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Abstract The effect of acyl chain structure and bilayer

phase state on binding and penetration by the peptide HPA3

was studied using dual polarisation interferometry. This pep-

tide is an analogue of Hp(2-20) derived from the N-terminus

of Helicobacter pylori ribosomal protein L1 (RpL1) which

has been shown to have antimicrobial and cell-penetrating

properties. The binding of HPA3 to zwitterionic 1,2-dimyr-

istoyl-sn-glycero-3-phosphocholine (DMPC) or 1-palmito-

lyl-2-oleyl-sn-glycero-3-phosphocholine (POPC) and

negatively charged membranes composed of DMPC and

1,2-dimyristoyl-sn-glycero-3-(phosphor-rac-(1-glycerol))

(DMPG) or POPC and 1-palmitolyl-2-oleyl-sn-glycero-

3-(phosphor-rac-(1-glycerol)) (POPG) was determined

using dual polarisation interferometry (DPI). Mass and

birefringence were measured in real time, enabling the cre-

ation of birefringence–mass plots for detailed analysis of the

changes in lipid bilayer order during the peptide-binding

process. HPA3 bound to all four lipids and the binding pro-

gressed as a single phase for the saturated gel phase bilayers

DMPC and DMPC–DMPG. However, the binding process

involved two or more phases, with penetration of the

unsaturated fluid phase POPC and POPC–POPG bilayers.

Structural changes in the saturated bilayer were partially

reversible whereas binding to the unsaturated bilayer resul-

ted in irreversible changes in membrane structure. These

results demonstrate that more disordered unsaturated bilayers

are more susceptible to further disorganisation and have a

lower capacity to recover from peptide-induced structural

changes than saturated ordered bilayers. In addition, this study

further establishes DPI as powerful tool for analysis of mul-

tiphase peptide-insertion processes associated with complex

structural changes in the liquid-crystalline membrane.
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Introduction

Elucidation of the mechanism by which antimicrobial and

cell-penetrating peptides penetrate and disrupt phospho-

lipid bilayers continues to be a significant challenge. This

is largely because of the broad range of peptide sequences

that have been identified and the apparent differences in

membrane-disruption properties (Melo et al. 2009; Shai

2002; Zasloff 2002). In addition, the complexity of the

peptide–membrane interaction process requires use of a

large number of complementary techniques to explore

different aspects of membrane binding (Jin et al. 2003;

Mozsolits and Aguilar 2002). In previous studies we

demonstrated that dual polarisation interferometry (DPI)
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can be used to probe changes in membrane structure in real

time during peptide binding (Lee et al. 2010a, b). In par-

ticular, we showed that HPA3, a peptide analogue of Hp

(2-20) derived from the N-terminus of Helicobacter pylori

ribosomal protein L1 (RpL1), which has been shown to

have antimicrobial and cell penetrating properties, binds to

zwitterionic and anionic phospholipid bilayers, but pene-

trates and causes significantly greater changes in the

bilayer structure of negatively charged membrane bilayers

(Lee et al. 2010a). Moreover, the extent of DMPC–DMPG

bilayer disruption was double that observed for DMPC on

binding of HPA3. In addition, the temperature denaturation

of DMPC–DMPG was significantly compromised com-

pared with DMPC. These results, which clearly demon-

strate that the presence of negatively charged

phospholipids enhances the ability of HPA3 to bind and

penetrate the membrane, causing significant changes in

bilayer structure, are consistent with results previously

obtained from fluorescence quenching studies (Lee et al.

2006).

It is well-established that the composition and struc-

ture of the lipid bilayer is an important aspect of the

internalization mechanisms of antimicrobial and cell-

penetrating peptides. A major difference is the distinction

between zwitterionic lipids, for example dimyristoylpho-

sphatidylcholine (DMPC) and anionic lipids, for example

dimyristoylphosphatidylglycerol (DMPG), both of which

are fully saturated with 14 carbon atoms in both acyl

chains. However, the degree of saturation of the

phospholipid acyl chain plays an important role in bilayer

structure and stability. Unsaturated phospholipids, for

example palmitoyloleoylphosphatidylcholine (POPC) and

palmitoyloleoylphosphatidylcholine (POPG), contain 16

carbon atoms in the saturated palmitoyl acyl chain at

glycerol C1 and 18 carbon atoms in the monounsaturated

oleyl chain at glycerol C2. We have previously investi-

gated the importance of lipid unsaturation in the membrane

interaction of HPA3 (Mereuta et al. 2009). The results

demonstrated the extent to which the greater unsatura-

tion present in 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC) acyl chains compared with POPC, leads to an

enhancement of the penetration of HPA3 into planar

lipids made of DOPC lipids, and mediated transmembrane

translocation.

In this study we have investigated the ability of HPA3 to

cause significant alterations in membrane geometry, and

lipid packing and ordering in model membranes composed

of the unsaturated POPC and POPG using DPI (Lee et al.

2010a, b; Mashaghi et al. 2008; Popplewell et al. 2007; Yu

et al. 2009). DPI is waveguide technology which has been

used to study peptide–membrane interactions by depositing

a lipid bilayer on the planar solid surface and then injecting

peptides on to the lipid bilayer (Swann et al. 2004). DPI has

advantages over other optical biosensor techniques (Hall

et al. 2003; Mozsolits and Aguilar 2002) because of its

simultaneous real-time measurement of membrane refrac-

tive index, thickness, mass, and density (Lee et al. 2010a,

b; Yu et al. 2009). Birefringence is a measure of the order

in the system; high birefringence indicates a well ordered

system whereas low birefringence indicates a more disor-

dered system. Thus, by measuring birefringence it is pos-

sible to detect and track changes in the structure of the

supported lipid bilayer, leading to greater understanding of

the effect of the binding of biomolecules to biological

membranes. The objective of this study was to characterise

the binding of HPA3 by monitoring changes in membrane

properties such as mass, thickness, and birefringence, and

to provide greater insight into the membrane dynamics

associated with peptide penetration, because of its ability to

sensitively detect changes in lipid membrane structure and

distribution.

Materials and methods

Chemicals and reagents

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC),

1,2-dimyristoyl-sn-glycero-3-(phosphor-rac-(1-glycerol))

sodium salt (DMPG), 1-palmitolyl-2-oleyl-sn-glycero-

3-phosphocholine (POPC), and 1-palmitolyl-2-oleyl-sn-

glycero-3-(phosphor-rac-(1-glycerol)) (POPG) were purchased

from Avanti Polar Lipids (Alabaster, AL, USA). 4-Morpho-

linepropanesulfonic acid (MOPS), sodium dodecyl sulfate

(SDS), calcium chloride, and sodium chloride, all analytical-

grade, were purchased from Sigma–Aldrich (St Louis, MI,

USA). Chloroform, methanol, and ethanol, all HPLC-grade,

were purchased from Merck (Darmstadt, Germany). Hell-

manex II was purchased from Hellma (Müllheim, Germany).

Water was quartz-distilled and deionised using a Milli-Q

system equipped with UV oxidation to remove organic res-

idues (Millipore, Bedford, MA, USA). HPA3 (AK-

KVFKRLEKLFSKIWNWK) was synthesised by solid-

phase methods, purified to[98% purity by reversed-phase

high-performance liquid chromatography, and characterised

by amino acid composition analysis and matrix-assisted laser

desorption ionisation (MALDI) mass spectrometry as pre-

viously described (Lee et al. 2010a).

Preparation of liposomes

Stock solutions of 2 mM DMPC, DMPG (in 3:1 chloro-

form–methanol), POPC, and POPG in chloroform were

prepared; after setting aside sufficient DMPC and POPC

these were then mixed to form DMPC–DMPG and POPC–

POPG solutions with a molar ratio of 4:1 in both cases.
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Aliquots containing 0.8 lmol of each lipid mixture used

(DMPC, DMPC–DMPG, POPC, POPC–POPG) were dried

by use of a gentle stream of N2 gas in a Pyrex test tube, and

vacuum dried overnight to form lipid films. These were

then hydrated with 10 mM MOPS buffer, 150 mM NaCl,

pH 7 buffer at 37�C in a shaker–incubator for 1 h; the

samples were then ultrasonicated in a bath-type sonicator

for 30 min, generally resulting in a clear solution. This

solution was extruded 21 times through a 50-nm polycar-

bonate membrane, by means of an Avestin Liposofast

extruder (Avestin, ON, Canada).

Dual polarisation interferometry

The Analight Bio200 containing a silicon oxynitride FB80

AnaChip was used to perform all dual polarisation inter-

ferometry measurements. An independent Harvard Appa-

ratus PHD2000 programmable syringe pump was used to

control the flow rate of bulk buffer. The bulk buffer was

10 mM MOPS, 150 lM NaCl, pH 7 for all experiments.

The chip was cleaned at 28�C with 10% Hellmanex II, 2%

SDS and absolute ethanol, as previously described (Lee

et al. 2010a). The optical properties of the chip were then

calibrated at 20�C using 80% (w/w) ethanol and water,

followed by calibrations of the bulk buffer at 20�C and

28�C. The final liposome solution (200 lL) was then

injected at 20 lL/min, forming a stable bilayer at 28�C in

the presence of 1 mM CaCl2. The divalent cation Ca2? is

important in the formation of the bilayer via direct lipo-

some adsorption on a planar solid support. Addition of

CaCl2 is required to ensure reproducible deposition of the

liposomes and formation of the phospholipid bilayer. The

absence of Ca2? results in the formation of inconsistent

geometric structures and liposomes. The concentration of

Ca2? is lipid composition and concentration-dependent and

also varies with types of substrate. (Benes et al. 2004;

Mashaghi et al. 2008).

The bilayer was then left to stabilise for 30 min before

being cooled to 20�C. When the signal from the chip had

stabilised, 160 lL of a peptide solution was injected at

40 lL/min in order to observe binding events. HPA3 was

dissolved in bulk buffer and injected at concentrations of 2,

5, 10, 20, and 40 lM on to each bilayer type in successive

experiments with the surface being cleaned with Hellma-

nex II, 2% SDS and ethanol and a new bilayer formed

between experiments. Consecutive injections were also

performed on a single bilayer for each lipid type using the

same concentrations as for the single peptide injections just

described; the lowest concentration (usually 2 lM) was

injected and left for 30 min to equilibrate before the next

highest concentration (usually 5 lM) was injected, and all

the other peptide concentrations were then introduced

sequentially with a 30 min waiting time after each

injection.

Calculation of mass per unit area for an adsorbed layer

Two orthogonal polarizations are passed through the

sensor chip creating two different waveguide modes,

namely transverse electric (TE) and transverse magnetic

(TM) waveguide modes. Each mode generates an eva-

nescent field from the top sensing waveguide surface

interacting with materials coming into contact with the

sensor surface and resulting in a change in RI. Thus,

birefringence can be obtained with DPI by calculating the

difference between two effective refractive indices,

namely RI of transverse magnetic (TM) waveguide mode

(nTM) and RI of transverse electric (TE) waveguide mode

(nTE).

The mass per unit area for an adsorbed anisotropic layer

is calculated using the de Feijter formula (de Feijter et al.

1978), for mlipid the mass of lipid in the bilayer and mpeptide

the mass of peptide bound to the bilayer:

mlipid ¼ df niso � nbufferð Þ= dn=dcð Þlipid ð1Þ

mpeptide ¼ df niso � nbufferð Þ= dn=dcð Þpeptide ð2Þ

where df is the thickness of the bilayer, niso is the

average refractive index of the bilayer calculated from

the experimentally obtained refractive index values nTM

and nTE using the formula:

niso ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðn2
TM þ 2n2

TEÞ=3

q

ð3Þ

nbuffer is the refractive index of the buffer, experimentally

determined to be 1.3349 at 20�C, and (dn/dc)lipid and (dn/

dc)peptide are the refractive index increments of the lipid

and peptide, using values of 0.135 and 0.185 mL/g for

lipids and peptides, respectively (de Feijter et al. 1978;

Mashaghi et al. 2008).

Calculation of birefringence for an adsorbed layer

If the thickness of a bilayer is known the birefringence

value can be calculated (Horvath and Ramsden 2007;

Lee et al. 2010a) from the difference between nTM and

nTE. Changes in the thickness of the layer are deter-

mined by fixing the refractive index of the bilayer at an

assumed value of 1.47. Mass and birefringence data

were derived using the Analight� Explorer program as

previously described (Lee et al. 2010a). The deposition

of the bilayers was monitored by the rate of TM and TE

phase changes versus changes in mass together with the

evolution of birefringence, as shown in the Supple-

mentary data for DMPC. The change in birefringence as
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a function of mass of peptide bound was then used to

characterise the effect of peptide binding on membrane

structure. DPI measures the lipid and peptide mass per

unit area (unaffected by surrounding buffer) at very high

sensitivity and is also sensitive to the effect of align-

ment of the lipid (birefringence). The output can be

compared with data obtained by use of other techniques,

for example quartz-crystal microbalance with dissipation

(QCM-D), which derives a mass per unit area that

includes the associated buffer and dissipation that

relates to the rigidity of the layer. Indeed the different

information provided by the two techniques has already

been correlated by others (Zwang et al. 2010) to provide

a greater level of insight into the structure of a sup-

ported lipid bilayer. Overall, therefore, we have used the

thickness and birefringence to define the quality of our

deposited membrane. We then focussed on changes in

birefringence during peptide binding because this can

reveal more details about the effect of the peptide

on the membrane structure than a change in thickness,

and potentially allow a mechanism of action to be

defined.

Circular dichroism spectroscopy

CD experiments were performed using a Jasco (MD, USA)

815 spectropolarimeter using a 0.1 cm path length

quartz cell. All spectra were obtained at 20�C. DMPC,

DMPC–DMPG (4:1), POPC, and POPC–POPG (4:1) small

unilamellar vesicles were prepared by hydrating in

10 mM sodium phosphate buffer, pH 7.4, and were

extruded through a polycarbonate filter (100 nm pore

diameter). HPA3 (1 mM in sodium phosphate buffer) was

then added to the liposome solution at a final peptide

concentration of 20 lM, resulting in a peptide-to-lipid

molar ratio of 1:50. The peptide–liposome solution was

mixed by inversion and incubated for 2 min. Each spec-

trum was obtained by averaging five scans in the

190–260 nm wavelength range. All CD spectra are repor-

ted as mean residue ellipticity [h] in deg cm2 dmol-1. In

all measurements CD spectra of the same buffer and/or

liposome solutions without peptides were applied as

baseline. The alpha-helical content was measured by use of

the formula:

% a½ � ¼ h½ �222

h½ �helix� 1� 2:57=nð Þ
� �� 100

where [h]helix is the ellipticity of a peptide with 100%

helical content of infinite length, with a value of

-39,500 deg cm2 dmol-1, [h]222 is the ellipticity of the

solution at 222 nm, and n is the number of residues of the

peptide (Chen et al. 1974; Lee et al. 2010a).

Results

Formation of stable lipid bilayers

Before the binding properties and effects of peptides on the

membrane can be observed it is essential that a stable,

reproducible and well defined bilayer structure is produced.

Formation of the lipid bilayer in situ occurs at 28�C and

with a concentration of 1 mM CaCl2 in order to maintain

the stability and uniformity of the membrane (See sup-

plementary data). Measurement of the lipid bilayer after

cooling to 20�C showed that results were consistent and

reproducible, as shown in Table 1. Values obtained for

DMPC and DMPC–DMPG are similar to those previously

obtained (Lee et al. 2010a). The clearest distinction

between the bilayer types is the difference in birefringence

between the saturated lipid bilayers (0.0222 and 0.0229)

and the unsaturated lipid bilayers (0.185 and 0.0177). This

difference is present despite the general similarity in the

other properties of the bilayer between the different bilayer

types. This suggests that the presence of the unsaturated

bond in POPC and POPG acts to cause greater disorder in

the bilayer, perhaps because of less efficient packing of

lipid molecules.

General features of peptide binding events

Peptide solutions were injected into the Analight Bio200

DPI for 4 min; plots of mass against time for each lipid

mixture are shown in Figs. 1a, b, 2a, b. During this period

the peptide binds to the bilayer surface, generally charac-

terised by a rapid increase in the mass on the surface,

followed by a more gradual increase as remaining binding

sites on the bilayer are taken up by the peptide. After

4 min, the flow of buffer is restored, resulting in the dis-

sociation phase in which a proportion of the bound peptide

dissociates and leaves the bilayer surface until equilibrium

is reached. This period is usually identified by a drop in the

mass. In addition, peptides that are bound to the membrane

may also penetrate it, moving further into the hydrophobic

region of the bilayer.

Single injections of HPA3 on to DMPC

and DMPC–DMPG

The changes in mass and birefringence for the binding of

HPA3 to DMPC and DMPG were calculated for the asso-

ciation and dissociation phases; the resulting plots are shown

in Fig. 1. It is evident from the mass vs. time plots that HPA3

(Fig. 1a) binds strongly to DMPC, with a mass change of as

much as 0.9 ng/mm2 observed at 20 lM. The binding was

also concentration-dependent from 2 to 10 lM, but did not
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increase significantly thereafter, indicating that the mem-

brane had become saturated with peptide. Interestingly, the

40 lM concentration shows similar binding to the 10 and

20 lM concentrations but with greater dissociation (loss of

mass). Overall it is not possible to determine affinities by

plotting amount of peptide bound versus peptide concen-

tration, because these plots only yield the affinity of peptides

for the membrane if there is a simple 1:1 binding mecha-

nism. However, as this and many other studies (Gehman

et al. 2008; Mozsolits et al. 2001; Papo and Shai 2003) have

shown, peptide binding to membranes consists of several

steps and even relative affinity was not determined.

However, the mass vs. birefringence plots (Fig. 1e)

enable features of the binding mechanism to be discerned

Table 1 Properties of supported lipid bilayers as observed by use of dual polarization interferometry techniques at 20�C

Lipid RI Density (g/cm3) Thickness (nm) Mass (ng/mm2) Birefringence Area per molecule (Å2)

DMPC 1.470 ± 0.004 1.00 ± 0.03 4.65 ± 0.13 4.68 ± 0.12 0.0221 ± 0.0006 48.1

DMPC–DMPG 4:1 1.470 ± 0.002 1.01 ± 0.03 4.60 ± 0.08 4.64 ± 0.08 0.0229 ± 0.0003 48.7

POPC 1.471 ± 0.004 1.01 ± 0.03 4.87 ± 0.15 4.71 ± 0.15 0.0185 ± 0.0007 53.6

POPC–POPG 4:1 1.470 ± 0.001 1.00 ± 0.01 4.54 ± 0.04 4.56 ± 0.05 0.0177 ± 0.0011 55.5

Values are means from 20 observations; the error is given as one standard deviation from the mean
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Fig. 1 Measurements of bilayer

mass and birefringence versus

time during single injections of

HPA3 on to DMPC and DMPC–

DMPG. Plots of mass vs. time

for single injections of HPA3 on

to a DMPC and b DMPC–

DMPG; birefringence vs. time

for single injections of HPA3 on

to c DMPC and d DMPC–

DMPG; birefringence vs. mass

plots for single injections of

HPA3 on to e DMPC and

f DMPC–DMPG. Peptide was

injected at time = 0 min

corresponding to the association

phase; after 4 min, the peptide

solution was replaced by buffer

corresponding to the

dissociation phase. For the plots

of birefringence vs mass, the

end of injection corresponds to

the change in direction of each

line. Peptide concentrations

ranged from 2 to 40 lM
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that cannot be readily identified from plots of either mass

or birefringence against time. The plots are presented as a

line tracking the state of the bilayer across the time period

of the experiment, starting at the top left corner before

binding of the peptide, progressing to the bottom right

(indicating higher mass/lower birefringence) during the

binding phase and then partially returning as the peptide

dissociates after the injection is completed. It is evident

from Fig. 1e that HPA3 binding causes a simple linear

decrease in DMPC birefringence, which is followed by a

dissociation phase that essentially reverses part of the

structural changes that occurred during binding, indicated

by the plot reversing back along the trajectory of the

association phase. This type of binding–dissociation pat-

tern indicates that the binding of the peptide causes a

significant drop in birefringence but has no permanent

effect on the structure of the membrane, suggesting that in

this case the peptide is only binding near the surface, and is

not actually fully penetrating the membrane.

DMPC and DMPG differ structurally in that DMPG is

anionic whereas DMPC is zwitterionic. Because HPA3 is

strongly cationic with a net charge of ?6, significant dif-

ferences would be expected between its binding to DMPC–

DMPG compared with DMPC alone. Indeed, as can be

seen in Fig. 1b, HPA3 binds more to DMPC–DMPG, with

a mass change of 1.5 ng/mm2. The changes in birefrin-

gence over time (Fig. 1d) for HPA3 are also higher for

DMPC–DMPG than for DMPC, indicating a greater degree

of disruption of the negatively charged membrane bilayer.

This effect is further evident in the plot of birefringence
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Fig. 2 Measurements of bilayer

mass and birefringence over

time during single injections of

HPA3 on to POPC and POPC–

POPG. Plots of mass vs. time

for single injections of HPA3 on

to a POPC and b POPC–POPG;

birefringence vs. time for single

injections of HPA3 on to

c POPC and d POPC–POPG;

birefringence vs. mass plots for

single injections of HPA3 on to

e POPC and f POPC–POPG. For

the plots of mass vs. time,

peptide was injected at

time = 0 min corresponding to

the association phase; after

4 min, the peptide solution was

replaced by buffer

corresponding to the

dissociation phase. For the plots

of birefringence vs mass, the

end of injection corresponds to

the change in direction of each

line. Peptide concentrations

ranged from 2 to 40 lM
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versus mass in Fig. 1f, which shows a series of downward

sloping parallel lines for the full range of peptide

concentrations.

Single injections of HPA3 on to POPC

and POPC–POPG

POPC contains a double bond in one of its chains, causing

the bilayer to adopt the liquid phase (as opposed to the gel

phase in DMPC) and lowering the birefringence but with

little change in the thickness compared with DMPC

(Table 1). The mass and birefringence data for the binding

of HPA3 to POPC and POPC–POPG are plotted in Fig. 2.

The mass change for HPA3 on POPC (Fig. 2a) is slightly

less than that for DMPC, with a maximum mass change of

0.7 ng/mm2 compared with 0.9 ng/mm2 for DMPC. Nota-

bly, however, the mass change for the lowest concentration

(2 lM) on POPC is approximately 0.4 ng/mm2, much

higher than for DMPC where it was 0.1 ng/mm2 reflecting

a different concentration threshold for binding and

penetration.

Overall, the plot of birefringence against time for HPA3

on POPC (Fig. 2c) has two significant features associated

with the dissociation phase. First, at 2 lM peptide, there is

no recovery in the birefringence during the dissociation

phase, despite a significant decrease in mass. Such a pattern

was not observed with either DMPC or DMPC–DMPG,

suggesting that the mechanism involved in the binding

differs between the two types of lipids. Second, at the

higher HPA3 concentrations, there is some recovery in the

birefringence, with each successive concentration showing

a higher short-term increase in the birefringence. Finally, it

can also be seen that even after the dissociation phase,

there continues to be a slow decrease in birefringence until

about 8 min after the initial injection, indicating further

disordering caused by the bound peptide.

The plot of birefringence versus mass for HPA3 on

POPC (Fig. 2e) shows a clearly different pattern to that

observed for the DMPC. The binding process consists of at

least two distinct phases: an initial binding phase charac-

terised by increasing mass and decreasing birefringence,

and a second binding phase characterised by a further

increase in mass and loss in birefringence but with a

steeper gradient. The second phase begins at the time point

at which the birefringence reaches about 0.0167 and the

mass reached about 5.2 ng/mm2. The dissociation then

occurs, and (except for 2 lM HPA3), is characterised by

decreasing mass and increasing birefringence at the same

gradient as the first binding process—suggesting the dis-

sociation is a partial reversal of the first binding process.

Finally there is an equilibration phase in which the mass

decreases further, and the birefringence drops slightly, as

observed earlier for the graphs vs. time.

The mass vs. time plots (Fig. 2b) show significant

binding of HPA3 to POPC–POPG with a mass change of

up to 1.5 ng/mm2, which is similar to the results seen for

DMPC–DMPG. The birefringence–time plots (Fig. 2d) for

HPA3 on POPC–POPG are similar in the dissociation

phase to POPC, in that the recovery of the birefringence

consistently increases from almost nothing for the lowest

concentration (2 lM) to a very sharp recovery for the

highest concentration (40 lM). The birefringence–mass

plot (Fig. 2f) for POPC–POPG has a somewhat different

pattern from that seen for POPC—here, instead of two

clearly different binding phases, there are three segments of

which the second has a steeper gradient than the others.

There does not seem to be any consistent point at which the

second phase begins and concludes, starting anywhere

between 4.9 and 5.3 ng/mm2 for mass and between 0.015

and 0.0165 for birefringence (although it should be noted

that the binding here was very rapid). The dissociation

initially retraces the final phase of the binding and then to

the left, suggesting further birefringence is being lost rel-

ative to the same mass level during the binding phase.

Consecutive injections of HPA3 on to POPC

and POPC–POPG

In the previous sections each injection was performed with

a fresh bilayer which enables the effect of individual

concentrations to be evaluated. However, it is possible to

observe how binding proceeds when peptides are injected

on to an already bound bilayer by using consecutive

injections (Lee et al. 2010a). The consecutive binding of

HPA3 to POPC is shown in Fig. 3a where the mass bound

with each consecutive injection increased to a maximum

mass change of approximately 0.5 ng/mm2. This level of

binding is similar to the values seen for single injections of

this peptide–lipid combination. The maximum mass

change increased significantly for 2 lM and 5 lM injec-

tions but there were only small increases with further

injections. Moreover, the level of dissociation was greater

at higher concentrations than for 2 lM. A similar pattern is

seen for birefringence; there seems to be very little

recovery of the birefringence for lower concentrations, and

none at 2 lM with the birefringence continuing to drop

after the injection finishes. The mass-birefringence plot

(Fig. 3c) reveals some important features of the binding

process. For the 2 lM concentration there are two phases: a

binding phase followed by a dissociation phase in which

the concentration continues to drop. This is similar to the

pattern observed with the 2 lM single injection (with the

same method up to this point). When 5 lM peptide is then

injected, the two binding phases observed above can be

seen along with the normal dissociation phase (decreased

mass and increased birefringence) but no evidence of a
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further equilibration phase with loss of mass and stable or

dropping birefringence. After this point the shape for

consecutive injections is very different from that for the

single injections, behaving similarly to the DMPC experi-

ments with just a single binding phase, and a dissociation

phase that partially retraces the binding phase.

The injection of HPA3 on to POPC–POPG results in

strong binding to the bilayer of about 1.2 ng/mm2, slightly

less than that seen for single injections, as shown in

Fig. 3b. The consecutive injections also show the mass

increasing significantly further at the higher concentra-

tions; here the 40 lM maximum mass bound was

approximately 30% higher than the 10 lM maximum mass

bound. There was little mass loss during the dissociation

phase for the 2 lM concentration of HPA3, but for higher

concentrations substantial mass loss was observed, sug-

gesting that much of the additional binding at higher con-

centrations is largely surface binding. The birefringence

also drops substantially; similar to the measurements of

mass, there is no recovery after the 2 lM injection but

there was a recovery in the birefringence after the injec-

tions at higher concentrations. The birefringence–mass plot

(Fig. 3d) charts show patterns related to those seen in the

single injections (Fig. 1f). For 2 lM, binding (black curve)

was characterised by increasing mass and decreasing

birefringence, followed by slightly decreasing mass and a

continuing decrease in birefringence. For 5 lM HPA3 (red

curve) there is a distinct pattern that is very similar to that

seen in the single injections—a binding curve composed of

three segments, the second of which has a steeper mass–

birefringence gradient than the other. This suggests a

significant structural change in the bilayer at this point; it

begins at a mass value of 5.1 ng/mm2, which is similar to

that seen for the altered binding slope for HPA3 on POPC.

The dissociation curve then has decreased mass and

increased birefringence, and initially follows the binding

curve before moving away with lower birefringence. The

final three concentrations give linear plots consistent with

surface binding, indicating that the complex membrane

structure changes occurring at the lower concentrations are
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Fig. 3 Measurements of bilayer mass and birefringence over time

during consecutive injections of HPA3 on to POPC and POPC–

POPG. Plots of mass and birefringence over time for consecutive

injections of HPA3 on to a POPC and b POPC–POPG. Peptide was

injected at time = 0 min corresponding to the association phase; after

4 min, the peptide solution was replaced by buffer corresponding to

the dissociation phase. Consecutive injections were made every

32 min; concentrations were 2, 5, 10, 20, and 40 lM from left to

right. Plots of birefringence versus mass for binding of HPA3 on to

c POPC and d POPC–POPG respectively—the end of injection

corresponds to the change in direction of each line. Note shifted

y-axis scale for d
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complete and there is very little subsequent permanent

binding.

Circular dichroism spectroscopy

Circular dichroism spectra were obtained in buffer alone

and with a peptide-to-lipid ratio of 1:50. HPA3 resulted in

a single minimum at approximately 198 nm in buffer

solution and a similar pattern in DMPC (Fig. 4), indicative

of a random coil structure. In the presence of DMPC–

DMPG and POPC–POPG the spectrum contained a maxi-

mum at 195 nm and a double minimum at 210 and 220 nm,

indicating that the peptide has adopted an alpha-helical

conformation. The results for POPC did not closely follow

any normally observed pattern, with a single minimum at

195 nm and the spectrum returning to zero at 250 nm.

There was no significant helical content for HPA3 in

phosphate buffer and DMPC (2.2% in buffer and 3.9% for

DMPC). However, there was significant helical structure in

DMPC–DMPG (13.7%), POPC (9.0%), and POPC–POPG

(10.4%) although the figure for POPC should be viewed

with caution because of the unusual shape of the spectrum.

Previous research had found the helical content of HPA3

on DMPC–DMPG to be 26.2% for the same conditions

(Lee et al. 2010a).

Discussion

It has been previously shown that HPA3 causes significant

disruption to membrane bilayer structure (Lee et al. 2010a;

Mereuta et al. 2009) and to unravel the molecular mecha-

nism of action, it is important to characterise the modu-

lating effects on the membrane structure throughout the

process of peptide binding leading to penetration. In this

study, DPI has been used for detailed comparative analysis

of HPA3 binding to saturated and unsaturated lipid bilayers

and, particularly, between the membrane gel and liquid-

crystalline states. Specifically, the overall process of

HPA3-induced changes in membrane structure was ana-

lysed by the real-time changes in bound peptide mass as a

function of bilayer birefringence. Overall, the results

obtained show significant differences in binding properties

and changes in membrane structure during this binding,

particularly between the zwitterionic bilayers (DMPC and

POPC) and the anionic bilayers (DMPC–DMPG and

POPC–POPG). HPA3 bound well to all bilayers (Tables 1,

2), binding more to the anionic lipid bilayers DMPC–

DMPG and POPC–POPG, than to the zwitterionic lipids

DMPC and POPC. Because HPA3 is highly positively

charged (?6), it would be expected to bind more strongly

to the anionic lipids than to the zwitterionic lipids because

of electrostatic forces. However, the significant binding to

DMPC and POPC demonstrates that HPA3 binding is not

solely governed by positive charge.

The delineation of the interaction mechanisms of pep-

tides with membranes involves understanding the binding

characteristics, for example kinetics and affinity, together

with the changes in membrane structure associated with the

binding process. Mass-birefringence plots, which reveal the

changes in membrane ordering that occur during peptide

binding, enable very detailed and subtle differences in the

interactions between lipids and peptides to be visualised.

For example, while the real time changes in mass and

birefringence for HPA3 binding to DMPC (Fig. 1a, c) and

POPC (Fig. 2a, c) are quite similar, as are the plots for

DMPC–DMPG and POPC–POPG (Figs. 1b, d, 2b, d),

closer inspection reveals a difference in the dissociation

pattern. These subtle differences in binding properties can

be further investigated by analysis of the plots of bire-

fringence vs. mass (Fig. 1e, f, 2e, f) which clearly show the

different effects of HPA3 binding to the four different

bilayers.

The plots obtained in these experiments can be separated

into two categories: those on saturated lipids (DMPC and

DMPC–DMPG) and those on unsaturated lipids (POPC and

POPC–POPG). The unsaturated lipids have a double bond

in one of the two acyl chains that introduces a bend in the

molecule resulting in different physical properties. In par-

ticular the two lipid types have different phase transition

temperatures for the gel–fluid transition; for the saturated

lipids the transition is at 23�C whereas for unsaturated

lipids it is at -2�C. Therefore, in these experiments (con-

ducted at 20�C) the saturated bilayers are in the gel phase

and the unsaturated bilayers are in the fluid phase; as a

result the effect of the bilayer phase on peptide binding

shows clear differences. These differences can be clearly
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seen in Fig. 5, a simplified representation of the mass-

birefringence plots seen in the Results section for which

significant binding was observed.

The birefringence–mass plot for saturated lipids

(Fig. 5a) is relatively simple, with a linear binding phase 1

tracing from the top left to the bottom right, with increased

mass and decreased birefringence. This reflects the binding

of the peptide to the bilayer (increased mass), with partial

penetration into the hydrophobic interior causing disrup-

tion of the lipid packing and loss of birefringence. This is

followed by a dissociation phase 2 which partially retraces

the original binding phase and represents the loss of pep-

tide that is washed off when the injection is complete,

while the rest of the peptide remains bound to, possibly

penetrating, the bilayer.

For unsaturated lipids the birefringence-mass plot

(Fig. 5b) is more complex. There are two different possi-

bilities here—one at high concentration and one at low

concentration. At low concentrations the binding phase L1

is almost linear; however, the dissociation phase L2 does

not retrace the binding phase, instead tracing to the left

after the injection is complete. This shows that although

some peptide may be lost during dissociation at low con-

centrations, the bilayer experiences irreversible changes in

its packing that mean it is no longer able to recover its

initial structure.

For higher concentrations the binding phase is split into

two parts: H1, with a relatively shallow gradient, and H2,

with a steeper gradient. At first, binding proceeds similarly

to that on the saturated bilayers, but once it reaches a

critical threshold the gradient changes, representing the

structural reorganisation of the bilayer as additional peptide

binds. Once the binding phase is complete, the dissociation

phase H3 ensues, in which the plot traces towards the top

left before turning to the left. As for phase L2 this repre-

sents the loss of mass from the bilayer surface without the

commensurate increase in birefringence because of struc-

tural reorganisation of the bilayer having taken place.

Table 2 Summary of changes to membrane properties resulting from peptide binding

Bilayer Maximum mass

change (ng/mm2)

Maximum birefringence

change

Equilibrium mass

change (ng/mm2)

Equilibrium

birefringence change

Single injections

DMPC 0.9256 -0.0033 0.6692 -0.0024

DMPC–DMPG 1.4575 -0.0070 1.1514 -0.0047

POPC 0.6770 -0.0033 0.2938 -0.0029

POPC–POPG 1.4613 -0.0070 0.5620 -0.0052

Consecutive injections

POPC 0.5026 -0.0038 0.2118 -0.0030

POPC–POPG 1.2226 -0.0070 0.5871 -0.0052

Maximum mass and birefringence change refers to the greatest difference in those properties between the bilayer before injection and any stage

of binding. Equilibrium mass and birefringence change refers to the greatest difference observed in those properties once the bilayer has been

allowed to reach equilibrium following binding

Fig. 5 Generalised birefringence-mass plots showing general profiles

in the bilayer properties for HPA3 binding and dissociation. a Profile

for binding to the saturated lipids DMPC and DMPC–DMPG, with

the binding phase 1 and dissociation phase 2 labelled. b Profiles for

binding to the unsaturated lipids POPC and POPC–POPG for low and

high concentrations. Binding phase L1 and dissociation phase L2

labelled for low concentrations, binding phases H1 and H2 and

dissociation phase H3 labelled for high concentrations
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The differences here can be related to thermodynamic

phases of the bilayers. For saturated bilayers in the gel

phase, the lipid molecules are tightly packed into a con-

figuration and cannot easily reorganise. Because of this,

binding and penetration of peptides does not cause a

single-phase permanent rearrangement of the bilayer,

indicating that when some of the peptide is washed off

during the dissociation phase, the bilayer recovers its

organised structure. For unsaturated bilayers in the fluid

phase, the lipid molecules are free to move and reorganise

the membrane structure. Thus, when the peptide binds,

the lipid molecules initially react as they did in the sat-

urated bilayers (represented by section H1 in Fig. 5b), but

above a certain threshold of membrane-bound peptide

mass and/or a threshold of membrane disorder, the

unsaturated lipid molecules rearrange into a new struc-

ture. This change in structure is reflected in segment H2

with its higher gradient. The dissociation phases H3 and

L2 do not retrace the binding phase, confirming that an

irreversible change in structure has occurred. These

changes occur in the unsaturated bilayers only, demon-

strating how the physical properties of the bilayer sig-

nificantly affect the binding of the peptide and also the

response of the bilayer to the peptide interaction. The turn

downwards (lower birefringence) at the end of H3 may

correspond to entrapment of the peptide between the chip

surface and the bilayer as a result of translocation through

the membrane. Because the supported nature of the

bilayer in this study prevents complete translocation of

peptide, penetration and passage of the peptide to the

inner membrane layer can therefore prevent reorganisa-

tion of the bilayer structure.

While these results show in some detail the changes in

the bilayer, they do not point strongly towards any par-

ticular penetration mechanism. Previous results for HPA3

suggest that its mechanism for action proceeds through the

formation of pores in the membrane (Park et al. 2008),

however it is possible that other mechanisms may be

involved. If pore formation does indeed occur, the per-

manent change in birefringence would suggest that the

toroidal pore model is more likely than the barrel–stave

model, because the barrel–stave model does not involve

permanent reorganisation of the membrane whereas the

toroidal pore model requires rotation of lipid molecules

adjacent to the pores. Additionally, while it has been sug-

gested that the carpet model is unlikely to explain peptide

internalisation, because membrane integrity is maintained,

it is possible that some peptides may briefly disrupt the

membrane while traversing the bilayer, but leave the

membrane in a state that allows it to reform and maintain

its integrity. The results demonstrate, therefore, that the

mechanism of HPA3 membrane binding involves a con-

tinuous change in bilayer structure from disruption to

reorganisation which depends on the initial bilayer struc-

ture and peptide concentration.

Conclusions

The results of this study have demonstrated that the degree

of bilayer order strongly affects the binding of membrane-

interacting peptides and the changes in the bilayer during

the binding process. In general, HPA3 was found to bind to

all bilayers, although it bound more to the negatively

charged lipid combinations DMPC–DMPG and POPC–

POPG. However, the effect of HPA3 binding on the

bilayer structure was found to be very different for

unsaturated lipids than for saturated lipids, particularly in

the dissociation phase. Dissociation of HPA3 from satu-

rated lipids involved partial reversal of the binding phase

whereas for unsaturated lipids the dissociation deviated

significantly from the binding phase, indicating irreversible

reorganisation of the membrane structure. This more

complex behaviour reveals the biphasic nature of HPA3-

induced changes in membrane which are not readily

identified by other biophysical techniques and provides the

basis for more detailed understanding of peptide–mem-

brane interactions.
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