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’ INTRODUCTION

Ion channel forming peptides and proteins have various
important biological functions, such as the transmission of informa-
tion in the nervous system,1 excitation of cells,2 and antimicrobial
activity.3 The antimicrobial activity of ion channel forming peptides
has been recognized recently as a possible path for the treatment
of antibiotic-resistant bacterial infections.4,5 Studies of the prop-
erties of peptides in a model membrane provide insight into the
mechanisms of their antibiotic activity and can determine the
type of cellular damage induced by peptides.5 These studies showed
that there are definite relationships between membrane compo-
sition and peptide activity that could be relevant to the design
and synthesis of new antimicrobial peptide pharmaceuticals.4

Additionally, studies of ion channels in lipid bilayers are of interest
for the development of biochemical sensors.6 For these purposes,
the structure and conformation of lipids and proteins in the
membrane matrix have to be well understood.

The linear gramicidins are the best understood peptide
antibiotics,7�10 and hence, they are ideal model systems to
investigate the properties of this class of peptides in the lipid
environment. Gramicidin is a 15 amino acid membrane spanning
peptide that forms ion channels.11,12 In Gramicidin A, the amino
acid sequence is as follows: HCO-LVal-Gly-LAla-DLeu-LAla-
DVal-LVal-DVal-LTrp-DLeu-LTrp-DLeu-LTrp-DLeu-LTrp-
NHCH2CH2OH. All of the residues in GD are neutral and

hydrophobic. Moreover, they alternate between L- and D-chiral-
ities. These features of GD lead to the formation of helices that
have a β-sheet hydrogen bonding pattern with all the residues
projecting from one side of the sheet. These β-helices are
characterized by a hydrophilic lumen formed by the backbone
of the peptide while the residue side chains protrude outward and
form the hydrophobic outer surface.13 The peptide structure
displays polymorphism and, depending on the environment,
forms either single-stranded or double-stranded helices denoted
as βm wherem is the total number of residues (L plus D) per turn.
Here, we will consider only the double-stranded β5.6 and single-
stranded β6.3 structures. When β6.3 gramicidin molecules are
present in the two leaflets of a bilayer, they may form dimers that
are stabilized by six hydrogen bonds between two N-end to
N-end oriented molecules to create monovalent cation conduc-
tive channels spanning the membrane.7,8,14�16

The conductivity of the gramicidin channels has been extensively
investigated using bilayer lipid membranes (BLMs) formed in a
small hole of a diaphragmseparating two electrolyte solutions,7,8,14�16

in tethered17�19 or floating bilayers,20,21 supported on a gold elec-
trode surface, or in phospholipid monolayers deposited on
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ABSTRACT: Langmuir�Blodgett and Langmuir�Schaeffer
methods were employed to deposit a mixed bilayer consisting
of 90% of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and 10% of gramicidin (GD), a short 15 residue ion channel
forming peptide, onto a Au(111) electrode surface. This
architecture allowed us to investigate the effect of the electro-
static potential applied to the electrode on the orientation and
conformation of DMPCmolecules in the bilayer containing the
ion channel. The charge density data were determined from
chronocoulometry experiments. The electric field and the
potential across the membrane were determined through the use of charge density curves. The magnitudes of potentials across
the gold-supported biomimetic membrane were comparable to the transmembrane potential acting on a natural membrane. The
information regarding the orientation and conformation of DMPC and GD molecules in the bilayer was obtained from photon
polarization modulation infrared reflection absorption spectroscopy (PMIRRAS) measurements. The results show that the bilayer
is adsorbed, in direct contact with the metal surface, when the potential across the interface is more positive than�0.4 V and is lifted
from the gold surface when the potential across the interface is more negative than�0.4 V. This change in the state of the bilayer has
a significant impact on the orientation and conformation of the phospholipid and gramicidin molecules. The potential induced
changes in the membrane containing peptide were compared to the changes in the structure of the pure DMPC bilayer determined
in earlier studies.
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the surface of a mercury electrode.22�27 These studies have
established that in bilayers the channel is gated by formation of
the dimer and that the conductance through the channel is depen-
dent on the potential applied across the membrane. These
studies involved only electrochemical measurements, and in
the absence of additional molecular level information, their inter-
pretation was based on modeling.

However, there is quite exhaustive literature describingNMR,28�30

X-ray scattering,31 and circular dichroism (CD)32,33 studies of gram-
icidin in phospholipid matrices in nonconductive samples such
as stacks of multiple bilayers,28�30 bilayers supported on non-
conductive surfaces,34�36and solutions of vesicles.32,33 Several
groups have studied membrane-bound GD samples using IR
spectroscopy.35,37�46 There are two excellent reviews that de-
scribe these structural studies.7,47 It is now well established that
the effect of gramicidin on the structure of phospholipid bilayers
is similar to the effect observed upon addition of cholesterol.48

The addition of GD increases (decreases) the percentage of
gauche conformations in lipid chains at temperatures below
(above) the phase transition temperature.42,49 Consequently,
addition of gramicidin increases the tilt angle of the acyl chains
and decreases the thickness of the bilayer in the gel state. In
contrast, the tilt angle decreases and the thickness increases in the
liquid crystalline state.7,47,50,51

In addition, Ha et al.43 performed PMIRRAS studies of GD
incorporated into a hybrid hexadecanthiol/DMPC bilayer as-
sembled at a gold electrode surface. These studies demonstrated
that a bilayer containing GD can be investigated by PMIRRAS.
However, these measurements were performed in air on dried
samples and did not provide information about the effect of the
electrode potential on the bilayer structure.

The present study describes in situ PMIRRAS experiments
performed on a mixed DMPC/GD bilayer supported at a gold
electrode surface and assembled into a spectroelectrochemical
cell. The objective of this work is to obtain molecular-level
information about the stability of the peptide-containing bilayer
as a function of potential applied across the interface and about
the orientation and the conformation of both the lipid and the
peptide components of the membrane. In two recent papers,52,53

we have investigated the properties of gramicidin incorporated
into a DMPCmatrix supported at the Au(111) electrode surface.
In the first paper, the matrix consisted of a monolayer of DMPC
lipids and scanning tunneling microscopy (STM) was applied to
image a single gramicidin molecule surrounded by the phos-
pholipids.52 In the second paper, thematrix consisted of a stack of
10 bilayers supported at the gold electrode, and the potential
induced changes in the peptide conformation and orientation
were investigated with the help of circular dichroism (CD).53

The objective of the present work is to complement the two
previous studies by providing a description of the potential
controlled changes in the structure of a single mixed DMPC/
GD bilayer supported at the gold electrode surface. A single
bilayer is too thick to be imaged by STM, and the amount of
peptide in this bilayer is below the detection limit for the CD
technique. Instead, the potential induced changes in the structure
of the DMPC/GD bilayer were investigated using PMIRRAS.
This technique has been successfully employed to characterize
model biomimetic membranes supported at the gold electrode
surface in several recent papers.54�67 We will provide new and
unique information about the properties of the peptide contain-
ing membrane exposed to static electric fields that are com-
parable to the fields acting on a natural biological membrane.

This information will be useful in understanding the potential
controlled conductivity of monovalent cations across the gramicidin
channel.

’EXPERIMENTAL SECTION

Reagents, Electrodes, and Thin Film Preparation Methods.
DMPC (1,2dimyristoyl-sn-glycero-3-phosphocholine) and naturally occurr-
ing Gramicidin D (GD), which is a mixture of 80% gramicidin A, 5% of
gramicidin B, and 15% gramicidinC (Sigma-Aldrich, St. Louis,MO), were
used without further purification to make 10 and 4 mg mL�1 stock
solutions, respectively, in dry trifluoroethanol (TFE) (Sigma-Aldrich).
Volumes of both the lipid and peptide solutions were added to test tubes
to an overall concentration of 10% molar ratio of GD with respect to
DMPC. The tubes were then heated to about 40 �C for 1 h, during which
time the solutions were vortex mixed (Fisher, Vortex Genie 2) at least
once. The TFE was then evaporated from the test tubes by vortex mixing
while a stream of argon flowed over the surface of the solution. This
allowed for a thin film of the lipid�peptide mixture to remain as a coating
on the insidewalls of the test tubes. Further dryingwas achieved by storing
the test tubes under vacuum for at least 12 h. These dry samples were then
used either to prepare vesicle dispersions or as the initialmaterial to spread
DMPC/GD monolayers at the air/water interface. The Barenholtz
procedure68 was used to prepare vesicles for circular dichroism and trans-
mission experiments: 1mLof water or deuteratedwater (D2O,Cambridge
Isotope Laboratories, Cambridge MA, USA) was added to the test tubes
and these were then sonicated (Aquasonic 50D, VWR Scientific Products,
West Chester, PA) at the highest setting for 60 min at 50 �C. This
procedure gave optically clear dispersions of vesicles. In order to make a
monolayer at the air/water interface, the dry film in the test tube was
redissolved in chloroform (Sigma-Aldrich) and a fewdrops of this solution
were spread at the surface of a water-filled Langmuir�Blodgett trough
(KSV LB5000, Finland) equipped with a movable barrier and aWilhelmy
plate to form amonolayer. The troughwas controlled by a computer using
the KSV LB5000 v 1.70 software. The temperature of the subphase was
19( 1 �C. Dissolution of GD molecules into the aqueous subphase was
negligible at this temperature. The solvent was allowed to evaporate and
the compression isothermwas recorded.Themonolayers were transferred
from the air/water interface onto theAu(111) electrode at surface pressures
equal to 40 mNm�1, corresponding to the meanmolecular area of 53 Å2.
A combinationof theLangmuir�Blodgett (LB) and theLangmuir-Schaeffer
(LS) techniques was employed to fabricate the phopsholipid bilayer on
the Au(111) single crystal grown, cut, and polished in our laboratory. The
first monolayer was transferred using the LB method by vertically with-
drawing the electrode at the speed of 32mmmin�1. The transfer ratio was
1.0 ( 0.1.

After immersion, the gold electrode covered by the monolayer was
dried in air for at least 1 h. The second leaflet was transferred using the
LS technique. The electrode covered by the first DMPC/GD layer was
brought into horizontal contact with the monolayer of the DMPC/GD
spread at the surface of the Langmuir trough and compressed to a preset
surface pressure of 40mNm�1. The electrode covered by the bilayer was
then detached from the aqueous subphase and dried in air overnight.
Prior to anymeasurement, the bilayer-covered electrode was annealed in
a dry atmosphere at 45 �C for 15 min. This provided a more uniform
membrane as determined from AFM images shown in Figure SI 1 of the
Supporting Information.

In all of our experiments, the working electrodes (WE) were Au(111)
single crystals grown, cut, and polished in our laboratory.69,70 The
counter electrode (CE) used for electrochemical measurements was a
Au coil and the CE used for infrared measurements was a cylindrical Pt
foil. Before each experiment, the Au electrodes were cleaned by flame-
annealing and quenching with pure water, as described previously.71 The
Pt electrode was sealed into the IR cell and cleaned together with the cell.
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The reference electrode (RE) used for the electrochemical measure-
ments was a saturated calomel electrode (SCE), placed in a separate
vessel containing saturated KCl solution and connected to the cell with a
salt bridge. The RE used in the infrared cell was a Ag/AgCl electrode
(with a potential of�42mVwith respect to the SCE electrode) connected
to the cell via a salt bridge with a Luggin capillary. All potentials in this
paper will be quoted with respect to the Ag/AgCl reference electrode
unless otherwise stated. Prior to experiments, all glassware was cleaned
by immersion in a hot mixture of concentrated nitric and sulfuric acids
(ratio1:3) for at least 1 h. After cooling, it was rinsedwith copious amounts
of pure water, purified by a Milli-Q UV Plus (∼18.2 MΩ cm) water
system (Millipore, Bedford,MA). The electrochemical cell was then soaked
in pure water for several hours and rinsed again. For all experiments, 0.1M
NaF (Merck, Suprapur) solutions were used as the supporting electrolyte.
The presence of fluoride ions was needed to suppress dissolution of the
BaF2 window used in the PMIRRAS experiments.
Electrochemical Measurements. The electrochemical measure-

ments were carried out in an all-glass three-electrode cell using the
hanging meniscus configuration.71 The cleanliness of the NaF electrolyte
was checked by cyclic voltammetry and differential capacitance (DC)
measurements.

A computer-controlled system, consisting of a HEKA potentiostat/
galvanostat, a HEKA (Lambrecht/Pfalz, Germany) scan generator, and a
lock-in amplifier (EG&G Instruments 7265 DSP), was employed to
perform electrochemical experiments. All data were acquired via a plug-
in acquisition board (National Instruments PCI 6052E) using custom-
written software generously provided by Professor Dan Bizzotto from
the University of British Columbia.

In addition, chronocoulometry was employed to determine the
charge density at the electrode surface. In this series of experiments,
the Au(111) electrode was held at a base potential Ebase =�200 mV for
120 s. Then, the potential was stepped to a variable value of interest
starting from the most positive potential Ec and kept constant for
another 120 s. To desorb the bilayer from the electrode surface, the
potential was stepped to Edes = �1250 mV. The current transient
corresponding to the desorption of the DMPC/GD bilayer was mea-
sured during 0.15 s. The time constant of the cell was about 0.003 s.
Therefore, the interval 0.15 s was long enough to charge the interface
and lift the bilayer and short enough for the charge corresponding to a
hydrogen evolution to be small. The charge due to hydrogen evolution
was subtracted using the procedure described in refs 69 and 71. The
potential was then stepped back to the base value of Ebase = �200 mV.
Integration of the current transients gives the difference between charge
densities at potentials Ec and Edes. This procedure was repeated three
times for each point of the chronocoulometric curve with a freshly
prepared bilayer. For the film free electrode in pure supporting electrolyte,
all the points were collected in a single run. The absolute charge densities
were then calculated using the independently determined potential of
zero charge (pzc) Epzc = 215 mV vs Ag/AgCl.
Spectra Collection and Processing. A Thermo Nicolet Nexus

8700 (Madison, WI) spectrometer, equipped with an external tabletop
optical mount, High D*MCT-A detector, photoelastic modulator (PEM;
Hinds Instruments PM-90with II/ZS50ZnSe50 kHzoptical head,Hillsboro,
OR), and demodulator (GWC Instruments Synchronous Sampling demo-
dulator, Madison, WI) was used to perform the PMIRRAS experiments.
The spectra were acquired using in-house software, an Omnic macro,
and a digital-to-analog converter (Omega, Stamford, CT) to control the
potentiostat (HEKA PG285, Lambrecht/Pfalz, Germany) and to collect
spectra. The IR window was a BaF2 1 in. equilateral prism (Janos Tech-
nology, Townshend, VT). Prior to the experiment, the window was
washed in water and methanol and then cleaned for 30 min in an ozone
chamber (UVO-cleaner, Jelight, Irvine,CA.). The spectroelectrochemical
cell was assembled and theAu(111) electrode covered by the bilayer formed
by the LB-LS method was inserted into the cell. In these measurements,

the 0.1 M NaF supporting electrolyte solutions were made with deuter-
ated water and all glassware was thoroughly dried before use. Solutions
were purged of oxygen by bubbling with argon for at least 45min, and an
argon blanket was maintained throughout the experiment. A starting
potential E = 400 mV vs Ag/AgCl was applied to the gold electrode, and
4000 spectra per applied potential step were collected. The potential
was changed in steps of 100 mV in the negative direction to a value
of �800 mV vs Ag/AgCl. The instrumental resolution was 2 cm�1.

Measurements of IR spectra were carried out with the PEM set for
half-wave retardation at 2900 cm�1 for the CH stretching region, and the
angle of incidence of the infrared beam was set to 53.5�. The electrolyte
thickness between the electrode and the prism was ca. 2.6 μm, giving the
highest enhancement of the p-polarized light at the electrode surface.
For the amide I and CdO stretching region, the maximum PEM
efficiency was set to 1600 cm�1. The angle of incidence was 60.5� and
the electrolyte thickness was ca. 3.2 μm. In all cases, the thickness of the
thin layer was determined by comparing the experimental reflectivity
spectrum of the thin layer cell, attenuated due to the layer of solvent
between the electrode and the IR window, to the reflectivity curve
calculated from the optical constants of the DMPC/GD bilayer and of
the cell constituents, as described in ref 72.

A modified version of a method described by Buffeteau et al.73 was
used to correct the average intensity (Is(ω) + Ip(ω))/2 and the intensity
difference (Is(ω)� Ip(ω)) for the PEM response functions and for the
difference in the optical throughputs for p- and s-polarized light
(∼6%).74 The demodulation technique developed inCorn’s laboratory75,76

was used in this work. Finally, the measured spectra had to be back-
ground-corrected due to the absorption of IR photons by the solvent in
the thin-layer cavity. The spline interpolation technique described by
Zamlynny et al.74 was used for this background correction. When all of
these corrections are introduced, the background-corrected spectrum is
a plot of the wavenumber dependence of ΔS, which is proportional to
the absorbance A of the adsorbed molecules

ΔS ¼ 2ðIs � IpÞ
Is þ Ip

≈2:3Γε ¼ 2:3A ð1Þ

where Γ is the surface concentration of the adsorbed species and ε is the
decimal molar absorption coefficient of the adsorbed species.
Spectral Deconvolution and Peak Assignment. The number

of peaks under a spectral region and their corresponding position is
determined through the combination of Fourier self-deconvolution
(FSD) and two-dimensional correlation spectroscopy (2D-COS). We
have used the FSD tool in OMNIC v 6.0a (Thermo software) with a
typical bandwidth between 10 and 12 cm�1 and an enhancement usually
set at 1.5 or less. Bandwidth here refers to an estimation of the width of
the overlapped peaks, whereas enhancement refers to the degree to
which the spectral features are resolved and it can be set between 1 and 5.
The values of these two parameters were determined as the minimum
value that, when combined, would not give negative side lobes in the
FSD spectrum. This procedure was done for several spectra of the same
set of experiments to diminish the uncertainty of the determination. For
the 2D-COS, we have used the freeware 2DShige v 1.3 (ShigeakiMorita).
In our case, the external perturbation consisted of a variable potential
applied to the electrode. The reference spectrum for all experiments was
that collected at�800 mV vs Ag/AgCl, which corresponds to the most
negative potential of each set. From this analytical procedure, one obtains
a synchronous and an asynchronous spectrum. We have used mainly the
synchronous component for both peak determination and to establish
correlations between the different peaks with the aim of obtaining
sequential information. We have not interpreted the asynchronous com-
ponent of the correlation due to complicated patterns that arise from the
fact that our peaks shift as a function of potential. This issue has been
addressed by several authors and in particular by Czarnecki.77 Once the
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number of peaks and their positions agree for the two independent
determinations, FSD and 2D-COS, we assign the peaks to their
corresponding modes of vibration based on published literature on
similar systems.78,79 Lastly, using PeakFit v 4.12 (Seasolve software), we
fit all the peaks of the spectral region usingmixed Lorentzian bandshapes
to a deconvolution with an R2 value of at least 0.99. The positions for all
peaks were restricted to (3 cm�1 of the initial value determined from
FSD and/or 2D-COS, which is usually the variation between the values
determined using the two procedures.

’RESULTS AND DISCUSSION

DMPC/GD Compression Isotherm. Figure 1 depicts the
compression isotherm at the air/water interface of a DMPC/GD
monolayer at 19 �C. For comparison, the isotherm of pureDMPC
(our data) and the isotherm for pureGD taken from ref 34 (numerical
data kindly provided by T. Hianik) are also shown in this graph.
For the peptide-containing monolayer, compression starts at
∼125 Å2 per molecule. Initially, the monolayer exists in the
liquid-expanded phase in which the film pressure increases slowly
with decreasing area per molecule. A phase transition from the
liquid-expanded to the liquid-condensed phase occurs at∼80 Å2

and a film pressure of 20mNm�1. There is a further compression
of themonolayer at a film pressure of 35mNm�1, corresponding
to an area per molecule of 55 Å2. The monolayer then collapses
at a film pressure of ∼65 mN m�1. With respect to the pure
DMPC and pure GD curves, it can be seen that the molecular
area of the mixed monolayer is larger than that of the pure lipid
and smaller than of the pure peptide for all film pressures.
Information concerning the miscibility of the two components
of the monolayer may be obtained from the change in the area at
constant temperature and film pressure. The excess area of the
mixture, ΔAex, is defined as

ΔAex ¼ A12 � x1A1 � x2A2 ð2Þ
where A12 is the molecular area in the mixed monolayer at
temperature T and surface pressureΠ, A1 and A2 are the molec-
ular areas in the pure component monolayers, and x1 and x2 are

the molar ratios of the two components of the mixture. ΔAex is
equal to zero for an ideal mixture or when molecules are not
miscible. A negative excess area suggests a miscibility of the two
molecules, whereas positive excess areas correspond to a phase
separation of the individual components in themixedmonolayer.34

Using the compression isotherms in Figure 1, the excess areas for
the mixed monolayer were calculated and were plotted as a
function of the film pressure in the inset to Figure 1. In these
calculations, we assumed that the solubility of the two compo-
nents in the aqueous subphase is negligible and that the
composition of the film is equal to the composition of the
spreading solution (for membrane lipids, the solubility is in the
range 10�10 to 10�12 M,80 and for gramicidin, it is approximately
10�8 M42). The excess areas are negative at film pressures less
than 15 and higher than 25 mN m�1, indicating that GD is
miscible in the DMPC matrix at the air/water interface, even in
the gel phase of the lipid at these film pressures. This result is in
good agreement with the work of Weiss et al., where the excess
area of several mixtures of different DMPC/GD ratios in the gel
phase was determined to be negative at higher film pressures.34

In addition, the excess Gibbs energy of mixing can be cal-
culated by integration of the excess area versus film pressure plot
using the formula34

ΔGex ¼
Z π

0
ΔAex dπ ð3Þ

The calculated ΔGex values are also plotted in the inset to
Figure 1. These values are negative in the whole range of film
pressures investigated. However, they are smaller than the thermal
energy RT ≈ 2.4 kJ mol�1 indicating that the interactions
between the components of the mixture are very weak. The most
negative value ofΔGex is observed at a film pressure of 40mNm�1,
indicating that a good miscibility of the two components is
expected at this film pressure.
On the basis of the excess Gibbs energy of mixing analysis, the

film pressure was selected to be 40mNm�1 for the transfer of the
monolayer from the air/water onto the gold electrode surface. At
this value of the film pressure, the monolayer should be homoge-
neous. Indeed, our recent STM studies52 demonstrated that GD
molecules are well-dispersed between DMPC molecules in the
monolayer transferred at this film pressure. Previous studies with
pure DMPC57,59 and DMPC mixed with cholesterol54 were also
performed with bilayers transferred onto the gold electrode at
this value of the film pressure. All monolayers were transferred
with the transfer ratio 1.0( 0.1. The average area per molecule at
this value of Π is ∼53 Å2.
Electrochemistry. Figure 2 plots the charge density versus

potential curves determined from chronocoulometric experiments
for the bare Au(111) electrode and the electrode covered by the
DMPC/GDbilayer transferred at a surface pressure of 40mNm�1.
The plot shows that the DMPC/GD bilayer is adsorbed onto the
electrode surface in the region between�400mV and 100 mV vs
Ag/AgCl. At the most negative potentials between �1200 and
�950mV, the charge density curves corresponding to the surface
covered by the bilayer and the film free electrode merge, indicat-
ing that the film is desorbed from the metal surface in this range.
Independent neutron reflectivity (NR) experiments on similar
systems demonstrated that in this state the film is detached from
the electrode surface but remains in its close proximity, separated
from themetal by a cushion of electrolyte∼1 nm thick.81,82 TheNR
experiments have also shown that the potential controlled

Figure 1. Compression isotherm at the air/water interface of DMPC
(solid line) and DMPC/GD (dashed line) monolayers at 19 �C, and a
GD monolayer (dotted line) at 20 �C (data for pure gramicidin taken
from Weis et al.34). The inset shows the excess area (filled squares) and
excess Gibbs free energy (empty circles) as a function of surface pressure
calculated using eqs 2 and 3.
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detachment (dewetting of the film) is progressive. In the present
case, the dewetting of the electrode surface from the bilayer could
be seen as a step at �800 mV < E < �500 mV on the charge
density curve.
The GD channel is selective to cations. In 0.1 MNaF solution,

it could be occupied by a single Na+ ion.83,84 In that case, GD
containing a sodium ion would be positively charged and the Epzc
should shift in the positive direction and the charge measured in
the presence of GD should be more negative than for the pure
DMPC bilayer. The star symbols in Figure 2 plot the charge
density curve for the electrode covered by a pure DMPC bilayer
assembled using the same procedure. The two charge density curves
are very similar, and the charges measured in the presence of GD
are even slightlymore positive than in the absence ofGD, although
such a small difference may be a result of a small variation in the
transfer ratiowhen themonolayerswere transferred from the air solu-
tion interface onto the electrode surface using the LB-LS procedure.
We reported that the transfer ratio was 1.0( 0.1. Hence, we may
exclude sodium incorporation into the channel.
Knowing the Epzc of the bilayer covered electrode, one can also

calculate the potential drop across themembrane as (E� Epzc� ϕ2),
where ϕ2 is the outer Helmholtz plane potential. The values of ϕ2
were calculated from the charge density data using the diffuse layer
theory.85 The values of the potential drop across the interface are
plotted in Figure 2 on the top horizontal axis. They represent
the potential drop across the membrane due to the charge at the
metal surface, when the bilayer is adsorbed on the metal. The
data in Figure 2 indicate that the bilayer is adsorbed at the gold
surface when the potential drop across the membrane is between
∼ �0.4 and ∼0 V. Taking the thickness of the bilayer to be
∼5 nm, one can estimate that the bilayer is adsorbed on themetal
when the static electric field is less than 1 � 108 V/m. These
fields are comparable to the fields acting on a natural biological
membrane.86

Spectroelectrochemistry. In this section, we describe the
effect of the electric field with a magnitude comparable to the

field acting on a natural biological membrane on the orientation
and conformation of DMPC and GDmolecules in the supported
lipid bilayer.
DMPC Acyl Chains. Figure 3 shows the PMIRRAS spectra of

the CH stretching region for the DMPC/GD bilayer transferred
onto the Au(111) electrode at a film pressure of 40 mNm�1 and
19 �C, at the potentials marked on the figure. The thick line plots
the spectrum calculated for a 5.4-nm-thick bilayer of hypotheti-
cally randomly orientedmolecules adsorbed at the gold electrode
surface. This spectrum was calculated by solving the Fresnel equa-
tions for the four-phase system: Au/DMPC/GD/D2O/BaF2.
The optical constants for the DMPC/GD film were determined
from a transmittance measurement of a dispersion of DMPC/
GD vesicles in D2O using the procedure described in refs 74,87.
They are reported in the Supporting Information, Figure SI 2.
The CH stretch region of the IR spectra consists of several

overlapping bands. In order to perform quantitative analysis of
these data, the spectra need to be deconvoluted. The Fourier self-
deconvolution (FSD) and generalized two-dimensional correla-
tion spectroscopy (2D-COS)88 were used to identify bands
present in this spectral region. The top panel in Figure 4 shows
the deconvoluted spectrum based on the 2D synchronous
correlation analysis (bottom panel). Four autocorrelation peaks
observed at ∼2958, 2943, 2923, and 2852 cm�1 correspond to
the methyl asymmetric stretch, νas(CH3), the Fermi resonance
between the symmetric methyl stretching and the methylene
bending modes, and the methylene asymmetric νas(CH2) and
symmetric νs(CH2) stretches, respectively.

89 The bottom panel
in Figure 4 displays positive correlations at (2958, 2923); (2958,
2852); (2923, 2873) (2923, 2852), which imply that the two
autocorrelated peaks change in the same direction as a function
of applied potential. The autocorrelation peak corresponding to
the Fermi resonance between the symmetric stretch and the
bending mode of the methylene groups at ∼2902 cm�1 cannot
be easily identified from the synchronous spectra. However, such
a peak can be resolved using the Fourier self-deconvolution pro-
cedure shown in Figure SI 3 of the Supporting Information. This
example shows that 2D-COS alone does not provide complete
band identification. The spectra were then deconvoluted using
the same set of initial parameters. The deconvolution is highly

Figure 2. Charge density curves vs potential determined from chron-
ocoulometric experiments for the film free Au(111) electrode (circles)
and the electrode covered by the DMPC/GD bilayer (stars) transferred
at a surface pressure of 40 mN m�1.

Figure 3. PMIRRA spectra of the CH stretching region for DMPC/GD
bilayers transferred onto the Au(111) electrode at a surface pressure of
40 mN m�1 and 19 �C for selected potentials. The thick line corresponds
to the spectrum calculated for hypothetically randomly oriented molecules
in a 5.4-nm-thick bilayer.
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dependent on the choice of the band shape of the individual
peaks.We have used the Lorentzian function which was shown to
give a good fit to the spectra of phospholipid bilayers supported
at a gold electrode surface.54,57

Structure of the LipidMatrix. Figure 5A shows the frequency
of the symmetric and asymmetric methylene stretching bands in
the supported DMPC/GD bilayer as a function of the electrode
potential. The peak positions correspond to the deconvoluted
bands using the Lorenzian function. On average, the peak position
for the DMPC/GD system is 2921.5 ( 0.5 cm�1 for νas(CH2)
and 2852( 0.5 cm�1 for νs(CH2), a result that agrees with that
found for pure DMPC57 and DMPC/cholesterol54 systems.
Frequencies of the band maximum lower than 2920 cm�1 for

νas(CH2) and 2850 cm�1 for νas(CH2) are characteristic of the
gel state of the bilayer in which the acyl chains are fully stretched
and assume an all-trans conformation.90�92The frequencies reported
in Figure 5 are slightly higher than the values expected for the gel
state indicating that the acyl chains have a certain percentage of
gauche conformation. However, the band positions in the sup-
ported bilayer are red-shifted with respect to the frequencies of

the corresponding bands in the suspension of vesicles which are
2924( 0.5 cm�1 for the νas(CH2) and 2853( 0.5 cm�1 for the
νs(CH2). Hence, although not in a fully trans state, the trans to
gauche ratio of the lipid chains is higher when the bilayer is
supported on gold than in the vesicle. This property suggests that
the supported bilayer is somewhat more ordered than the free-
standing bilayer in vesicles. This is consistent with the PM-
IRRAS studies by Garcia-Araez et al.59 which have shown that the
solid support has an influence on the ordering of DMPC mole-
cules in the supported bilayer. The data in Figure 5A show also a
weak dependence on the electrode potential. The peak positions
shift to lower wavenumbers when the bilayer is detached from
the gold surface at negative potentials. Although it is a small shift,
it is larger than the error bars. It suggests a somewhat lower
content of gauche conformers and hence a slightly more ordered
state. The band frequencies are also slightly red-shifted at poten-
tials close to the pzc indicating a small dependence of the order of
the bilayer on the applied potential in the adsorbed state.
Figure 5B plots the potential dependence of the FWHM for the

asymmetric and symmetric CH2 stretches. These numbers are

Figure 4. Deconvoluted spectrum of the CH stretching region for the
DMPC/GD bilayer at E = �0.4 V (top panel) based on the 2D
synchronous correlation spectrum (bottom panel). Four autopeaks
can be observed at 2958, 2943, 2923, and 2852 cm�1. There are positive
correlations at (2958, 2923); (2958, 2852); (2923, 2873); and (2923,
2852).

Figure 5. Change in frequency position (A) and fwhm (B) of the
asymmetric (empty symbols) and symmetric (filled symbols)methylene
stretching bands of the acyl chains of the lipid for the DMPC/GD
bilayer. The error bars correspond to the standard deviation calculated
from 3 independent measurements.
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1 to 2 cm�1 larger than for the bilayer of pure DMPC supported
at the gold surface,57 suggesting that the mobility of acyl chains is
somewhat higher in the presence of GD. The bands are some-
what narrower in the desorbed state at E = �0.8 V versus
Ag/AgCl suggesting that the chains are less mobile when the
bilayer is separated from the metal by a thin layer of electrolyte.
Orientation of theAcyl Chains.At constant surface coverage,

the integrated intensities of the IR absorption band are propor-
tional to the square of the dot product of the vector of the
transition dipole moment and the vector of the electric field of
the photon |μ 3E|

2, according to the formula93,94

Z
Adν � jμ 3Ej2 ¼ Æcos2 θæjμj2ÆEæ2 ð4Þ

where θ is the angle between the two vectors, |μ|2 is the square of
the absolute value of the transition dipole, and ÆEæ2 is the mean
square of the electric field of the photon. The spectra in Figure 3
show that intensities of the methylene stretching bands are depen-
dent on the electrode potential. The electric field of the photon is
perpendicular to the surface. Therefore, the integrated intensities
of these bands may be used to calculate the angle θ between the
direction of the transition dipole and the surface normal using the
following equation:93,94

Æcos2 θæ ¼ 1
3

AðEÞ
AðrandomÞ

ð5Þ

where A(E) and A(random) are the integrated intensities of the
bands in the bilayer at the gold surface and in a hypothetical
bilayer of randomly distributed molecules. To determine θ, the
spectrum for a film with randomly oriented molecules must be
known. This spectrum was calculated from optical constants for
DMPC/GD samples, assuming a total thickness of the bilayer of
5.4 nm. This procedure has been thoroughly explained elsewhere.74

Figure 6A plots changes of the angle θ with potential for
νs(CH2) and Figure 6B plots the corresponding changes in θ for
νas(CH2). The angle between the directions of the transition
dipole moments of both CH2 vibrations changes from a value of
∼64�, at potentials where the bilayer is adsorbed and in direct
contact with the metal surface, to ∼78� at negative potentials
where the bilayer is detached from themetal surface. The cartoons
in Figure 6A show that the vector of the transition dipole of
the symmetric stretch lies along the bisector of the CH2 plane.
The direction of the transition dipole of the asymmetric methy-
lene stretch is along the line joining the two hydrogen atoms of
the methylene group.78,79 It should be emphasized that these two
angles do not need to be equal, because the acyl chains can assume
an orientation in which the plane of the CH2 group is tilted with
respect to surface normal but also rotatedwith respect to the surface
along the diagonal of the CH2 moiety. Such rotation changes the
angle of the asymmetric stretch and does not affect the angle of
the symmetric stretch.
The CH2 bending mode shows up as a single band at

∼1468 cm�1. The orientation of the transition dipole moment
of this vibration has the same direction as that of the symmetric
methylene stretch. Figure SI 4 of the Supporting Information
shows that, indeed, similar values of the angle θ are determined
from integrated intensities of the δ(CH2) and the νs(CH2)
modes. Since the two spectral regions were studied indepen-
dently, this agreement indicates that no major errors were made
when performing the background correction and the deconvolu-
tion procedure.
The orientation of acyl chains is usually described in terms of

the order parameter. For the direction of the dipole moment of
an IR band, the order parameter is defined as95

SCH2 ¼ 1
2
3 Æcos2 θæ� 1
� � ð6Þ

where Æcos2 θæ is determined from eq 5, and the angular brackets
denote ensemble averaging over all absorbing dipoles in the
sample. Equation 6 implies that the order parameter can have
values that range between unity and �0.5 when the transition
dipoles are oriented parallel or perpendicular with respect to the
normal to the surface, respectively. When S = 0, the system is
totally disordered and in random orientation with an average
tilt equal to the magic angle (54.7�). The order parameter
calculated with the help of eq 6 is plotted as a function of the
electrode potential in Figure 6A,B for the transition dipoles of
the symmetric and asymmetric CH2 stretches, respectively. The
values of the order parameter for νas(CH2) and νs(CH2) are
�0.19 ( 0.02 and �0.26 ( 0.03, respectively, for the adsorbed
state of the DMPC/GD bilayer. Upon desorption, however, the
magnitude of the order parameter changes to �0.39 ( 0.02
and �0.43 ( 0.03 for the νas(CH2) and νs(CH2) vibrations,
respectively.
Since the angle between transition dipoles of CH2 stretches

and a trans fragment of the acyl chain is 90�, the order parameter
of the transition dipoles can be used to calculate the order

Figure 6. Dependence of the order parameter, S (filled squares), and
tilt angle, θ (empty circles), with potential for (A) νsym(CH2) and
(B) νasym(CH2). Cartoons show the direction of the transition dipole for
the corresponding vibration. The error bars correspond to standard
deviation calculated from 3 independent measurements.
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parameter of the trans segments of the acyl chains using the
transformation96

Schain ¼ SCH2 3 cos2 90� 1
� �

=2
� ��1 ¼ � 2SCH2

ð7Þ
The order parameter, Schain, is defined as

Schain ¼ 1
2
3Æcos2 θchainæ� 1
� � ð8Þ

It is an average measure of the orientation of the chain segments
that depends both on the chain tilt and on the amount of the
gauche conformers in the acyl chains. The values of the acyl chain
tilt in the DMPC/GD bilayer calculated from the intensity of the
symmetric CH2 stretch with the aid of eqs 6�8 are plotted versus
the potential in Figure 7. The error bars correspond to the
standard deviation obtained from at least 3 independent sets
of data. The estimated error in the determination of Æθchainæ

due to the uncertainty of the background correction and band
deconvolution procedures is(3� as described in the Supporting
Information.
The average tilt of the acyl chains in the DMPC/GD bilayer

changes from about 35� in the adsorbed state to∼18� when it is
detached from the surface. For comparison, the Æθchainæ values
calculated from the data by Zawisza et al.57 for a pure DMPC
bilayer are also included in Figure 7. The tilt angles display similar
dependence on the electrode potential for the two bilayers.
However, the tilt of the acyl chains is increased by about 10� in
the adsorbed state and by about 2� in the desorbed state if GD is
present in the bilayer. An increase of the chain tilt angle between
5� and 10� upon incorporation of GD into the stack of multiple
bilayers was also observed in ATR studies by Bouchard and
Auger.46 This behavior is in accord with the 2H NMR studies by
Morrow and Davis97 who have demonstrated that the SCD
parameter decreases upon addition of GD to a stack of multiple
DMPC bilayers at temperatures below the phase transition. It is
also in agreement with the X-ray diffraction studies by Harroun
et al., who observed that the DMPC/GD (10:1 mol ratio) bilayer
is thinner than the pure DMPC bilayer.98 The thinning and hence
the increase of the membrane tilt angle caused by the presence of
GD may be explained by hydrophobic matching.49 In the gel
state, the thickness of the hydrophobic portion of the membrane
is approximately 3.2 nm. The length of the GD helical dimer is
approximately 2.6 nm.47 The membrane becomes thinner and
the tilt angle of the acyl chains increases in order to match the
thickness of the membrane to the length of the channel.
A significant result of the present study is the information

about the effect of the potential drop across the interface on the
membrane structure and stability at the metal surface. The
detachment of the membrane is seen in Figure 7 as a decrease
of the tilt angle. As shown by neutron reflectivity experiments
done on a similar system, a cushion of electrolyte of ∼1 nm
thickness exists between the bilayer and the electrode surface in
the desorbed state.81 This allows for the lipid headgroup to
pack in a tighter fashion, decreasing the average tilt of the acyl
chains.54,57 Zawisza et al.57 have shown that a tilt angle of
∼17� corresponds to an area per molecule of∼0.41 nm2, which
is expected for a DMPC bilayer in the gel state in which the polar
heads are packed in a zigzag fashion, as illustrated schematically
by the cartoon in Figure 7. The data in Figure 7 indicate that the
structure of the bilayer is different for the adsorbed and desorbed
states. In the adsorbed state, all polar heads are in contact with
the metal and are located in one plane, occupying a larger surface
area, as shown in the cartoon in Figure 7. To compensate for the
increase in the head area, the chains tilt.57 The large change of the
tilt angle between the adsorbed and the desorbed states is driven
by the difference in the packing of the polar heads of DMPC
molecules in the two states. The data in Figure 7 show that the
stability of the bilayer is comparable in the presence and in the
absence of the peptide.
Figure 7 also shows that there are small but measurable

changes of the tilt angle with potential for the bilayer in the
adsorbed state. It was discussed above that (E� Epzc � ϕ2) may
be used as an equivalent of the transmembrane potential applied
to a membrane when the channel is not conductive. When a
potential difference (E� Epzc� ϕ2) is applied to the membrane,
it compresses the bilayer with a pressure p equal to99

p ¼ CðE� Epzc � ϕ2Þ2=2d ð9Þ

Figure 7. Orientation of the acyl chains in the DMPC/GD bilayer
(filled squares) versus potential as calculated from the order parameter
SCH2 with the aid of eq 7. The error bars shown correspond to the
standard deviation of 3 independent sets of data. The empty circles
correspond to previous work on pure DMPC bilayers formed by the
LB/LS technique.57 The cartoons show how the lipids are arranged in a
zigzag fashion when desorbed and in a planar geometry when adsorbed.
Sketches of the two possible headgroup packing and chain tilts are based
onmodels derived from the X-ray crystallographic studies of phospholipid
bilayers (Hauser, H.; Pascher, I.; Pearson, R.H.; Sundell, S., Preferred
conformation and molecular packing of phosphatidylathanolamine and
phosphatidylcholine. Biochim. Biophys. Acta, 1981, 650, 21�51). The
error bars were calculated using the procedure described in the Sup-
porting Information.
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where C is the capacity and d is the thickness of the bilayer. This
pressure causes a change in the thickness Δd (thinning of the
bilayer) which leads to an increase of Æθchainæ, as described by the
equation99

Δ cos θchainh i ¼ � CðE� Epzc � ϕ2Þ2
2lK

ð10Þ

where l is the chain length and K is the Young’s modulus of
elasticity of the membrane. Zawisza et al.57 have estimated that,
for a pure DMPC bilayer, the electrocompression may cause an
increase in the tilt angle of∼5� for (E� Epzc� ϕ2) =�0.5 V. In
the presence of GD, the detachment of the bilayer begins when
(E � Epzc � ϕ2) ≈ �0.4 V. Using the values of l ≈ 5 nm and
K ≈ 2 � 107 Pa reported in ref 57, we obtain an estimate of the
change of the tilt angle caused by electrocompression of ∼3� at
(E � Epzc � ϕ2) = �0.4 V, in good agreement with the data in
Figure 7.
The values of Schain and Æθchainæ determined in this study for

the bilayer supported on the gold electrode can be compared to
the order parameter values reported formixedDMPC/GDbilayers
in ATRmeasurements for a stack of multiple bilayers,39,100 a film
of dried liposomes,37 and a monolayer supported at a germanium
crystal.44 In addition, the chain order parameter can also be deter-
mined from deuterium quadrupolar splitting (DQS) measured
by NMR for deuterated phospholipids.96 The deuterium quad-
rupolar splitting is proportional to the order parameter of the C-D
bond from which the segmental order parameter can be calcu-
lated with the help of eq 7. However, the time associated with the
measurement of the quadrupolar splitting is∼10�5 s, while the time
of the trans/gauche isomerization is approximately 10�10 s.100,101

Consequently, the order parameter measured by NMR is time
and space averaged. In contrast, the molecular vibrations corre-
sponding to IR bands have characteristic times of 10�13�10�14 s,

that aremuch shorter than the isomerization time, and the order para-
meter determined from IR spectra is only spatially averaged.101

Table 1 lists the values of the chain order parameter obtained
from DQS and ATR spectroscopy for lipids in samples that
contain GD, in addition to the values determined in the present
work. The results show that the acyl chains in the bilayer
supported at the gold electrode surface are less ordered or more
tilted in the adsorbed state than in the multiple bilayers inves-
tigated by ATR or NMR. In contrast, the acyl chains are more
ordered or less tilted in the desorbed state of the bilayer than in
the samples investigated previously in the literature.
A larger tilt angle in the adsorbed state of the bilayer supported

at gold is a result of the interaction between the polar heads and
the metal surface, as explained by the cartoon in Figure 7. In the
desorbed state, the bilayer is separated from the metal by a ∼1-
nm-thick layer of electrolyte and these conditions are similar to
those of a stack of hydrated bilayers. However, in this study the
bilayer was formed by the transfer of monolayers compressed in a
Langmuir trough at a high film pressure. Therefore, molecules
are more compressed in our sample than in multiple bilayers that
were cast by evaporation of organic solvent in which the lipid and
the peptide were dissolved.
DMPC Carbonyl Group. The stretching vibration of the

glycerol ester group provides useful information regarding the
hydration of the lipid interfacial region as well as lipid�peptide
interactions that involve the formation of hydrogen bonding.
This band is quite broad and complex.103 The overall shape and
position of the CdO stretch depend on the hydration of the ester
group. It may be seen as composed of two overlapping bands
with maxima at approximately 1730 and 1740 cm�1, which
correspond to the presence of hydrogen-bonded and non-
hydrogen-bonded ester groups, respectively.80,91,104,105

Figure 8A plots the CdO stretch band in the supported bilayer
formed by the LB-LS method at selected electrode potentials.

Table 1. ChainOrder Parameter and Average Tilt Angle Values ofTransChain Fragments Chain forDMPC in the Presence of GD
Determined in Present Work, as well as Literature Values Obtained for Multiple Bilayers or Mixed Monolayers

from ν(CH2)-asym from ν(CH2)-sym

sample Schain Æθchainæ Schain Æθchainæ ref

DMPC/GD (30:1 mol ratio) � air-dried film of liposomes

applied to CaF2 window measured by polarized IR in

transmission at room temperature d

0.94 11.5� 0.94 11.5� 37

DMPC/GD (8:1 mol ratio)-monolayer at Ge crystal in solution,

t = 21 �C, measured by ATR

0.60 31� 44

DMPC/GD (10:1 mol ratio) rehydrated multiple bilayers

t = 10 �C, measured by ATR

0.52 34� 0.56 33� 39

DMPC/GD (between10 and 8:1 mol ratio) dry multiple bilayers,

room temperature, measured by ATRa

0.72 26� 0.72 26� 100

DMPC/GD (10:1 mol ratio) hydrated bilayers cast on a

germanium ATR crystal, room temperature, measurements in airc
(0.51�0.63) (29�34�) 46

depending on the solvent fromwhich bilayers were cast

DMPC-d54/GD (40:1 mol ratio), from C�D bond angles,

dry multiple bilayers, t = 19 �C, NMRb

0.56 33� 97

present data at E > �0.4 V � adsorbed state ∼0.4 39� ∼0.5 35�
present data at E = �0.8 V desorbed state 0.8 21� 0.85 18�

aCalculated from SCH2
for νs(CH2) and eq 6.

bCalculated from the first moment of 2H NMR spectra using relation M1 = 3.047 � 105SCD
102and the

transformation given by eq 7. cCalculated from the average chain tilt angle. dCalculated from the angle between transition dipole and bilayer normal
using eqs 6,7, and 8.
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The thick line corresponds to the calculated spectrum of the
DMPCmolecules in a randomly distributed DMPC/GD bilayer.
In vesicle dispersions, the band has a maximum at approximately
1729 cm�1. When the bilayer is supported, the peak maximum
shifts to higher frequencies, indicating that the presence of the
gold substrate dehydrates the membrane. The position of the
band center is plotted as a function of the electrode potential in
Figure 8B. At positive potentials (in the adsorbed state), the peak
maximum lies at∼1733 cm�1. At negative potentials, the band is
red-shifted by ∼3 cm�1 upon desorption. This shift indicates
that in the adsorbed state the CdO groups of the lipid molecules
are less involved in H-bond formation than in the desorbed
(detached) state. In Figure SI 5A of the Supporting Informa-
tion, the CdO stretching band has been deconvoluted into high
and low frequency components. Figure SI FB shows that the
positions of the deconvoluted bands are, within the experimental
error, independent of the electrode potential. Therefore, the change

in the band position seen in Figure 8B results from the changing
contribution of the non-hydrogen bonding and hydrogen bond-
ing bands to the overall band shape, as illustrated by the data in
Figure SI 5C. Open points in Figure 8B plot the CdO stretch
band position for the peptide free DMPC bilayer taken from ref
57. These data show that, in the absence of GD, the band center
experiences a blue shift upon desorption, indicating that the
CdOgroups become less hydrated. In a DMPC/GDmembrane,
hydrogen bonding of the DMPC carbonyl may involve water
molecules or the amino acid side chains of the gramicidin.9 In the
pure DMPC membrane, the carbonyl groups can only form
hydrogen bonds with water. Solid-state NMR, Raman, and fluo-
rescence spectroscopy have shown that the NH groups of the
tryptophan indole rings point toward the carbonyl groups.106,107

According to molecular dynamic simulations of the gramicidin
channel in a DMPC bilayer performed by Woolf and Roux,9 the
indole rings of the tryptophans are involved in hydrogen bonds
with the carbonyl groups of the DMPC molecule. It is therefore
likely that the red shift seen in Figure 8B is due to increased hydro-
gen bonding between the lipid and the peptide’s tryptophans
upon desorption of the bilayer at negative potentials when the

Figure 8. (A) Ester carbonyl stretching band (CdO)s of the lipid in the
DMPC/GD bilayer at selected electrode potentials. The thick line
corresponds to the calculated spectrum of the DMPC molecules in a
hypothetically randomly distributed DMPC/GD bilayer. (B) Frequency
shift as a function of the electrode potential of the (CdO)s band for the
DMPC/GD bilayer (filled squares) and for a pure DMPC bilayer57

(empty circles). The error bars correspond to the standard deviation
calculated from 3 independent measurements.

Figure 9. (A) PMIRRA spectra of the Amide I0 of GD in a DMPC
bilayer at 19 �C transferred at 40 mN m�1 at selected potentials. The
thick line corresponds to the spectrum calculated for hypothetically
randomly oriented GD molecules in a 10% molar ratio in an a 5.4-nm-
thick DMPC/GD bilayer. (B) Deconvoluted spectrum of the Amide I0
band of GD for a DMPC/GD bilayer at E =�0.1 V. The deconvolution
is described in Figures SI 5 and 6 of the Supporting Information.



10082 dx.doi.org/10.1021/la201625c |Langmuir 2011, 27, 10072–10087

Langmuir ARTICLE

system is less rigid due to the presence of a cushion of electrolyte
between the film and the electrode.81

Amide I Band. The vibrational motions of peptide backbones
give rise to the so-called amide bands. Of them, the Amide I
(AmI) band is primarily a stretching of the CdO bond, together
with a minor contribution from the out-of-phase CN stretching,
CCN deformation, and the NH in-plane bend.108 Figure 9 shows
the PMIRRAS spectra of the amide I of GD in themixed DMPC/
GD bilayer at 19 �C transferred at 40 mNm�1 at selected poten-
tials indicated in the figure. The spectra were recorded in D2O to
avoid interference from water bands.
The thick line corresponds to the hypothetical spectrum of

randomly oriented GDmolecules in a 5.4-nm-thick bilayer with a
10% molar ratio of the peptide. The amide I band shows a main
peak located at ∼1634 cm�1 and a higher frequency shoulder
that extends for approximately 40 cm�1. The force field normal
mode calculations by Naik and Krimm109 show that different
conformations of GD appear under the amide I band. Since the
spectra were recorded in D2O, the frequencies here reported for
the AmI0 (note the apostrophe in the notation) band are red-
shifted by about 6 cm�1 with respect to those calculated by Naik
and Krimm due to hydrogen/deuterium exchange of the labile
amine hydrogens.110

The single-stranded conformation of GD β6.3 occurs at lower
frequencies and appears as a narrow peak whereas the double-
stranded β5.6 double helix is responsible for the higher frequency
shoulder. Knowing howmany peaks exist under the envelope of a
spectral region of interest is not trivial. This is especially true for
the Amide I band of GD, which is conformation sensitive. Fourier
self-deconvolution (FSD) in conjunction with generalized two-
dimensional correlation spectroscopy (2D-COS)88,111 was used
to determine the number of peaks and their corresponding
frequencies. This procedure is described in Figures SI 6 and 7 of
the Supporting Information. Figure 9B shows that six sub-bands
were identified under the envelope of the amide I0 band. The low-
frequency peak that is the main component of the Amide band at
about 1633 cm�1 corresponds to the helical dimer (HD) β6.3.
The smaller bands under the higher-frequency shoulder at about
1649, 1656, 1662, 1668, and 1675 cm�1 correspond to hydrogen
bonding patterns similar to those in β5.6 double helices.42,109

However, this assignment is based on the normal mode calcula-
tions by Naik and Krimm that were performed for an infinite β-
helix. Alternative interpretation of the origin of the high-fre-
quency shoulder in the Amide I band of GDwas given by Axelsen
et al.,44 Ulrich and Vogel,35 and Owicki et al.112 They assigned
the shoulder to amide groups with weaker H-bonds at the head-
to-head junction and possibly at the entrance of the channel.
However, the data in Figure 9B demonstrate that the β6.3 pre-
dominantly contributes to the intensity of the AmI0 band. This is
consistent with the circular dichroism studies of a stack of 10
DMPC-GD bilayers described in our earlier publication53 which
demonstrated that the HD conformation is prevalent in the DMPC
membrane deposited at a gold electrode surface. We will analyze
further the behavior of this bandwhose assignment is unambiguous.
Figure 10 plots the frequency of the deconvoluted main peak

under the amide I band as a function of electrode potential. At
positive potentials in the adsorbed state of the film, the peak is
centered at ∼1634 cm�1. At negative potentials, where the
bilayer is desorbed, the maximum of adsorption of the amide I
band is located at ∼1632 cm�1. The amide I band frequency
depends strongly on the intramolecular hydrogen bonding pattern
and on the transition dipole coupling mechanism (TDC).108

The latter is the main mechanism that causes the amide I band to
be sensitive to the secondary structure of the protein. The TDC
involves interactions between the oscillating dipoles of neighbor-
ing amide groups that depend upon the relative orientation of
and the distance between the dipoles. The blue shift of the amide
I band indicates that the TDC and/or intramolecular hydrogen
bonding are weakened in the adsorbed state. This suggests a change
in the angle and/or in the distance between the oscillating dipoles
of the amide groups when the bilayer is deposited at and in direct
contact with the metal surface. The data in Figure 10 show that
the GD molecule is stressed in the adsorbed state of the bilayer.
The stress is relaxed when the bilayer is lifted and separated from
the metal by a thin layer of electrolyte at negative potentials.
Orientation of the β6.3 Helix. The integrated intensities of

the amide I band and eq 4 allows one to determine the angle R
between the direction of the transition dipolemoment vector (μ)
of the AmI0 band and the surface normal. Knowing the angle R
between the direction of the transition dipole moment of the
amide I band and the helix axis, one can determine the orienta-
tion of GD molecules in the supported bilayer and investigate its
change as a function of potential applied to the electrode. However,
there is considerable uncertainty in the literature regarding the
orientation of the transition dipole of the AmI vibration in the
gramicidin molecule because the direction of the transition dipole
depends on the helix structure.
Nabedryk et al.,37 Okamura et al.,100 and Bouchard and

Auger46 used a value of R = 22.6� assuming the β4.4 helix
geometry. In contrast, Ulrich and Vogel35 used a value of
R = 10.8� determined by Naik and Krimm109for the β6.3 helix
conformation and assuming that the vibrations polarized along
the helix axis contribute predominantly to the band intensity.
Recently, Kota et al.39 demonstrated that the Amide I band of
β6.3 helix has contributions from vibrations polarized parallel and
perpendicular to the helix axis and estimated the effective angle
R = 32�. Clearly, determining the direction of the transition
dipole moment is not trivial and a systematic error is inevitably
associated with the tilt angles of the GD helix reported below. To

Figure 10. Frequency shift of the deconvoluted main peak under the
Amide I0 band as a function of electrode potential. The error bars
correspond to the standard deviation calculated from 3 independent
measurements.
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obtain these values, we followed the arguments of Kota et al.39

and assumed that the angle of the effective transition dipole of the
Amide I band with respect to the helix axis is equal to 32�.
Figure 11 plots the average tilt angle of the GD channel with

respect to the surface normal as a function of electrode potential.
For comparison, the tilt angle values of the DMPC acyl chains
that are shown in Figure 7 are also included in Figure 11. The
orientation of the peptide changes by about 10� in the potential
range studied. In the adsorbed state, the average tilt of the GD
helix is 25 ( 2�. As the bilayer detaches from the surface, the
peptide becomes more upright and the angle decreases to 12( 2�.
The error bars shown represent the standard deviation of
three independent sets of data. Figure 11 shows that the change
of the tilt angle of the helix with potential parallels the change of

the tilt of the acyl chains. In the case of the acyl chains, the change
of the tilt angle between the adsorbed and desorbed states is
driven by the difference in the packing of the polar heads of
DMPCmolecules in the two states. The corresponding change in
the tilt of the helix can be explained in terms of the hydrophobic
matching of the thickness of the hydrophobic portion of the bilayer
to the length of the peptide.7,49,98 The energetic cost of hydro-
phobic mismatch is proportional to the square of the difference
between the thickness of the bilayer and the projected length of
the peptide in the direction normal to the bilayer.49,98 The bilayer
responds to the hydrophobic stress by changing the tilt of the
peptide to better accommodate it within the bilayer core. The
length of two all-trans stretched acyl chains of DMPC molecules
is 34 Å. In the gel state, the maximum hydrophobic thickness of
the bilayer is then given by the product of 34 Å and cos Æθchainæ,
where θchain is the angle between the axis of the peptide and the
bilayer normal. Hence, the bilayer hydrophobic thickness
changes from 27 ( 1 Å in the adsorbed state (corresponding
to a tilt of 35� ( 2�) to 32 ( 1 Å in the desorbed state (for an
angle of 20� ( 3�). X-ray crystallographic data for the GD
channel has shown that the gramicidin dimer length is
26 Å (13 Å per monomer).113 Taking into account the angles
determined in this work, the GD channel spans a distance of
23.5 ( 1 Å to 25.6 ( 1 Å in the adsorbed and desorbed states,
respectively. These values give the hydrophobic mismatch in
these two states corresponding to 3.5 ( 1 Å and 6 ( 1 Å,
respectively. The hydrophobic matching appears to be better in
the adsorbed state. However, the hydrophobic core thickness of
the DMPC/GD bilayer is less than the above estimate, since the
acyl chains are not in the all-trans conformation but are partially
melted. Indeed, the thickness of a DMPC bilayer decreases by
∼5 Å by moving across the phase transition from the gel to the
liquid crystalline state.114�117 This change is sufficient to match
the hydrophobic thickness of the bilayer and the projected length
of the peptide and to eliminate the hydrophobic stress.
Table 2 lists the tilt angle values obtained in the present study

together with those reported previously for various DMPC/GD
samples. There is a huge spread of the reported tilt angles of the
helix. This spread may be explained by differences among (i) the
direction of the transition dipole with respect to the helix axis, (ii)
the nature of the sample (stack of multiple bilayers versus single
bilayer versus a monolayer), and (iii) the temperature, and hence
the acyl chain order of the phospholipid. Nonetheless, Table 2

Figure 11. Average tilt angle of the GD channel (empty squares) with
respect to the surface normal as a function of electrode potential
calculated from the integrated band intensity and assuming an orienta-
tion of μ of 30� with respect to the helical axis. The orientation of the
DMPC acyl chains (filled squares) is also plotted for comparison. The
error bars correspond to the standard deviation of 3 independent sets
of data.

Table 2. GD Orientation in DMPC/GD Samples Determined by Several Authors along with the Value of the Transition Dipole
Moment Used in Their Calculation

DMPC/GD sample

(temperature)

angle of the

helix

Amide I transition

dipole

angle of the lipid

in DMPC/GD IR method ref

dry vesicles (room temperature) <15� 22.6� 11.5� polarized transmission 37

monolayer at air/water interface (20 �C) 31� 10.8� N/A PMIRRAS 35

hydrated multibilayers (30 �C) 32�( 2� 22.6� θchains = 25�( 7� polarized ATR 100

hydrated multibilayers (40 �C) 42�( 2� 22.6� θchains = 31�( 1� polarized ATR 46

hydrated multibilayers 32� θchains = 33� polarized ATR 39

10 �C 42�( 2�
40 �C 40�( 2�
hydrated multibilayers (34 �C) 16�( 2� N/A N/A NMR 30

phospholipid/GD (liquid crystalline state) 12( 6� N/A N/A NMR 118

this work 30� PMIRRAS single bilayer at Au(111)

adsorbed state 23� ( 2� θchains = 35�( 2�
desorbed state 12�( 2� θchains = 18� ( 3�
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shows that, for all of the stacks of hydrated multibilayers, the
θchain values of DMPC molecules is smaller by ∼10� than the
θhelix values of the peptide. Specifically, Kota et al.39 used the
same orientation of the transition dipole (R = 32�) as in our
study. However, for the gel state of the bilayer (at 10 �C) they
reported values of θhelix = 42� and θchain = 33�. These values
correspond to a hydrophobic mismatch of the order of 10 Å and
hence are not realistic. Our data are not in agreement with all the
ATR studies of stacks of multiple bilayers reported in the
literature. However, the value of θhelix determined by us for the
desorbed state, where the bilayer is separated from the metal by a
∼1 nm cushion of the electrolyte, is in excellent agreement with
the NMR data.30,118

’SUMMARY AND CONCLUSIONS

We have provided rich new information on how the stability of
the DMPC/GD bilayer supported at a gold electrode and the
orientation and conformation of the phospholipid and peptide
molecules depend on the potential drop across the membrane
(transmembrane potential). We have compared the properties of
the membrane containing peptide to the properties of the pure
DMPC bilayer. The bilayer is adsorbed and in direct contact with
the metal when the transmembrane potential is small. When a
negative potential is applied across themembrane, it detaches the
membrane from the metal and, at sufficiently negative potentials,
it becomes separated from the metal by a thin, ∼1-nm-thick
cushion of electrolyte. Therefore, the potential can be used to
switch between the adsorbed and desorbed states of the bilayer.
There are significant differences between the tilt of the acyl
chains in the adsorbed (more tilted) and the desorbed (less tilted
by about 17�) states of the bilayer caused by different packing of
the polar head groups. In the detached state, the polar heads are
packed in a zigzag fashion. In the adsorbed state, all polar heads
are located in one plane in contact with the metal and hence
occupy a larger surface area. The presence of 10% GD has a
measurable impact on the bilayer behavior. The bilayer detaches
at potentials about 100 mV less negative in the presence of GD,
and the acyl chains of DMPC molecules are more tilted in the
presence of GD. In addition, carbonyl groups of the glycerol
moiety form more hydrogen bonds that most likely involve indol
groups of the tryptophan side chains of GD.

The IR data indicated that the helical dimer (β6.3) is the
prevalent conformation of GD in the supported bilayer. The
orientation of the helix axis changes with the potential in parallel
with the change in the tilt of the acyl chains of theDMPCmolecules.
However, the average tilt of the helix is smaller than that of the
DMPC chains by approximately 10�. The potential controlled
change in the helix orientation can be explained by hydrophobic
matching. The orientation of the chains and the peptide are
optimized to ensure that the thickness of the hydrophobic
portion of the bilayer and the projected length of the peptide
on the bilayer normal arematched. Consequently, the tilt angle of
the helix is about 23� in the adsorbed state, which is about 10�
more than in the desorbed state. At such a large tilt angle, the
helix is stressed and small changes in the strength of its bonds and
bond angles occur which cause a blue shift of the amide I band of
the helix. The stress is relaxed in the desorbed state.

In conclusion, we have demonstrated that gold-supported
model membranes offer a unique opportunity to perform
combined electrochemical and spectroscopic studies. This ap-
proach provides new molecular level information about the

properties of the peptide containing membranes exposed to
static electric fields that are comparable to the fields acting on a
natural biological membrane.
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