100
imes lower than the self-assembling peptide (see above).

The self-assembling peptides also appear to have a
ess destructive behaviour on the DOPC monolayer com-
ared with the antimicrobial peptide gramicidin A. About

.13 �mol dm−3 of gramicidin A peptide in solution
epresses the DOPC capacitance peak (capacitance peak 1,
athodic scan) to ∼25 �F cm−2 [33]. A similar capacitance
eak depression is obtained only with the addition of pep-

P
t
P
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ide P11-2 at 1.12 �mol dm−3 concentration in solution (see
ig. 1). All the other peptides cause less capacitance peak
epression at all concentrations. Part of the reason for the
ncreased ability of magainin (2) and gramicidin A to parti-
ion into the monolayer at much lower solution concentration
s their water insolubility and hence greater hydrophobicity
han the synthetic self-assembling peptides.

.3. Self-assembling state of the peptides in solution
rior to interaction with the lipid monolayer

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

Previous studies have investigated the self-assembling
ehaviour of peptides P11-1, P11-2, P11-6, P11-7 and P13-1
n a variety of solution conditions. The critical concentrations
c*) of peptide in solution necessary for the start of �-sheet
elf-assembly has thus been identified: 7 ± 1 �mol dm−3

or P11-1 [42], 45 ± 15 �mol dm−3 for P11-2 [37],
± 2 �mol dm−3 for P11-6 [42], 80 ± 20 �mol dm−3 for
11-7 [43] and <2 �mol dm−3 for P13-1 [42]. These self-
ssembling studies in solution have been carried out at neutral
H ∼ 7 in water in the absence of salt (low ionic strength solu-
ions). The electrochemical cell used for the studies presented
ere was filled with aqueous solution at neutral pH ∼ 7.6
n the presence of 0.1 mol dm−3 KCl and 0.001 mol dm−3

hosphate buffer. c* values for zwitterionic peptides are not
xpected to be significantly affected by the ionic strength
f the solution. Therefore, we may assume that the c* values
etermined for low ionic strength solution may also apply for
he peptides in the aqueous solution in the electrochemical
ell. If this assumption is correct then all the electrochemi-
al studies of peptides P11-1, P11-2, P11-6 and P11-7 carried
ut with peptide concentration 4.45 mmol dm−3 (<c*) or less,
nvolved predominantly interactions of monomeric peptides
rom solution with the lipid monolayer rather than interac-
ions of self-assembled �-sheet peptide tapes with the lipid

onolayer. However, the situation is exactly the opposite one
or P13-1, due to its very low c* compared to all the other pep-
ides. All the electrochemical experiments carried out with
13-1 employed peptide solutions with peptide concentra-

ions higher than c*. Therefore, in all the electrochemical
tudies presented here, P13-1 is expected to interact with the
ipid monolayer as a mixture of monomeric peptides in coex-
stence with self-assembled beta-sheet tapes and fibrils.

.4. Peptide interactions with a phospholipid monolayer
ersus peptide interactions with a phospholipid bilayer
The interaction and self-assembly behaviour of peptides
11-2, P11-7 and P13-1 with a black lipid membrane (BLM

echnique) consisting of phosphatidylethanolamine (PE) and
C have been previously studied [44]. All three peptides
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ere found to penetrate the lipid bilayer and to self-assemble
nto discrete transmembrane pores that acted as ion-channels.
11-2 formed well-defined ion channels with low conduc-

ance values. P11-7 formed ion selective channels with a
imilar conductance as P11-2 as well as occasional channels
ith higher conductance.
P13-1 proved to be the most bilayer active of all three

eptides. Compared with the other two peptides, it formed a
ar greater number of transmembrane channels. Furthermore
13-1 channels had heterogeneous conductance values reach-

ng in certain cases very high values, indicating formation of
ery large transmembrane pores. P13-1 has a higher over-
ll fraction of hydrophobic character than P11-2 and P11-7.
herefore, P13-1 is expected to be characterised by a higher

ipid membrane–water partition coefficient than P11-2 and
11-7 and thus to have a higher tendency to partition into the
hospholipid membrane. In addition the longer hydrophobic
ide of P13-1 is thought to match the hydrophobic thickness
f the lipid bilayer better, therefore P13-1 transmembrane
hannels are expected to be more stable than those of P11-2
nd P11-7.

Attenuated total reflection infrared spectroscopy (ATR-
R) of P13-1 in PC lipid membranes indicated the formation
f transmembrane porin-like �-barrel pores [44]. These BLM
nd ATR-IR results of peptide interactions with a lipid bilayer
re partly consistent with the results of the present study
hich reveal lipid interaction and facilitation of Tl+ perme-

bility caused by P11-2 and P11-7. However, the behaviour
f P13-1 is different when in contact with the lipid bilayer
s opposed to the lipid monolayer. The data of the present
tudy reveal a significant interaction of P13-1 with the lipid
onolayer but no increased Tl+ permeability. This may be

ue to a different arrangement of P13-1 in the lipid monolayer
ompared to the bilayer, due to their different hydrophobic
hicknesses.

. Conclusions

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

. Out of five systematically varied �-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.

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

[

[

g & Physics 28 (2006) 944–955

a tryptophan residue, surprisingly, also facilitated perme-
ability to Tl+.

. 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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