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ABSTRACT Surface pressure measurements, external reflection-Fourier transform infrared spectroscopy, and neutron re-
flectivity have beenused to investigate the lipid-binding behavior of three antimicrobial peptides:melittin,magainin II, and cecropinP1.
Asexpected, all three cationic peptideswere shown to interactmore stronglywith theanionic lipid, 1,2 dihexadecanoyl-sn-glycerol-
3-(phosphor-rac-(1-glycerol)) (DPPG), compared to the zwitterionic lipid, 1,2 dihexadecanoyl-sn-glycerol-3-phosphocholine
(DPPC). All three peptides have been shown to penetrate DPPC lipid layers by surface pressure, and this was confirmed for the
melittin-DPPC interaction by neutron reflectivity measurements. Adsorption of peptide was, however, minimal, with amaximum of
0.4 mg m�2 seen for melittin adsorption compared to 2.1 mg m�2 for adsorption to DPPG (from 0.7 mM solution). The mode of
binding to DPPG was shown to depend on the distribution of basic residues within the peptide a-helix, although in all cases
adsorption below the lipid layer was shown to dominate over insertion within the layer. Melittin adsorption to DPPG altered the lipid
layer structure observed through changes in the external reflection-Fourier transform infrared lipid spectra and neutron reflectivity.
This lipid disruption was not observed for magainin or cecropin. In addition, melittin binding to both lipids was shown to be 50%
greater than for either magainin or cecropin. Adsorption to the bare air-water interface was also investigated and surface activity
followed the trendmelittin.magainin.cecropin. External reflection-Fourier transform infrared amide spectra revealed thatmelittin
adopted a helical structure only in the presence of lipid, whereas magainin and cecropin adopted helical structure also at an air-
water interface. This behavior has been related to the different charge distributions on the peptide amino acid sequences.

INTRODUCTION

Antimicrobial peptides have been designed by nature to be

highly selective in their mode of interaction with imposing

microbes. Their unique property has been identified as their

ability to target the outer membrane in bacterial cells, thereby

disrupting the electrochemical gradient across the cell,

leading to the loss of cell integrity and function (1–3). With

the current increase in resistance to conventional antibiotics,

the high degree of selectivity possessed by antimicrobial

peptides makes them suitable candidates for the development

of future antibiotics.Membrane selectivity varies for different

peptides (4–6), where they either selectively interact with

eukaryotic or prokaryotic cell membranes (3,7,8). They are clas-

sified as prokaryotic active peptides, e.g., magainin, cecropin,

and defensin; eukaryotic active peptides, e.g., d-hemolysin,

gramicidin A, and cinnamycin; and nonmembrane-selective

peptides, e.g., melittin (MLT) and pardaxin. Several mech-

anisms of adsorption have been reported to occur: the Barrel-

Stave, the torroid pore orwormhole, and the carpetmechanisms

(8–10). The one common feature of all these mechanisms is

the initial predominant electrostatic interaction that drives the

peptide to bind to the lipid layer. The sequence of events that

follows subsequently varies for different peptides and lipid.

Among others, magainin andMLT have been shown to adopt

ana-helical conformation in the presence of lipids, which is in

contrast to the extended conformation that the peptides adopt

in solution (11,12).

MLT is one of the most widely studied peptides (11,13–

17). It is isolated from honeybee (Apis mellifera) venom and

has 26 amino acid residues and a net positive charge at physi-

ological pH (18). The lack of membrane selectivity of MLT

has been related to the amino acid sequence and in turn the

tertiary structure of the peptide (19). MLT’s interaction with

lipids has been investigated using a range of methodologies,

including NMR (9,14), circular dichroism (10,15), surface

plasmon resonance (11,16), and attenuated total reflectance-

infrared (IR) spectroscopy (13,17). Because of its nonselectiv-

ity, MLT is an interesting choice for study to understand the

mechanisms of adsorption, although past studies have not

reached a clear consensus on the conformation of the peptide

in or adsorbed to lipid bilayers. The use of the above spec-

troscopic techniques has shown that the peptide interacts

more strongly in the presence of anionic lipids than those that

are zwitterionic in charge, where the driving force of inter-

action is believed to be electrostatic. MLT has also been

shown to adopt an a-helical conformation in the presence of

lipids, which is in contrast to the extended conformation that

the peptide adopts in solution (10). This conformational

change of MLT is important in its mechanism of interaction,

i.e., pore formation. Studies to date have been key to the

understanding of the structural effects of both the lipid layer

and peptide on interaction. However, the initial interaction of

the peptide with a lipid membrane and subsequent effect on

the structure of the lipids has seldom been discussed.
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Of the membrane-selective peptides, magainin has been

widely studied and reported to form pores at cell membranes

(12,20,21). The orientation of magainin penetration into the

lipid layer has been studied by a variety of techniques to

investigate the mechanism of interaction that leads to cell

death. This has led to the consensus that the peptide interacts

and kills the cells by penetrating the membrane structure by

arranging perpendicular to the lipid interface and adopting a

helical conformation (20–22). Research has shown that the

interaction is stronger if the lipid layer is anionic and that a

critical concentration of peptide in the surface region appears

to be required before pore formation and cell death occur

(20,22–24). However, other mechanisms leading to cell

death may also exist where pore formation is not necessary,

one such being the carpet mechanism, which has been pro-

posed as the method of cell attack for the peptide cecropin P1

(CEC) (25–29). The proposed binding mechanism has been

linked to the peptide’s helical structure on contact with the

lipid vesicle. Unlike cecropins A, B, and D, CEC does not

have a helix-bend-helix structure that occurs due to a central

proline residue. Instead, CEC forms a continuous helix, with

a proline existing near its C-terminus. The single helix struc-

ture provides less flexibility, and this is believed to inhibit

penetration into the lipid structure (28,29). It is therefore

believed to disrupt the membrane structure by interacting

with the lipid headgroup parallel to the membrane surface,

creating a leaky membrane structure and ultimately cell death.

To gain insight into peptide-membrane interaction, the

biological membrane has been experimentally modeled using

lipid vesicles, monolayers, and surface-bound multilayers

(17,20,30,31). Measurements using lipid monolayers have

been shown to be effective for investigating protein-lipid

interactions because the lipid layer composition and com-

pression can be carefully controlled (32). Research has shown

that surface pressure measurements and external reflection-

Fourier transform infrared (ER-FTIR) spectroscopy (also known

as IRRAS, infrared reflection absorption spectroscopy) are

effective tools in studying the interaction between proteins

and lipids (33–35). Both methods are sensitive to adsorption

processes at the air-liquid interface, and thus synergy in

experimental design enables the techniques to be used in a

complementary manner. Surface pressure measurements are

highly sensitive to peptide penetration of lipid layers, but less

so to adsorption below the lipid layer. ER-FTIR spectroscopy

can be used to observe the structural impact on the lipid

molecules as the peptide adsorbs and changes in peptide

secondary structure. The lipid layer structure is observed by

monitoring the CH peaks of the lipid acyl chains, and the

adsorption of and structural change in the peptide is observed

by the presence of an amide I peak (34,36). The authors’

previous work has used these methods to investigate protein-

lipid interactions and in the study of protein conformational

change during adsorption to the air-water interface (36,37).

A further suitable complementary tool to ER-FTIR spec-

troscopy is neutron reflectivity (NR) (38). Studies of lipid

monolayers using this method have been carried out showing

the technique to be sensitive to structure and orientation of

the lipid molecules (39). NR provides a means of quantita-

tively determining adsorbed layer structure at the air-water

interface and differentiating between interfacial species. Thus

it provides a method of probing the position and concentra-

tion of peptide within the lipid layer.

It is possible that a single peptide can interact with a

membrane surface in more than one way, possibly enabling a

single type of peptide to attack a membrane via more than one

mode of interaction. Such processes may well be linked to the

lack of membrane selectivity seen for some antimicrobial

peptides. We have taken three complementary methods, sur-

face pressure measurements, ER-FTIR spectroscopy, and NR,

to provide information on the initial peptide-lipid interaction.

These methods are used to determine changes in peptide and

lipid layer structure as a result of different peptide-lipid inter-

action and to differentiate between different modes of interac-

tion. Three peptides have been investigated, MLT, magainin

II, and CEC, where contrasting lipid-binding behavior is

expected. Differences in binding behavior of these peptides to

the bare air-water interface and zwitterionic and anionic lipids

have been observed and related to peptide structure.

MATERIALS AND METHODS

Materials

Lipids were obtained from Avanti Polar Lipids (Alabaster, AL) and peptides

from American Peptide (Sunnyvale, CA), and all were used as supplied. The

solutions of 1,2 dihexadecanoyl-sn-glycerol-3-phosphocholine (DPPC)

(synthetic purity .99%) with a molecular mass (MM) of 734 g mol�1

and 1,2 dihexadecanoyl-sn-glycerol-3-(phosphor-rac-(1-glycerol)) (DPPG)
(sodium salt) (synthetic purity .99%) with an MM of 745 g mol�1 were

prepared in chloroform (Sigma, St. Louis, MO; 99%1) to a concentration of

0.5 g dm�3. MLT (MM ¼ 2847 g mol�1) is a 26-residue hemolytic peptide

isolated from the venom of European honeybee A. mellifera (18). Magainin

II (MGN) (MM ¼ 2466 g mol�1) is a 23-residue antimicrobial pep-

tide isolated from African frog skin (5). CEC (MM ¼ 3339 g mol�1) is a

31-residue antimicrobial peptide isolated from porcine intestine (40). The

peptide solutions were made using a phosphate buffer solution of pH 7 (I ¼
0.02 M) using UHQ grade water. Peptide solutions were diluted to the

required concentration (0.088–3.5 mM) through adding concentrated peptide

solutions to the 80-cm3 buffer subphase of the Langmuir trough. For the

FTIR experiments the peptide solution was made in a D2O phosphate buffer

24 h in advance to allow for deuterium-hydrogen exchange to equilibrate.

Surface pressure measurements

Lipid monolayers were created at the air-water interface using a Langmuir

trough (model 611, Nima Technology, Coventry, England). Surface pressure

measurements were carried out by theWilhelmy plate method; this consisted

of a strip of chromatography work in contact with the aqueous subphase and

linked to a balance (surface pressure sensor). Before the start of an ex-

periment the trough and the barriers were thoroughly cleaned with UHQ

grade water and chloroform. The trough was filled with 80 cm3 buffer

solution (pH 7, I ¼ 0.02 M) onto which 20 ml of a 0.5 g dm�3 solution of

lipid was spread. After allowing time for the chloroform to evaporate, the

lipid layer was compressed and held at the required surface pressure. The

compressed lipid layers were measured as surface pressure (p)-area (A)
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curves and held at the desired surface pressure by fixing the barriers. Peptide

solution (2 cm3) was introduced into the subphase via a custom-made metal

tube fixed below the buffer surface. Peptide solution was added into the tube

using a syringe and dispersed within the subphase through a series of small

holes along the length of the tube (36,37). This method of peptide addition

allowed for rapid mixing and even distribution of peptide solution in the

subphase without disturbing the lipid monolayer. On addition of peptide

solution to the subphase, plots of surface pressure versus time were recorded

to follow adsorption of peptide to the lipid layer. All data were repeated and

found to be consistent with final surface pressure values with a standard

deviation of 61 mN m�1.

FTIR spectroscopy

FTIR spectra were recorded using a Thermo Nicolet Nexus (Madison, WI)

fitted with a liquid nitrogen cooled mercury cadmium telluride detector and

an air dryer to purge the instrument of water vapor and carbon dioxide.

Lipid-peptide interactions were measured by ER using a monolayer/grazing

angle accessory (Specac 19650 series, Kent, England). The accessory was

also equipped with a small PTFE trough (94 3 22 3 5 mm), which was

filled with deuterated buffer and fitted onto the grazing angle accessory

before starting the experiment. The ER accessory was aligned such that the

angle of incidence was 45�. Access to the Teflon trough throughout the

experiment was via a small sliding lid to maintain the dry air purge. All FTIR

spectra were recorded at a resolution of 4 cm�1 where 265 interferograms

were collected and coadded and were ratioed against a background spectrum

of D2O buffer solution. All data were successfully reproduced. The FTIR

procedure was followed as described previously (36).

Neutron reflectivity

NR measurements were carried out using the white beam SURF reflectom-

eter at the Rutherford Appleton Laboratory (Oxfordshire, UK), using

neutron wavelengths from 0.5 to 6.5 Å. The Langmuir trough arrangement

described above for the surface pressure measurements was used and

mounted onto an antivibration table within the sample environment of the

reflectometer. The collimated neutron beam was reflected at the air-liquid

interface at two different glancing angles of incidence: 1.5� and 0.8�. The
beam intensity was calibrated with respect to clean D2O. A flat background

was determined by extrapolation to high values of momentum transfer,

k (k ¼ (4p sin u)/l, where l is wavelength and u is the incident angle).

Specular NR is largely determined by the variation in scattering length

density along the surface normal (41). Different isotopes have different

scattering lengths, and thus isotopic substitution can be used to produce a

variety of NR profiles corresponding to a single number density profile pro-

viding a means of determining the composition of multi-component systems

such as the peptide-lipid system reported here. A detailed description of the

procedure used to obtain and fit NR profiles is given for protein-surfactant

systems in previous publications (42–44) and thus is described only briefly

here. Lipid layers were prepared as described above using surface pressure

changes to monitor compression, and NR profiles were obtained for equili-

brated systems before and after addition of peptide to the aqueous subphase.

Null reflective water (NRW) (8% D2O) was used as the aqueous subphase

such that the reflectivity profile was sensitive to the interfacial region only

(42). Reflectivity curves were repeated using both chain hydrogenated and

chain deuterated lipids to provide isotopic contrast between the lipids and

peptides at the surface.

The resulting reflectivity profiles have been analyzed using the optical

matrix formalism, which has been described in detail elsewhere (45). A

typical modeling procedure calculates the reflectivity based on fitting to the

structural parameters: number of layers, thickness, and corresponding scat-

tering length density of each layer. A set of reflectivity profiles measured

under different isotopic compositions, n, are fitted to the same layer and

thickness model with the scattering length density varying, depending on the

density and composition of the lipid-peptide interface. The fitted scattering

length density for each isotopic contrast, rn, can be related to the volume

fraction of each component in the system by rn ¼ rpeptide fp 1 rlipid (H or D)

flipid 1 rwater fwater. In these experiments NRW is used and, thus, rwater
fwater ¼ 0. An equation for each isotopic contrast, using hydrogenated or

deuterated lipid, provides enough information to solve the resulting equation

for volume fractions, f. Therefore, area per molecule and surface excess can

be determined for each interfacial species. For example, if the lipid layer is

contrast matched to the NRW subphase (i.e., nonreflecting), the resulting

reflectivity profile will come from the peptide contribution only and thus the

modeled scattering length density will be proportional to the volume fraction

of the peptide. Thus, the volume density and the surface excess of the lipid

and protein within each layer can be distinguished (42).

RESULTS

Peptide binding to the bare air-water interface

Initially, surface pressure measurements and ER-FTIR spec-

tra were recorded for antimicrobial peptide adsorption (0.7

mM) to the bare air-water interface, as shown in Fig. 1 a.
Adsorption to the bare air-water interface gave a similar sur-

face pressure profile for all three peptides. After addition of

peptide to the substrate, an induction period of up to 40 min

was present before any increase in surface pressure was ob-

served. This induction period was followed by a sharp increase

and then plateau before a final surface pressure increase of 23,

21, and 18 mNm�1 was observed for MLT, MGN, and CEC,

respectively. Induction periods have been observed in surface

pressure data previously and have been explained in terms of

orientation changes in the adsorbed protein layer, rather than

due to delayed adsorption. It should be noted that surface

pressure data describe the ability of the adsorbed material to

change the surface tension of the interface, rather than ad-

sorbed amount (36,46).

Indeed, some studies have shown that, for protein adsorp-

tion, a 50% adsorbed molecular layer is required before an

increase in surface pressure is observed (46). Our ER-FTIR

data confirmed these observations, showing an increase in the

peptide amide I peak within seconds of peptide addition to the

subphase as shown by the amide I peak area data in Fig. 1 b.
Final spectra are given in Fig. 1 c showing differences in the

peak shape, and therefore the secondary structure, for each

peptide. Two observations can be made: First, although the

adsorption rate is different for the two methods, the trend in

terms of final adsorbed peptide layer is the same with

CEC,MGN,MLT. Second, deconvolution of the amide I

peak suggests that MGN has a high helix confirmation (peak

max at 1650 cm�1) at the interface, compared to MLT where

no evidence of helix is seen, with a peak maximum at 1640

cm�1 indicative of random coil structure. Aswill be discussed

later the peak maximum observed for MLT is in apparent

contrast to the 1656 cm�1 peakmaximumobserved byCornut

et al. (32).

Peptide binding to DPPC and DPPG
lipid monolayers

Fig. 2 shows surface pressure against time plots for peptide

adsorption (0.7 mM) to the air-buffer interface in the
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presence of a lipid layer over a 3-h period. The results for the

three antimicrobial peptides, MLT, MGN, and CEC, are

shown. In the presence of a condensed DPPC or DPPG layer

(20 mN m�1), no delay in surface pressure increase was ob-

served. To DPPC, surface pressure change was rapid, leading

to a final increase in surface pressure of 10, 5, and 3 mN m�1

for MLT, MGN, and CEC, respectively. In the presence of

a DPPG monolayer, the increase in surface pressure was

greater, due to the stronger electrostatic interaction between

the cationic peptide and anionic lipid headgroup. Final sur-

face pressure increases were 20, 12, and 9 mN m�1 for MLT,

MGN, and CEC, respectively. The nonselective peptide, MLT,

gave a greater increase in surface pressure and thus greater

reduction in surface-free energy to both lipid surfaces com-

pared to the membrane-selective peptides.

Fig. 3 shows the CH stretch and amide I regions of the ER-

FTIR spectra for MLT, MGN, and CEC (0.7 mM) interaction

with a condensed DPPC monolayer recorded over a 3-h pe-

riod. Three peaks were observed in the CH stretch region: a

CH3 stretch (2958 cm�1) and asymmetric and symmetric

CH2 stretches (2918 cm�1 and 2850 cm�1, respectively). In

the amide region, a CO stretch was observed at 1740 cm�1

due to the headgroup carbonyl of the lipid, but the amide I

peak (1650 cm�1) expected upon peptide adsorption was not

observed. The amide I peak was absent over the full 3-h

duration of the experiment and suggests that no peptide ad-

sorbed to the interface, which appears to contradict the

surface pressure data. In addition, no change in the lipid CH

and CO stretch peak sizes or positions is observed, sug-

gesting that the lipid structure does not significantly alter

when the peptide is introduced to the system. In systems

where protein binding is observed, changes in the intensity

of the CH stretch vibrations have been observed and related

to changes in average lipid chain tilt angle (47).

ER-FTIR spectra, corresponding to the CH stretch and

amide spectral regions, for MLT, MGN, and CEC binding to

a condensed DPPG monolayer are shown in Fig. 4. For MLT,

adsorption was observed for a 3-h period using a solution

concentration of 0.7 mM. For MGN and CEC, the first 2 h of

adsorption was at a concentration of 0.7 mM; the peptide

concentration was then increased to 3.5 mM for a further 3 h.

The spectra shown in Fig. 4 are representative of a large data

set, where spectra were recorded regularly throughout the

adsorption period and experiments repeated three or more

times.

Fig. 4 a shows spectra for MLT adsorption to DPPG. In

these spectra, CH stretch and CO stretch peaks correspond-

ing to the lipid layer and an amide I peak corresponding to

peptide adsorption were observed. During peptide adsorp-

tion, changes in peak area and position were observed in the

CH and CO stretch vibrations of the lipid. The CH3 stretch

vibration broadened and shifted position from 2958 to 2962

cm�1, but its peak area did not change. Both the CH2 asym-

metric and the CO stretch vibrations broadened during peptide

adsorption, resulting in reduced peak area (see peak areas

shown in Fig. 5). These changes can be attributed to changes

of the lipid layer structure and orientation caused by the

MLT interaction that led to either increased tilt angle of the

lipid layer (47) or decreased molecular order of the lipid

structure. MLT adsorption was observed as a gradual in-

crease in amide I peak area during the 3-h adsorption time,

but the shape of the peak did not significantly alter through-

out the adsorption period. Although the surface pressure

FIGURE 1 Surface pressure and ER-FTIR data for antimicrobial peptide

adsorption to the air-water interface. Plot a shows surface pressure versus

time after addition of each peptide to the aqueous subphase at time ¼ 0. Plot

b shows peptide adsorption as followed by ER-FTIR spectroscopy, giving

the increase in amide I peak area versus time. Plot c shows the amide I

spectra for each peptide after adsorption for 3 h where the dotted lines give

the deconvoluted amide I peaks.
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kinetics was quite rapid for MLT adsorption to DPPG (Fig. 2),

adsorption was shown to be far slower by FTIR spectros-

copy. Due to the insensitivity of surface pressure changes to

interactions below the uppermost lipid layer, this observation

suggests that adsorption of MLT below the DPPG layer

occurs as well as penetration of the lipid layer.

For MGN and CEC (Fig. 4, b and c), adsorption occurred

rapidly, as observed by the appearance of an amide I peak at

;1650 cm�1. Unlike MLT, the CH and CO stretch vibra-

tions resulting from the lipid monolayer were not affected

by the addition of peptide. Increasing the concentration of

peptide appeared to have little effect on the amide I peak

height or shape. Fig. 6 provides peak area data for the CH2

(2918 cm�1) and the amide I (1650 cm�1) peaks for MGN

and CEC. This shows the change in peak area for the data

shown in Fig. 4 and also for repeat experiments of peptide

adsorption from a 0.7 mM solution for 3 h. The repeat data

provide evidence of the repeatability of the data in terms of

stability of the lipid layer and peptide adsorption.

The rates of increase of the amide I peak areas for MGN

and CEC were shown to be rapid compared to MLT, with

adsorption twice as fast for MGN (plateaus after 20 min)

compared to CEC (plateaus after 40 min adsorption). In ad-

dition, the rate appears slower than the rate of change in

surface pressure shown in Fig. 1. Surface pressure values

resulted in a plateau after,5 min adsorption time. The FTIR

data also showed that increasing the concentration fivefold

resulted in no further adsorption of peptide. However, ad-

sorption of CEC at 0.35 mM resulted in ;50% adsorption

compared to a 0.7 mM solution (data not shown). Therefore,

maximum interaction can be assumed at the concentrations

presented in this work.

The amide I peak shape is indicative of peptide secondary

structure and was seen to be markedly different for the three

FIGURE 2 Surface pressure data for

peptide binding to DPPC and DPPG

lipid monolayers. Plot a gives the p-A
curves. The asterisk indicates the con-

densed phase of the lipids at which

compression all peptide adsorption ex-

periments were carried out. Plots b and

c show the surface pressure versus time

data upon addition of peptide to (b)

DPPC and (c) DPPG.

FIGURE 3 ER-FTIR spectra for peptide interactions with

condensed phase DPPC monolayers. For each peptide, the

dotted line shows the spectra just before peptide addition

and the solid line after 3 h adsorption. Spectra were recorded

at regular intervals throughout the 3-h adsorption period.

(Spectra are offset but represented on same scale with full

scale of reflectance axis of �0.16.)
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peptides (as seen in Figs. 5 and 6). For MLT adsorption to

the air-water interface, a peak centered at 1640 cm�1 was

observed, suggesting a random coil structure. In the presence

of a DPPG lipid layer, a shoulder at 1652 cm�1 was also

evident; this shoulder is a result of an increased a-helix struc-

ture in the presence of the DPPG monolayer (48). MGN

exhibited a strong helix confirmation at both surfaces, as seen

from the 1650 cm�1 maxima revealed by peak deconvolution

(Fig. 6). In contrast, for CEC the dominant feature occurred

at;1640 cm�1, suggesting a higher random coil component

for the adsorbed peptide structure. Interestingly, no signif-

icant structural differences were observed for MGN and CEC

when comparing adsorption at a DPPG layer to adsorption at

the bare air-water interface. This helical structure associated

with peptide interaction with lipids has been shown in

previous studies, but has not been reported to occur when

lipid is not present (21,28). For MLT, our observation show-

ing a peak maximum at 1640 cm�1 is in apparent contrast to

a previous study at the air-water interface using PMIRRAS

by Cornut et al. (32), where a peak maximum of 1656 cm�1

was observed. The experimental conditions of these two

studies are significantly different, with these data using a

D2O subphase, displaying a superior signal/noise ratio that

has enabled peak deconvolution, and representing the

adsorbed state after 3 h (rather than 20 min) adsorption.

Figs. 7 and 8 provide NR curves for peptide binding to

DPPG. Fits are also provided and are summarized in Tables

1 and 2. As described in the Materials and Methods section,

deuteration provides a means of highlighting particular fea-

tures within an interfacial layer. Table 1 provides fitting data

to reflectivity curves for the equilibrium adsorption of all

three peptides to a hydrogenated DPPG monolayer. Under

these conditions the scattering length density of the DPPG is

low (3.6 3 10�7 A�2) and therefore we can approximately

determine the surface excess of each peptide at the interface

(42). These calculations have shown that, as seen with the

previous methods, the extent of interaction is CEC,MGN

,MLT. The data also suggest that the film thickness is

greater for MLT (42 Å) compared to 30 Å for CEC and

MGN. Table 1 also shows data for adsorption of MLT at

lower concentrations.

The use of deuterated lipid enables the position of the

peptide and the lipid at the interface to be determined (42).

This is achieved by fitting data from experiments using both

deuterated and hydrogenated lipid as described above. Fig. 7

shows the reflectivity profiles of a chain-deuterated DPPG

FIGURE 4 ER-FTIR spectra for peptide interactions

with condensed phase DPPG monolayers. For each pep-

tide, the dotted line shows the spectra just before peptide

addition. MLT adsorption (from 0.7 mM solution) was

recorded over a 3-h period and spectra are shown for 15

min and 1, 2, and 3 h (bold line) adsorption. For MGN and

CEC, spectra are shown after 2 h adsorption from a 0.7 mM

solution and after a further 3 h adsorption at an increased

solution concentration of 3.5 mM. Spectra were recorded at

regular intervals throughout the adsorption period. (Spectra

are offset but represented on same scale with full scale of

reflectance axis of �0.24.)

FIGURE 5 Peak area (plot a) and amide I peak deconvolution (plot b)
data taken from the ER-FTIR spectra recorded for MLT adsorption to a

condensed DPPG monolayer. The dotted lines in plot b show the peak

deconvolution of the amide I peak for MLT adsorption to the air-water

interface both with and without the presence of DPPG.
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lipid layer and profiles for MLT andMGN adsorption to both

a hydrogenated (h)- and chain deuterated (d)-DPPG layer in

NRW. The deuterated (d)-DPPG-peptide (NRW) reflectivity

profile is sensitive to both species at the interface. Adsorp-

tion from a 0.7 mM MLT solution is given in Fig. 7 a. This
figure shows that the (d)-DPPG-MLT reflectivity profile is

lower (less dense) than the pure (d)-DPPG profile, suggest-

ing that the density of the lipid layer has been reduced and,

thus, the ordering of lipid layer has been significantly altered.

A fringe (curve inflection) also appears as a result of MLT

adsorption, which indicates an increase in layer thickness.

Therefore, before fitting these data, we can deduce that the

peptide adsorbs in a manner that thickens the interfacial layer

and disrupts the lipid layer structure.

Fitting the pure (d)-DPPG layer to a single layer model

resulted in an area per molecule for the lipid of 55 Å2, in

agreement with surface pressure and literature values (49).

Compression of (d)-DPPG follows a slightly different surface

pressure-area curve than that for (h)-DPPG due to differ-

ences in interactions between deuterated hydrocarbon chains

compared to hydrogenated chains (38). This is particularly

apparent within the phase transition period between 65–80

Å2/molecule. At 20 mN m�1, both lipid layers are com-

pressed within equivalent phase states. A simple single layer

model was, however, not sufficient to fit the DPPG-MLT

data, shown in Fig. 7 a, such that the reflectivity curves for

the two isotopic contrasts fitted to the same physical model.

A three-layer model was required, and the fitting parameters

are shown (Table 2). Since the layer structure has proven to

be complicated, these fits may not be unique, and further NR

studies using additional isotopic contrasts would be required

to confirm the model. However, the surface excess data are

likely to be consistent and largely independent of the model

used and, therefore, certain conclusions about the interaction

between MLT and DPPG can be made. The model suggests a

total adsorbed amount of peptide to be 2.1 mg m�2, situated

both within the upper lipid layer and immediately below the

lipid. The model also suggests that the concentration of the

lipid component reduces by 25% within the upper layer, ex-

isting as a more diffuse structure within the lower surface

layers.

Fig. 7, b and c, shows the NR curves and the corre-

sponding fits for MLT adsorption to DPPG at 0.175 and

0.088 mM solution concentrations of MLT. If the concen-

tration of peptide was reduced from 0.7 to 0.175 mM, a two-

layer model could be used to fit the data showing a surface

concentration of MLT of 1.1 mg m�2 situated within the

upper lipid layer (Table 2). The lipid layer is distorted at this

MLT concentration with 17% of the lipid existing as a dif-

fuse layer below the upper lipid monolayer. At an MLT

concentration of 0.088 mM, the disruption in the lipid layer

was no longer observed, and a single layer model could be

used to fit the data successfully, resulting in a surface excess

of MLT of 0.6 mg m�2. The single layer fit suggests that the

MLT resides within (penetrates) the lipid layer rather than

adsorbing below the layer. Therefore, disruption of the lipid

layer and significant adsorption of peptide below the lipid

layer appear to be dependent on MLT concentration. At low

concentrations, peptide penetrates the DPPG layer without

affecting the structural order of the lipid. Even at one-eighth

FIGURE 6 Amide I (square symbol,

1650 cm�1) and CH2 (diamond symbol,

2920 cm�1) peak area verses time plots

for MGN (a) and CEC (b) adsorption to

condensed DPPG monolayers. Solid

symbols represent the data taken from

spectra shown in Fig. 4, and the open

symbols indicate repeat data. Amide I

peak deconvolution for the final spectra

are shown in plots (c) MGN and (d)

CEC for adsorption to the bare air-water

interface (0.7 mM) (top) and to the

DPPG monolayer at 0.7 mM (middle)

and 3.5 mM (bottom) solution concen-

trations.
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of the initial MLT concentration, the surface concentration of

peptide remains significantly greater than that seen for the

MLT-DPPC interaction at high peptide concentration. This

is supported by surface pressure data where MLT adsorption

from a 0.035 mM solution (data not shown) leads to an

equivalent increase in surface pressure, as seen for 0.7 mM
MLT adsorption to DPPC (10 mN m�1).

Fig. 7 d gives the reflectivity profiles and associated two-

layer model fits for MGN adsorption to a condensed DPPG

monolayer (also provided in Table 2). At a MGN concentra-

tion of 0.7mM, a two-layer model was required to fit the same

physical model to the two isotopic contrasts. These fits re-

vealed that the bulk of peptide resided below the lipid layer,

with little or no peptide penetrating the layer. The fits do not,

however, provide conclusive evidence that peptide was ex-

cluded from the lipid layer, since it was possible to fit the data

to give 0%–2% of peptide in the upper lipid layer. In contrast

to these findings, the MLT NR and ER-FTIR data showed

that, at 0.7 mM, MLT does penetrate the lipid layer (40%

within upper layer) as well as altering the lipid structure and

adsorbing below the upper lipid layer. This explains the ob-

served thicker layer found for MLT compared to MGN and

CEC in Table 1.

The contrasting surface pressure and ER-FTIR results

found for peptide adsorption to DPPC were also investigated

using NR. Fig. 8 gives the NR profiles recorded for MLT

binding to (h)- and (d)-DPPC in NRW. The condensed phase

(d)-DPPC layer before peptide addition has been fitted to a

single layer model, which corresponds to an area per mole-

cule of 57 Å2 (as seen in Table 1). This value is, within error,

in agreement with surface pressure data and consistent with

literature values (38,50). As shown in Fig. 8, on addition of

peptide there was no significant change in the (d)-DPPC

reflectivity profile, suggesting little or no MLT adsorption.

However, a slight reflectivity curve was observed when MLT

was adsorbed to a (h)-DPPC surface, and this suggests that

the surface does in fact contain some peptide. Fitting of the

reflectivity curves of the two lipid contrasts gave a single

layer fit showing peptide penetration within the region of

0.1 surface fraction (10%).

DISCUSSION

Figs. 2 and 3 show apparently contrasting results between

surface pressure and ER-FTIR measurements for the peptide-

PC interaction. These observed differences may be due to

differences in the physical properties probed by the two tech-

niques (37). At the high lipid compressions used in this study,

penetration of peptide into DPPC would conceivably lead

to a large increase in surface pressure for relatively minor

FIGURE 7 NR versus momentum

transfer plots for 0.7 mM (plot a),

0.175 mM (plot b), 0.088 mM (plot c)

MLT, and 0.7 mM (plot d) MGN

adsorption to a condensed DPPG mono-

layer. For each plot, reflectivity profiles

for peptide adsorption to chain deuterated

(triangles) and hydrogenated (crosses)

DPPG are shown. Diamond symbols

represent the deuterated-DPPG mono-

layer before peptide addition, and solid

lines give best model fits to the data

(details given in Tables 1 and 2).
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quantities of incorporated peptide (small changes in lipid

compression (area per molecule)). Indeed, a surface pressure

increase of 5 mN m�1, as observed for MGN, would cor-

respond to ,3% lipid compression. NR fits show that the

compressed lipid layer has a layer volume fraction of 0.9–

0.95, allowing only limited peptide penetration. Therefore,

methods sensitive to the adsorbed amount are less able to

detect penetration. Consequently, ER-FTIR measurements

did not show evidence of any lipid penetration unless the

DPPC lipid layer compression was reduced, upon which

peptide adsorption was seen, in agreement with the findings

of Flach et al. (34) (data not shown). However, NR was able

to confirm a weak interaction between MLT and DPPC that

suggested that peptide had penetrated the lipid layer to give

an interfacial layer with;10% peptide. From our surface pres-

sure measurements, all peptides showed some evidence of

interaction with DPPC although MLT was 50% greater than

the two membrane-selective peptides. Our results suggest

that peptide-DPPC binding is driven by a strong interaction

with the lipid hydrocarbon chain due to the hydrophobicity

of the peptide rather than interacting with the zwitterionic

headgroup, and thus binding below the layer does not appear

to occur.

MGN and CEC binding to DPPG appeared to be similar to

that of MLT-DPPC according to the surface pressure mea-

surements, and we believe this is because the extent of lipid

compression due to peptide penetration was equivalent in the

three systems. Conversely, ER-FTIR data showed large dif-

ferences between the binding of the peptides to both lipid

layers. As discussed above, binding to DPPC was not ob-

served, since the technique appeared to be unable to detect

low surface concentrations of inserted peptide. NR also con-

firmed that binding to DPPC was small, giving a surface

excess of 0.4 mg m�2 for MLT binding to DPPC compared

to 2.1 mg m�2 to DPPG. ER-FTIR showed that the DPPG

lipid layer structure remained intact in the presence of the

membrane-selective peptides; however, MLT caused the

lipid layer structure to be altered. This observation was also

supported by NR where both MLT and MGN have been

investigated. To MGN and CEC, the peptide appears to ac-

cumulate at the headgroup of the lipid layer. Increasing the

peptide concentration above 0.7 mM did not lead to increased

interaction according to ER-FTIR spectroscopy. The litera-

ture supports the theory that peptide accumulates below the

lipid layer but suggests that this step is before peptide

penetration (12,21,24). However, in our studies we have seen

TABLE 1 DPPG-peptide interaction: fit parameters for

NR curves for peptide adsorption to hydrogenated DPPG in

NRW (assuming r(h)DPPG ¼ 0)

Fit details:

Peptide

concentration Thickness/Å

Scattering length

density/10�6 Å�2

Peptide surface

excess/mg m�2

MLT 0.088 mM 20 0.7 1.1

MLT 0.175 mM 28 0.7 1.5

MLT 0.7 mM 42 0.75 2.4

MGN 0.7 mM 30 1.05 2.2

CEC 0.7 mM 30 0.65 1.4

FIGURE 8 NR versus momentum transfer plot for 0.7 mM MLT adsorp-

tion to a condensed DPPC monolayer. Reflectivity profiles for peptide ad-

sorption to chain deuterated (solid circles) and hydrogenated (crosses) DPPC

are shown. Open circle symbols represent the deuterated-DPPC monolayer

before peptide addition, and solid lines give best model fits to the data

(details given in Table 2).

TABLE 2 Fit parameters for NR curves using (h) and (d)

lipid in NRW

Fit details: (t)

thickness/Å

Surface

excess */mg m�2

(r) scattering length

density/10�6 Å�2 Lipid Melittin

(d)-DPPC t ¼ 21.5, r ¼ 5.5,

A ¼ 57 Å2/molecule

2.3 –

DPPC 1 0.7 mM MLT t1 ¼ 22.5, r(d) ¼ 5.5,

r(h) ¼ 0.42

2.3 0.4

(d)-DPPG t ¼ 21, r ¼ 5.9,

A ¼ 55 Å2/molecule

2.4 –

DPPG 1 0.7 mM MLT t1 ¼ 22, r(d) ¼ 4.05,

r(h) ¼ 0.71

2.0 2.1

t2 ¼ 24, r(d) ¼ 0.68,

r(h) ¼ 0.66

t3 ¼ 28, r(d) ¼ 1.00,

r(h) ¼ 0.05

DPPG 1 0.175 mM MLT t1 ¼ 22, r(d) ¼ 5.1,

r(h) ¼ 0.9

2.1 1.1

t2 ¼ 60, r(d) ¼ 1.0,

r(h) ¼ 0.05

DPPG 1 0.088 mM MLT t1 ¼ 24, r(d) ¼ 5.35,

r(h) ¼ 0.59

2.2 0.6

DPPG 1 0.7 mM MGN t1 ¼ 21, r(d) ¼ 5.85,

r(h) ¼ 0.36

2.2 1.9

t2 ¼ 22, r(d) ¼ 1.2,

r(h) ¼ 1.2

*The combined error in surface excess is 60.1 mg m�2.
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evidence of peptide penetration to DPPC without any accu-

mulation below the lipid surface.

For each peptide, an apparent disagreement between

methods is observed when considering the adsorption rates

to DPPG (i.e., rate of change of surface pressure and amide I

peak areas). Upon addition of peptide, surface pressure mea-

surements show an initial sharp increase (within the first 10

min) followed by a long plateau region up to the full 3 h of

adsorption. However, the amide I peak areas increase more

gradually over the adsorption period, with plateau occurring

after 40 and 60 min for MGN and CEC, respectively, and.3 h

for MLT. This slower adsorption rate may be due to adsorp-

tion below the upper lipid layer where the increased adsorbed

amount would have little effect on surface tension. The grad-

ual changes in the amide I peak area could also be attributed

to changes in the peptide orientation at the surface. MLT

adsorption rate is shown to be slowest since this peptide

alters the lipid layer structure and has been shown to interact

with DPPG by a different mechanism.

MLT has an amphiphilic structure when in its random coil

conformation, with distinct polar and hydrophobic regions,

providing surfactant-like behavior that enables it to interact

via different mechanisms. This amphiphilic structure is not

apparent in solution for MGN and CEC, which both exhibit

randomly distributed charged residues when in a random coil

conformation. At an interface the peptide structures are believed

to adopt a helical conformation. Our data showed adsorbed

MGN to have the highest helical structure content and MLT

the least. In addition, this helical conformation was observed

at the air-water interface for MGN both with and without the

presence of a lipid monolayer, whereas MLT did not adopt a

helical conformation at the bare air-water interface. In a helical

conformation, MGN and CEC possess a more pronounced

amphiphatic structure than MLT with charged and hydro-

phobic sides to the helix (as depicted in Fig. 9) (19). This fact

in the presence of a charged lipid headgroup would help drive

helix formation upon adsorption. Conceivably, adsorption to

the bare air-water interface would also lead to helix formation

due to the amphiphilic cross section of the helix providing a

hydrophobic face for adsorption and hence greater conforma-

tional stability. However, MLT’s native random coil amphi-

philic structure would enable it to adsorb at the air-water

interface without forming a helical structure. Although Cornut

et al. (32) suggested a higher helical content at the air-water

interface, they also showed a tilted orientation of the peptide at

the interface thatwould support our findings thatMLT acts like

a surfactantwith a hydrophobic region that favors the interface.

In summary, the data presented appear to suggest that the

charge distribution along the peptide is the key to the mode of

interaction and interfacial behavior of the peptides. MLT’s

amphiphilic structure in solution (random coil conformation)

enables it to adsorb without forming a helical structure. Its

helix formation will therefore only occur in the case of pene-

tration of the lipid layer possibly as a pore-forming structure at

membrane surfaces. A central proline residue gives MLT a

kink in its helical structure that would potentially play a role in

its lipid insertion properties (19).MGNhaswhat appears to be

a random polar and charged amino acid sequence in solution

(random coil), and therefore the presence of an interface pro-

motes helical formation and the formation of an amphiphatic

structure that can orientate at an interface to maximize inter-

action. Although the amphiphatic nature of the CEC helix is

less pronounced than that of MGN, it does have the structural

characteristics to explain the fact that it behaves similarly to

MGN but with reduced interaction and surface activity.

This work was funded by the Leverhulme Trust and the Engineering and

Physical Sciences Research Council.
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