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1. Introduction

The development of antimicrobial (or antibiotic) 
resistance, which is the ability of microorganisms 
to prevent cell death by antimicrobial agents (i.e. 
antibiotics, antivirals), is an increasing problem facing 
the treatment of infectious diseases. Most antibiotic 
drugs target cell functions of the microorganisms 
responsible for infectious diseases, such as cell wall 
biosynthesis [1], protein synthesis [2–4] and cell 
replication (through attacking DNA) [5]. These 
functions involve features of bacterial cell structure 
that can be mutated through relatively minor processes 
to develop resistance to these drugs [6]. Therefore, new 
means of killing or disabling bacterial cells are required 
that circumvent the cells’ ability to develop AMR.

1.1. Antimicrobial peptides
One of the avenues pursued in the fight against AMR 
is the application of naturally-occurring antimicrobial 
peptides [7, 8] that are sourced from plant and animal 
venoms or host-defence systems that are part of a 
species’ immune response. These peptides display 

broad-spectrum cell-killing activity; the major 
pathway of antimicrobial activity for these peptides is 
to directly attack the lipid matrix of cell membranes 
thereby bypassing the means through which cells 
develop resistance. Some of the commonly-studied 
antimicrobial peptides are short-chain, α-helical 
peptides that include melittin [9], magainins [10], 
protegrins [11], cecropins [12] and alamethicin 
[13]. These peptides typically comprise hydrophilic 
(including cationic) and hydrophobic residues that are 
sequestered on either side of the helix, as viewed down 
the helix axis. Cell lysis can occur through a number of 
processes, such as the detergent-like micellisation of the 
membrane’s lipid matrix or through transmembrane 
pore formation. Pores formed by these peptides disrupt 
the transmembrane electrochemical gradient, leading 
to an increase in water flow that is associated with cell 
swelling and osmolysis (cell death caused by a colloid 
osmotic mechanism) [14].

1.1.1. Melittin 
One of  the most widely studied α-helical 
antimicrobial peptides since its discovery [15], 
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Abstract
We report investigations, using time-resolved and polarised evanescent wave-induced fluorescence 
methods, into the location, orientation and mobility of a fluorescently labelled form of the 
antimicrobial peptide, melittin, when it interacts with vesicles and supported lipid bilayers (SLBs). 
This melittin analogue, termed MK14-A430, was found to penetrate the lipid headgroup structure 
in pure, ordered-phase DPPC membranes but was located near the headgroup-water region when 
cholesterol was included. MK14-A430 formed lytic pores in SLBs, and an increase in pore formation 
with incubation time was observed through an increase in polarity and mobility of the probe. 
When associated with the Cholesterol-containing SLB, the probe displayed polarity and mobility 
that indicated a population distributed near the lipid headgroup-water interface with MK14-A430 
arranged predominantly in a surface-aligned state. This study indicates that the lytic activity of 
MK14-A430 occurred through a pore-forming mechanism. The lipid headgroup environment 
experienced by the fluorescent label, where MK14-A430 displayed pore information, indicated that 
pore formation was best described by the toroidal pore model.
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melittin is the major active peptide constituent of 
venom from Apis mellifera (European honey bee). 
Melittin is a 26-residue peptide with the sequence 
GIGAVLKVLTTGLPALISWIKRKRQQ [16], a 
molecular weight of 2846 Da and a net charge of  +6 
at physiological pH. Melittin has been found to adopt 
different locations, orientations and association 
states within membranes depending on experimental 
conditions and membrane composition [17, 18]. 
Melittin has been shown to have potential applications 
as an antibacterial against a penicillin-resistant strain 
of Staphylococcus aurens [19] as well as having powerful 
inhibitory effects on the lyme disease spirochete [20] 
and HIV-1 [21].

In this study, the interactions of a proline-substi-
tuted, fluorescently-labelled analogue of melittin, 
named melittin P14K-A430 (MK14-A430), with lipid 
membranes consisting of 1,2-dipalmitoyl-sn-glycero-
3-phosphatidylcholine (DPPC) were investigated.

1.2. Evanescent wave-induced fluorescence 
spectroscopy
In order to study the interactions of peptides with lipid 
membranes, one approach is to assemble a supported 
lipid bilayer on a solid substrate, and probe these 
interactions using methods that provide a level of 
surface-specificity, and that are capable of detecting 
and probing conformational changes and dynamics. 
Evanescent wave-induced fluorescence (EWIF) 
spectroscopic methods can provide this information 
[22]. Briefly, total internal reflection at the interface 
formed between two media of different refractive 
indices results in an evanescent (standing) wave being 
produced in the optically rarer medium, which decays 
exponentially with distance from the interface over 10s 
to hundreds of nanometres. A fluorophore within the 
evanescent wave region, acting either as a probe that 
locates in the interfacial region or is chemically attached 
to a surface-specific species of interest, can absorb 
energy from this field and hence be electronically 
excited, after which it can fluoresce, and thereby report 
on the properties of the system within the interfacial 
region to which it is sensitive. The EW selectively 
samples chromophores within its penetration depth, 
which can be varied by altering the angle of incidence 
of the excitation light, and thereby provides a means to 
probe properties that vary from the interfacial region 
to the bulk solution.

Time-resolved evanescent wave-induced fluores-
cence spectroscopy (TREWIFS) measurements pro-
vide additional information in the form of fluorescence 
decay kinetics of fluorescent species near an interface 
[23, 24]. The fluorescence decay kinetics can report on 
factors such as the polarity of the microenvironment 
of the fluorophore, and how such properties vary with 
distance from the interface.

Evanescent wave-induced fluorescence measure-
ments can also be used for time-resolved fluorescence 
anisotropy measurements [22], i.e. EW-TRAMs. Such 

measurements are capable of probing emission depo-
larising events occurring in either, or both, planes par-
allel and perpendicular to that of the surface, thereby 
providing information such as the mobility of the fluo-
rescent probe or fluorescently-labelled species in both 
planes. The use of EW methods is therefore an ideal 
approach to investigate the fluorescence reporters of the 
lytic activity of a peptide interacting with a supported 
lipid bilayer. As the membrane-water interface of SLBs 
is parallel to the surface at which they are formed, this 
provides EW-TRAMs with the ability to resolve depo-
larisation processes (including peptide motions) in 
different planes of the bilayer. Consequently, the loca-
tion and mobility of the MK14-A430 peptide when in 
different states (i.e. surface-aligned or transmembrane 
pore-forming) may be observed by monitoring the 
fluorescence of the AlexaFluor 430 label monitored 
by time resolved, evanescent wave-induced fluores-
cence spectroscopy and anisotropy measurements 
using the unique interrogating capabilities of these EW 
approaches.

2. Experimental methods

2.1. Materials
2.1.1. Solution preparation 
NaCl (99.5% pure) and hydrochloric acid 
(50%) were purchased from Merck Chemicals 
(Darmstadt, Germany). 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, 99% pure) 
was purchased from Acros Organics (Geel, Belgium). 
Milli-QTM water from a Millipore Type I reagent system 
(Millipore Corp, Bedford, USA) with a resistivity of 18.2 
MΩ was used for all aqueous solution preparations and 
cleaning. Ethanol, Methanol, Propan-2-ol, Acetonitrile, 
Pyridine (all spectroscopy grade), were purchased 
from Merck Chemicals (Darmstadt, Germany). 
1,2-Dipalmitoyl-sn-Glycero-3-Phosphatidylcholine 
(DPPC) and cholesterol (98%, ovine wool) were 
purchased from Avanti Polar Lipids (Alabaster, USA). 
DPPC is a 16:0 phospholipid with a phase transition 
temperature of 41 °C. The fluorescent label AlexaFluor 
430 (A430) was purchased from Molecular Probes 
(Carlsbad, USA). All materials were used without 
further purification. HEPES buffer solution was 
prepared by dissolving 10 mM HEPES and 150 mM 
NaCl in Milli-QTM water. The solutions were adjusted 
to pH 7.4 using small amounts of concentrated (∼5 M)  
NaOH. All solutions of A430, native melittin or melittin 
P14K-A430 were prepared at concentrations of  
5 μM. Concentrations were determined by measuring 
the absorbance of A430 (extinction coefficient at 
430 nm 15 000  =  M−1 cm−1 [25].

2.1.2. Cleaning materials and methods 
Nitrogen (High Purity grade, 99.99%) was purchased 
from BOC Gases (Preston, Victoria, Australia). 
Extran MA03 cleaning solution and nitric acid (70%) 
were purchased from Merck Chemicals (Darmstadt, 
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Germany). All equipment was cleaned immediately 
prior to use. Stainless steel equipment, general 
glassware and plastics were cleaned by sonicating 
for 1 h in 10% Extran surfactant solution (to remove 
dirt, oils and other contaminants) followed by rinsing 
with copious amounts of Milli-QTM water. To remove 
residual surfactant and more strongly adsorbed 
contaminants required different procedures depending 
on the equipment. Stainless steel equipment was 
soaked in 10% nitric acid for a minimum of 12 h, while 
general glassware and plastics were soaked in warm, 
concentrated (∼60 °C, ∼5 M) NaOH for 4 h. After 
this round of cleaning, all equipment was again rinsed 
with copious amounts of Milli-QTM water. Plastics 
were boiled in Milli-QTM water one additional time for 
10 min (to remove residual base and plasticisers) then 
rinsed with copious amounts of Milli-QTM water.

The hemicylindrical prisms used for TREWIFS exper-
iments were cleaned by rinsing with copious amounts of 
Milli-QTM water, followed by soaking for up to 2 h in a 
warm ammoniacal peroxide solution (1:1 hydrogen 
peroxide and Milli-QTM water, with a few millilitres of 
concentrated ammonia) to oxidise residual organic con-
taminants non-corrosively [26]. The substrates were then 
rinsed with copious amounts of Milli-QTM water.

2.1.3. Peptide synthesis and fluorescent labelling 
A430 was used for fluorescently-labelling the 
melittin derivative for several reasons: the emission 
characteristics of A430 shows sensitivity to the 
local environment polarity, its fluorescence and 
photostability are considerably greater than the 
alternative of  exciting the native tryptophan 
chromophore and it shows no significant change in 
fluorescence when coupled to peptides. An additional 
benefit of A430 in studies using EWIFS is that A430 
emission is reasonably insensitive insensitive to the 

presence of a silica interface (see other common 
fluorophores such as the Rhodamine family) [27].

Substituting the Pro-14 residue from native melit-
tin for Lys provides the sequence GIGAVLKVLTTGL 
KALISWIKRKRQQ-CONH2. This substitution allows 
amine coupling of the A430 at the K14 position. The 
location of the fluorescent species near the N- and C- 
termini limits its ability to report on processes occur-
ring at the middle of the helix. In the present study we 
have avoided this limitation by substituting the pro-
line-14 residue with lysine to which the fluorescent 
label A430 is attached. The labelled Lys-14 residue lies 
near the middle of the peptide chain, close to the plane 
that separates the hydrophilic and hydrophobic regions 
of the amphiphilic helix. At this location the A430 label 
should protrude from the peptide helix where it can 
sample the peptide’s microenvironment and thereby 
probe the location and mobility of MK14-A430 in 
SLBs of DPPC. Melittin and melittin P14K-A430 were 
prepared by solid-phase peptide synthesis [28] in the 
laboratory of Professor John Wade (Howard Florey 
Institute, University of Melbourne) as described else-
where [29].

2.2. TREWIFS apparatus
The TREWIFS apparatus (figure 1) was constructed 
utilising a hemicylindrical fused silica prism design, 
which reduces the effects of refraction and spurious 
reflections within the prism compared to other 
prism shapes. The apparatus is based upon the design 
described previously [23, 30] with the modification of 
an open-faced stainless steel flow cell with an internal 
volume of 900 μl (height 12.5 mm, width 24 mm, depth 
3 mm) clamped to the prism’s optical face to allow for 
solution exchange (figure 2). The cell-prism junction 
was sealed by a Teflon sheet with a hole cut to the 
dimensions of the open face (height 12.5 mm by width 

Figure 1. Schematic representation of the TREWIFS setup. Note the arrangement of the detection components is orthogonal to the 
interfacial plane.

Methods Appl. Fluoresc. 4 (2016) 044001
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24 mm). The solution within the flow cell was exposed 
to the prism’s active surface via the open face.

The excitation source was a frequency doubled 
and cavity dumped, mode-locked Titanium:sapphire 
laser (Coherent Mira 900F-Verdi V-10, Pulse Switch) 
operating at 860 nm, with pulses of  ∼100 fs duration 
and a pulse repetition rate of 7.6 MHz. The emission 
following 430 nm excitation was detected orthogonal 
to the excitation path by a microchannel plate pho-
tomultiplier (MCP, Eldy model EM1-132) after pass-
ing through an emission polariser (King) set at the 
magic angle (54.7°), a fused silica f/1 condensing lens 
(Newport), a polarisation scrambler, a 495 nm cutoff 
filter to reject scattered excitation light and a single 
grating monochromator (Jobin Yvon, model H-20). 
The emission signal was monitored and recorded by 
conventional time correlated single photon count-
ing (TCSPC) electronics [31]. The excitation signal 
(taken from either a high-speed photodiode detector 
or the synchronous output from the laser pulse selec-
tion electronics) and emission signal (taken from the 
MCP) were passed through constant fraction discrimi-
nators (Tennelec Quad TC 455). The time difference 
between excitation and emission events was measured 
by a time-to-pulse height converter (Ortec model 457) 
in ‘inverted TAC mode’ and multi-channel analyser 
(MCA, Viking Instruments (Norland) Model 5000).

The angle of incidence of the excitation beam nor-
mal to the silica-water interface (critical angle: 66.3°) 
was kept constant at 70° for all evanescent wave-
induced fluorescence spectroscopic measurements, 
which corresponds to a penetration depth of 108 nm 
(assuming that the refractive index of the sample is 
similar to that of water).

2.2.1. Evanescent wave-induced time-resolved  
aniso tropy measurements 
The evanescent wave-induced time-resolved anisotropy 
measurements (EW-TRAMs) were performed 
using the TREWIFS apparatus described above. The 
polarisation-dependent fluorescence decay curves were 
acquired using TCSPC as described above, with the 
addition of a silica double-rhomb polarisation rotator 
(Halbo-Fresnel Rhomb) for selecting the polarisation 
of the excitation light, while the emission polarisation 
analyser mounted in the housing for the condenser lens 
selected fluorescence emission of a specific orientation. 
The polarisation analyser is mounted as the first optical 
component in the detection setup to minimise the 
effects of polarisation on other optical components (i.e. 
the emission collection lens). The emission polariser 
was controlled by a computer program that enabled 
collection of both emission polarisations in separate 
memory channels of the MCA, changing between 

Figure 2. Schematic of the cell used for TREWIFS and EW-TRAMs experiments. The stainless steel flow-through fluid cell is shown 
from the front (a) and rear, (b). The mounting holes at the rear (b) allow the cell to be secured in place on the stage in the TREWIFS 
apparatus. The dimensions of the solution reservoir are shown in (c) and the complete, constructed cell in (d). The hemicylindrical 
prism is secured in place with two screw-in brackets and the fluid cell-prism junction is sealed by a Teflon sheet with a hole cut to the 
area of the solution reservoir.

Methods Appl. Fluoresc. 4 (2016) 044001
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emission polarisations every 30 s. After the collection 
of the two fluorescence decays for one excitation 
polarisation orientation, the excitation polariser 
was manually rotated to obtain the other excitation-
emission permutations. Fluorescence decay profiles 
were collected for each of these excitation-emission 
permutations over a set time period of 2 h (30 min total 
counting in each excitation-emission permutation) 
rather than to a preset maximum number of counts. 
Laser power and photostability of A430 were carefully 
monitored during an EW-TRAMs experiment and no 
detectable changes in either parameter were observed 
over the course of a single experiment.

3. Results and discussion

The fluorescence decay behaviour of A430 provides a 
polarity-sensitivity that will aid detection of the local 
environment of the probe and the peptide to which it 
is attached [29]. In contrast to free A430 in solution, 
the fluorescence decay behaviour of MK14-A430 was 
found to be biexponential: one lifetime component, 1τ , 
is shorter than the lifetime of A430 in solution, in the 
range 0.8–1.7 ns, and a longer lifetime component, 2τ , 
in the range 3.6–5.0 ns [29]. The range of lifetimes and 
polarity dependence of 2τ  is similar to that observed for 
free A430. The value of 2τ  is therefore a good sensor of 
the local environment of the peptide at the K14 position 
along the peptide chain. The value of 2τ  is greater than 
for free A430 in aqueous solvents, which may be due 
to the restriction of dielectric relaxation of water 
molecules in the proximity of the peptide, resulting in a 
decrease in the local dielectric constant [32].

The short decay component ( 1τ) appears attrib-
utable to some interaction between the fluorophore 
and peptide, resulting in dynamic quenching of A430 
fluorescence. The possibility of heterogeneous reso-
nance energy transfer as the quenching process can 
be discounted since there are no chromophores that 
absorb in the region of A430 emission. Likewise, poor 
spectral overlap resulting from the large Stokes shift of 
A430 means that homogeneous fluorescence resonance 
energy transfer is unlikely. Dynamic quenching by chlo-
ride ions can be discounted as the short lifetime is also 
present in solutions with no electrolyte. It is possible 
that photoinduced electron transfer (PET) occurs [33, 
34], however. PET between aliphatic amines and cou-
marins has been observed [35], suggesting that amines 
from the N-terminus as well as lysine and arginine side-

chains may be responsible. However, these amines are 
protonated at the pH of the aqueous solutions, greatly 
reducing their ability to act as an electron donor in PET 
[36]. PET between photoexcited organic fluorophores 
and tryptophan has also been reported [37], though. 
It is possible that the peptide adopts a conformation 
that enables PET between the A430 probe and intrinsic 
tryptophan along the peptide chain.

In our previous work [29], the analysis of A430 fluo-
rescence only considered the probe as existing in dis-
crete states or environments, however, an amphiphilic 
peptide such as MK14-A430 presents an environment 
of chemical heterogeneity that may be sensed by the 
A430 probe, as will the lipid environments investigated 
in this study. In these cases, fluorescence lifetime distri-
bution analysis can be used to investigate the diversity 
of the probe microenvironments. It should be noted 
that as the majority of lifetime distributions reported 
here were symmetrical, the lifetime peak is reported 
as the value of τ for simplicity. For the lower-polarity 
hydroxylic solvents, the lifetime distribution analysis 
returned two narrow (low standard deviations, SD) 
components with similar results to the discrete biex-
ponential fit (table 1), indicating that the discrete two-
exponential model was an appropriate representation 
of that data. In contrast, three components were deter-
mined for the aqueous solution decays, with broader 
lifetime distributions.

The shorter lifetime peak (0.3 ns) indicated that 
another state or conformation exists, which is more 
efficiently quenched than those in the lower-polarity 
hydroxylic solvents. The possibility of heavy-ion col-
lisional quenching can again be discounted due to the 
short component’s presence in Milli-QTM water, where 
no electrolyte is present. It is possible that the two 
quenched decay components might represent intra- 
and intermolecular PET quenching pathways, though 
further investigation is required to deduce its origin.

It appears that the changes in fluorescence decay 
kinetics could arise from different conformations of 
MK14-A430. Another possibility is that the distinct 
lifetimes represent different locations of the fluoro-
phore with respect to the peptide conformation. A third 
possibility is that quaternary interactions can change 
the proportion of different components (lifetimes) 
through peptide-peptide interactions. However, we did 
not find a simple relationship between the polarity and 
the fractional contributions. The main conclusion we 
draw from our time-resolved studies is that the fluoro-

Table 1. Fluorescence lifetime distribution analysis results for MK14-A430 in different hydroxylic solvents.

Solvent f1 τ1 (ns) SD1 (ns) f2 τ2 (ns) SD2 (ns) f3 τ3 (ns) SD3 (ns)

Water 0.02 0.3 0.01 0.12 1.6 0.07 0.86 4.0 0.58

HEPES 0.03 0.3 0.02 0.17 1.3 0.15 0.86 3.4 0.51

MeOH — — — 0.03 2.1 0.05 0.97 4.9 0.12

EtOH — — — 0.03 2.1 0.04 0.97 5.0 0.12

Note: SDi corresponds to the standard deviation of the ith distribution peak. χR
2  values for the analyses are 1.11, 1.21, 1.17 and 1.16 for 

water, HEPES, MeOH and EtOH respectively.

Methods Appl. Fluoresc. 4 (2016) 044001



6

A C Rapson et al

phore lifetime is a probe of solvent polarity and changes 
in peptide conformation that may accompany peptide-
lipid or peptide-surface interactions.

3.1. Melittin P14K-A430 interactions with lipid 
bilayers
3.1.1. DPPC SUVs 
The time-resolved fluorescence decays of MK14-A430 
interacting with DPPC SUVs showed multiexponential 
behaviour (data not shown), like the free peptide. 
However, the fluorescence decay kinetics were slowed 
in the presence of DPPC SUVs. The simplest analysis 
that provided good fits to the data consisted of a 
sum of two exponential components (table 2). This 
returned fluorescence lifetimes of 1.61τ = –2.4 ns and  

4.62τ = –5.0 ns. The lifetime distribution analysis 
provided two distributions for all L:P (table 3), with 
similar values to the discrete fit: 1.71τ = –2.1 ns and 

4.52τ = –5.0 ns. Attempting a global discrete lifetime 
analysis with common fluorescence lifetimes returned 
poor fits ( 1.5R

2χ > , non-random residuals at short 
timescales), likely due to the polarity sensitivity of both 
the quenched and unquenched species.

The value of 1τ  is smaller than the values for all 
unquenched, solvent-exposed A430 species, includ-
ing the most polar environment (free probe in water, 

3.2τ =  ns). This indicates that 1τ  again corresponds 
to a PET-quenched population of A430. The values 
of 1τ  and 2τ  are similar to those corresponding to the 
lower-polarity solvents. This suggests that the probe 
has penetrated into the structure of the lipid bilayer, 
likely to be a deeper part of the interfacial region (i.e. 
carbonyl) due to its similar polarity range ( 10=ε –30) 
to the lower-polarity solvents studied here ( 12≈ε –37). 
None of the values of 1τ  and 2τ  indicated an aqueous 
probe environment, though an increase in polarity was 
observed with decreasing L:P (increasing peptide). This 
polarity increase was accompanied by a broadening of 
both fluorescence lifetime peaks.

Peptide accumulation on the surface could also 
explain the trends observed. According to the Shai-
Matsuzaki-Huang model [38–40], peptide association 
involves lipid headgroup displacement and peptide 
incorporation into the bilayer interfacial region. This is 
likely to cause increased water penetration and  freedom 
for probe fluctuations, which could explain both the 

shorter lifetimes and broader lifetime distributions 
with decreasing L:P (increasing peptide accumulation 
within the SUVs).

3.1.2. DPPC-Chol SUVs 
When MK14-A430 was associated with DPPC-Chol 
SUVs, the fluorescence decay profiles were similar to 
those for free MK14-A430 at all L:P (data not shown). 
Biexponential discrete analysis returned lifetime values 
that are similar to that for the free peptide (table 2). 
However, this analysis resulted in fits with non-random 
residuals at short timescales and poor fits ( 1.5R

2χ > ), 
suggesting more complex decay kinetics. Therefore, only 
the lifetime distribution analysis results (table 3) will be 
discussed here. The lifetime distribution analysis returned 
three lifetime peaks: 0.41τ = –0.6 ns, 1.12τ = –1.6 ns and 

3.53τ = –3.8 ns. The value of 1τ  decreases with L:P and 
at 10:1, is close to that for free MK14-A430 in aqueous 
solution. This indicates that quenching is polarity-
dependent, supporting the idea that this contribution 
is due to another PET mechanism. The contributions 
from the quenched lifetimes were greater at all L:P when 
compared with the pure DPPC SUV systems. Like the 
pure DPPC systems, lowering the L:P results in lifetime 
distribution peak broadening for all components.

Therefore, the key differences for the DPPC-Chol 
SUV systems when compared with DPPC SUVs were 
a probe microenvironment of higher polarity and 
greater probe quenching. There is no apparent corre-
lation between peptide secondary structure and these 
parameters according to circular dichroism experiments 
performed on these systems (data not shown). Attempts 
to use a fixed, 4 exponential component fit could not 
determine separate contributions from free/bound 
peptide, due to the similar decay kinetics to free MK14-
A430. Thus, it appears that the differences were due to 
the location of the probe (and peptide) within the SUVs.

It may be that the penetration of A430 into the SUV 
structure may explain the differences. The indole ring 
of tryptophan is known to take a position near the car-
bonyl moiety of the interfacial region and behave as an 
‘ interfacial anchor’ for membrane-incorporated pep-

Table 2. Results from the discrete lifetime analysis of MK14-A430 
free in HEPES solution and interacting with DPPC and DPPC-
Chol SUVs (L:P in brackets).

System f1 τ1 (ns) f2 τ2 (ns) χR
2

Free MK14-A430 0.16 0.8 0.84 3.6 1.26

DPPC (10:1) 0.06 1.6 0.94 4.6 1.12

DPPC (20:1) 0.13 2.4 0.87 4.8 1.21

DPPC (100:1) 0.06 2.3 0.94 5.0 1.16

DPPC-Chol (10:1) 0.19 1.0 0.81 3.5 1.37

DPPC-Chol (20:1) 0.19 1.0 0.81 3.5 1.26

DPPC-Chol (100:1) 0.21 0.9 0.78 3.5 1.65

Table 3. Fluorescence lifetime distribution analysis results for 
MK14-A430 in DPPC and DPPC-Chol SUVs.

System

(L:P)

DPPC

20:1 100:1 10:1

DPPC-Chol

20:110:1 100:1

f1 0.05 0.06 0.05 0.03 0.05 0.07

τ1 (ns) 1.7 1.8 2.1 0.4 0.5 0.6

SD1 0.08 0.11 0.05 0.10 0.04 0.01

f2 0.95 0.94 0.95 14 24 25

τ2 (ns) 4.5 4.6 5.0 1.1 1.6 0.21

SD2 0.47 0.60 0.24 0.30 0.21 0.05

f3 — — — 0.83 0.71 0.68

τ3 (ns) — — — 0.83 0.71 0.68

SD3 — — — 0.74 0.45 0.11

χR
2 1.28 1.26 1.16 1.18 1.19 1.32
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tides [41–43]. This region was described earlier as hav-
ing moderate polarity (similar to that suggested for pure 
DPPC SUVs) and high motional restriction. In contrast, 
studies of the intrinsic tryptophan residue of native 
melittin [44] and NBD-labelled melittin [45] into DOPC 
bilayers showed a shallower position within the lipid 
bilayer structure, resulting in greater motional freedom 
and environment polarity when cholesterol was present.

Shallower penetration of A430 into the SUV struc-
ture could explain the higher environment polarity, 
potentially due to increased water penetration. The 
greater motional freedom may explain the greater 
extent of quenching as it has been observed that in 
structures with restricted conformational mobility PET 
is reduced [46]. This is understandable due to the expo-
nential distance-dependence of PET [47–49].

3.1.3. Time-resolved evanescent wave-induced  
fluorescence spectroscopy (TREWIFS) 
The fluorescence decay of A430 under TREWIFS 
conditions has been shown to be monoexponential with 
a decay time of 3.1 ns, indicating no discernible change 
in the fluorescence decay kinetics of A430 between bulk 
solution and at the silica-water interface [29]. This is 
expected, as the silica-HEPES buffer interface is highly 
polar. In comparison, many other common fluorescent 
probes exhibit significant changes in their emission 
properties when in close proximity to a silica interface. 
The insensitivity to the silica surface indicates the value 
of A430 as a probe of interfacial environments.

In contrast to the free (non-complexed) A430, the 
fluorescence decay behaviour of melittin P14K-bound 
A430 (table 3) changed at the silica-HEPES solution 
interface (table 4). The data were suitably fit using a 
biexponential decay analysis, with similar values of 1τ  
and 2τ  as free MK14-A430 in HEPES solution. How-
ever, the value of f1 was larger relative to its contrib-
ution in bulk solution: 0.16 in bulk solution, 0.57 at the 
silica-HEPES interface. This indicates that the peptide 
adopted a conformation that exhibited significantly 

greater PET quenching than in free solution.

3.1.4. TREWIFS of Melittin P14K-A430 with DPPC 
SLBs 
Previous TREWIFS and EW-TRAMs investigations of 

MK14-A430 interacting with a pure DPPC SLB have 
been published [29] in which MK14-A430 was incubated 
with the DPPC SLB overnight (∼12 h). However, 

QCM-D experiments, performed subsequent to the 
publication of the initial findings, indicated that the 
incubation time required to reach an equilibrium state 
was 72 h (to be published). Experiments were therefore 
reperformed using this 72 h peptide incubation period. 
The fluorescence decays recorded after the overnight 
incubation of MK14-A430 with a DPPC SLB (table 4) 
displayed faster kinetics than free MK14-A430 in HEPES 
solution. The data were still well-fit by a biexponential 
decay model. This was reflected in the discrete lifetime 
analysis, which returned a substantial (0.40) fractional 
contribution for the quenched component, 1τ . However, 
the values of 1τ  and 2τ  increased relative to the peptide in 
bulk solution or at the silica-HEPES interface, indicating 
that the probe experienced an environment of lower 
polarity when associated with the SLB. The logical 
explanation for this is some partitioning of A430 into 
the SLB structure.

The decays recorded after the SLB-peptide system 
had reached equilibrium (table 4) showed a decrease 
in the contribution of 1τ  to f1  =  0.20, with shorter life-
times for both 1τ  and 2τ . This indicated changes in pep-
tide arrangement (from the overnight-incubated stage) 
that resulted in a higher polarity sensed by A430 but 
a lower extent of quenching occurring. The value of 

aveτ  increased from 2.7 ns after overnight incubation to 
3.0 ns following equilibration. This was in contrast to 
the decrease in aveτ  with incubation time observed for 
MK14-A430 interacting with DPPC giant unilamellar 
vesicles (GUVs) [50]. In the study involving GUVs, the 
decrease in aveτ  was attributed to an increase in PET-
quenching events that were assigned to a lytic pore state. 
It is likely that more MK14-A430 associated with the 
SLB between 12 and 72 h. Therefore, in light of studies 
performed here and other studies that show an increase 
in I-state peptide with membrane-bound peptide con-
centration [51], it would seem counterintuitive that the 
extent of pore formation decreased.

Table 4. Results to the two-exponential discrete fluorescence 
lifetime analysis for fluorescence decay kinetics recorded under 
TREWIFS conditions at a silica-HEPES solution interface.

System f1 τ1 
(ns)

f2 τ2 
(ns)

χR
2

A430 — — 1.00 3.1 1.03

Free MK14-A430 0.57 0.9 0.43 3.3 1.17

DPPC SLB (overnight) 0.40 1.2 0.60 3.7 1.16

DPPC SLB (equilibrium) 0.20 0.9 0.80 3.5 1.31

DPPC-Chol SLB 0.58 1.0 0.42 3.2 1.67

Table 5. Results of the fluorescence lifetime distribution analysis 
for fluorescence decay kinetics of MK14-A430 interacting with 
SLBs recorded under TREWIFS conditions.

System DPPC SLB 

(overnight)

DPPC SLB 

(equilibrium)

DPPC-Chol SLB 

(equilibrium)

f1 0.07 0.05 0.47

τ1 (ns) 0.2 0.5 0.7

SD1 0.01 0.01 0.07

f2 0.33 0.14 0.30

τ2 (ns) 1.2 1.2 1.8

SD2 0.08 0.05 0.13

f3 0.60 0.56 0.23

τ3 (ns) 3.7 3.0 3.7

SD3 0.18 0.15 0.16

f4 — 0.25 —
τ4 (ns) — 4.9 —
SD4 — 0.19 —

χR
2 1.38 1.10 1.41
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The results from the lifetime distribution analysis 
(table 5, figure 3) may provide some insight into these 
changes. The DPPC SLB:MK14-A430 system at equi-
librium returned four components from the distribu-
tion analysis: 0.5 ns, 1.2 ns, 3.0 ns and 4.9 ns. It should 
be noted that while there is an improvement in the fit 
between the discrete biexponential fit and the lifetime 
distribution fit, the data are still reasonably fit by the 
discrete biexponential model. It should also be noted 
that the distribution analysis did not provide a better 
fit to the overnight-incubated data (tables 4 and 5 for 
overnight-incubated data) and is not discussed along-
side the distribution fit to the equilibrium system. The 
data for the overnight-incubated system in table 5 are 

included for comparison only.
The distribution analysis indicated that the probe 

partitioned into polar (3.0 ns unquenched, 0.5 ns and 
1.2 ns quenched) and non-polar (4.9 ns) environ-
ments. The 4.9 ns component is similar to that 
observed for MK14-A430 associated with DPPC SUVs 

at L:P  =  100:1, where no evidence of pore formation 
was observed [52]. This suggests that this population 
of the probe corresponded to peptide in the S-state. 
The polar environment experienced by the rest of the 
probe population indicates that it is not embedded 
within the bilayer structure, suggesting a pore-forming 
state. Therefore, it appears that a combination of S- and 
I-state peptide is reported by the TREWIFS fluores-
cence decay.

3.1.5. The influence of cholesterol 
All comparisons made here involve only the pure DPPC 
and DPPC-Chol SLB systems at peptide association 
equilibrium (unless stated). The TREWIF signal 
from MK14-A430 interacting with a DPPC-Chol SLB 
decays faster overall compared with the pure (absence 
of cholesterol) DPPC SLB. The discrete exponential 
analysis (table 4) returns values of 1.01τ =  ns and 

3.21τ =  ns, with both lifetimes indicating that the 
probe experiences an environment of polarity similar to 

Figure 3. Results from fluorescence lifetime distribution analysis of melittin P14K- A430 (a) in different hydroxylic solvents and 
interacting with (b) pure DPPC vesicles, (c) DPPC-Chol SUVs and (d) DPPC and DPPC-Chol SLBs (at equilibrium). Inset in (a): 
plot of τ2 contribution for free MK14-A430 in methanol and ethanol.
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aqueous solution. The contribution of 1τ  (0.58) indicates 
that more fluorescence quenching events occurred than 
in the pure DPPC SLB. However, the fit returns a R

2χ  of 
1.67 with non-random residuals, indicating that a two 
discrete environment representation does not model 
the data well.

The distribution analysis (table 5, figure 3) of the 
DPPC-Chol SLB system returned three lifetime peaks: 
values of 0.7 ns, 1.8 ns and 3.7 ns. These fluorescence 
lifetimes were all consistent with an environment 
of moderate polarity. A greater extent of quenching 
occurred than in the DPPC SLB, similar to the change 
observed between the DPPC and DPPC-Chol SUV sys-
tems. These results suggest a shallow interfacial region 
location (i.e. lipid headgroups) for the probe, as was 
suggested for the DPPC-Chol SUV systems.

All of the fluorescence lifetimes indicate an environ-
ment of similar polarity. It is tempting to suggest a single 
state of peptide arrangement, (i.e. S-state), which would 
be supported by the ability of cholesterol- containing 
membranes to resist peptide transmembrane insertion 
[53]. However, more information is required to confirm 
this.

3.1.6. Time-resolved fluorescence anisotropy  
measurements (TRAMs) 
TRAMs decays were also measured for MK14-A430 
in HEPES solution and in the presence of pure DPPC 
and DPPC-Chol SUVs. The time-resolution of such 
data provides the ability to monitor probe and peptide 
motional dynamics. A free fluorophore will typically 
undergo fast motions resulting in rapid depolarisation 
of emission leading to low values of the fluorescence 
anisotropy. In the simplest of cases such as a spherical 
fluorophore rotating uninhibited, the time-dependent 
anisotropy decay, r(t), may be represented as:

r t r e
t

0 f( ) = φ
−

 (1)

where fφ  is the rotational correlation time of the 
fluorophore. For sake of simplicity, A430 is assumed 
to have motion similar to a spherical fluorophore. 
This is due to its small size, meaning that rotations 
along different axes that may depolarise fluorescence 
at different rates cannot be satisfactorily resolved with 
the experimental setup used in this study.

When attached or associated to an object, the 
probe’s fluorescence anisotropy time-dependence 
becomes more complex. This association or attachment 
may limit the angular range of fluorophore rotation, 
meaning that the anisotropy will not decay to zero. In 
this case, the anisotropy decay may be represented by 
the hindered rotator model [54–56]:

r t r r re
t

0 f( ) ( )= − +φ∞

−

∞
 (2)

where r∞ is the non-zero anisotropy value that can be 
observed at times beyond those of the fluorescence 
intensity decay. The hindered rotator model is a 
simplified expression that assumes that the anisotropy 

decay is exponential. If the object to which the 
fluorophore is attached (i.e. a small peptide such 
as melittin P14K) has molecular motions that can 
be resolved within the timeframe of the probe’s 
fluorescence intensity decay, then the anisotropy 
will also reflect peptide motions. In this case, r∞ can 
be replaced by a term representing the extent of 
depolarisation due to peptide motion, as follows:

r t r e 1 e
t t

0 f p( ) ( )
⎡
⎣⎢

⎤
⎦⎥

α α= + −φ φ
− −

 (3)

where pφ  is the correlation time relating to whole-
body motions of the peptide to which the fluorophore 
is attached. In this case, the anisotropy at time t is 
dependent upon the degree of depolarisation due to 
fluorophore and peptide motions, with amplitudes 
of r0α and r 10( )α− , respectively. Therefore, if the 
peptide itself is a freely-diffusing body with a rotational 
correlation time comparable to the fluorescence 
lifetime of the probe, the anisotropy will decay to 
zero. If the motions of the fluorophore are indeed 
hindered by its attachment to the peptide ( 1α< ), a 
multi-exponential decay will be observed for r(t). This 
is considered a strong possibility for these studies due 
to the location of the A430 probe near the centre of 
the melittin P14K helix. It has been established that 
a fluorophore location near the centre of a peptide 
helix—where peptide backbone fluctuations are less—
results in more hindered fluorophore fluctuations 
[57]. If the fluorophore motions are not hindered 
by its attachment, an apparently single-exponential 
decay would be observed, with a correlation time; 

a
f p

f p( )
φ =

φ φ

φ φ+
. Thus, the motion of the fluorophore 

would only be observed by the short timescale of aφ  
relative to that expected for peptide rotation.

It is more elegant to represent the extent of depo-
larisation due to fluorophore and peptide motions as 
fractional contributions of short and long correlation 
times ( fs α=  and f 1L ( )α= − ), such that:

r t r f fe es

t

L

t

0 s L( ) ⎜ ⎟
⎛
⎝

⎞
⎠= +φ φ

− −
 (4)

where the relationships between sφ , Lφ  and fφ , pφ  are 
given by [58]:

1 1 1
and

1 1

s f p L p

   
φ φ φ φ φ
= + = (5)

In this case, Lφ  is equal to the rate of depolarisa-
tion due to peptide motions. However, sφ  only relates 

to the fluorophore depolarisation rate when f pφ φ� . 
Otherwise, a combination of fluorophore and peptide 
motions, described in equation (5) will be observed  
for sφ .

3.1.7. TRAMS of MK14-A430 in HEPES solution 
The anisotropy decay for free MK14-A430 in HEPES 
was complex (figure 4), displaying multiexponential 
behaviour. This indicates a combination of hindered 
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fluorophore motion around its point of attachment 
and peptide rotation. The results of the anisotropy 
decay analysis for MK14-A430 (free and associated 
with DPPC SUVs) are presented in table 6. The value 
of r0 was 0.36, slightly lower than the calculated r0 
for A430 of 0.38. This suggests that some of the fast 
depolarisation processes were not completely resolved. 
The anisotropy decays to zero, as expected for a free, 
small peptide in an aqueous medium. Attempts to fit 
the data with two exponentials (equation (4)) could 
not accurately model the depolarisation behaviour, 
displaying non-random residuals (figure 4(b)). In 
fluorescence anisotropy decays recorded for native 
melittin [59], a third exponential component was 
observed to improve the fit quality for solutions under 
oligomeric but not monomeric conditions. Therefore, 
another ‘long’ component, represented by fL2 for 
fractional contribution and L2φ  for correlation time, 
was included into the fit.

The three-exponential analysis returned correla-
tion times of 0.2sφ =  ns, 1.4Lφ =  ns and 7.9L2

φ =  ns.  
Due to the large differences in magnitude between 
these correlation times, it is believed that there is lit-
tle coupling between rotational modes as described by 
equation (5). Values in the range of 100–200 ps have 
been commonly observed for fluctuations of tryp-
tophan around the point of attachment [57, 60, 61]. 
Therefore, sφ  is assigned to relatively free motions of  
the A430 at the end of the lysine sidechain. Motions of 
monomeric native melittin have been determined to 

have correlation times of 1.1–1.8 ns [60, 62, 63] simi-
lar to Lφ . A contribution of monomeric MK14-A430 is 
likely to be small as suggested from the high helicity of 
MK14-A430, meaning that Lφ  may be reporting helix 
backbone fluctuations rather than whole-body diffu-
sion. It is possible then, that the longer 7.9 ns correlation 
time is due to motions of an oligomeric form of MK14-
A430. However, the largest known oligomer of native 
melittin is the tetramer, which has been associated 
with shorter rotational correlation times of 3.7–4.0 ns 
[60, 62, 63]. One possibility for this longer correlation 

Figure 4. (a) Fluorescence anisotropy decay of MK14-A430 in HEPES solution. The 2-exponential (grey) and 3-exponential (black) 
fits to the data are displayed with the data, along with the residuals for the respective fits ((b) and (c)).

Table 6. Results of application of rotating fluorophore model 
to TRAMs measurements of MK14-A430 depolarisation free in 
HEPES solution and associated with pure DPPC SUVs at different 
L:P.

System Free

MK14-A430

DPPC

(10:1)

DPPC

(20:1)

DPPC

(100:1)

r0 0.36 0.4 0.39 0.32

fs 0.66 0.34 0.31 (0.19) 0.38 (0.22)

φs 0.17 0.24 1.1 (2.3) 1.5 (2.2)

fL 0.14 0.40 0.69 (0.81) 0.62 (0.78)

φL 1.4 1.5 8.3 (∼100) 11 (∼100)

fL2 0.2 0.26 — —
φL2 7.9 9.2 — —

∞r 0 0.12 0.25 (0) 0.19 (0)

Note: Results from the unrestricted rotator model fit are in 

brackets.
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time is that the rod-like helix (due to the P14K substi-
tution) accommodates MK14-A430 achieving higher 
order aggregates. Dynamic light scattering experiments 
performed on melittin P14A determined an average 
hydrodynamic radius of 1.8 0.2±  nm under fully-
aggregated conditions (compared with 1.0 0.1±  nm 
for tetrameric melittin) [64]. In the same study, a coop-
erative oligomerisation model [65] applied to CD data 
determined that melittin P14A aggregates consisted 
of 9 1±  monomers. To compare with the light scatter-
ing result, the Stokes–Einstein–Debye equation [58] 
(equation (6)) was used to estimate the hydrodynamic 
radius of MK14-A430, assuming that the 7.9 ns term 
corresponded to the rotational correlation time for a 
spherical rotor:

V

k T
m

B

φ
η

= (6)

where η is the viscosity of the medium, Vm is the 
molecular volume, kB is Boltzmann’s constant and T 
is temperature. Under the conditions described earlier, 
substituting the correlation time of 7.9L2

φ =  ns yields 
a hydrodynamic radius for MK14-A430 of 2.0 nm, 
which is within experimental error of light scattering 
experiments.

However, it is unlikely that an aggregate of such 
peptides exists in a spherical configuration. A cylin-
der might be a better representation of an oligomer 
comprised of rigid, rod-like helices of MK14-A430, 
as has been suggested for hexamers of model amphi-
philic peptides [61]. To model the rotational diffusion 
of a cylindrical structure (as estimated using hydro-
dynamic theory [61, 66]) requires accounting for the 
ends of the cylinder [67–70], which becomes a greater 
factor as the aspect ratio, ρ (ratio of cylinder length,  

L to diameter, d; L

d
ρ = ) decreases. The rotational diffu-

sion coefficients along and about the axis of symmetry 
of a cylinder are:

D
k T

L

3
lnr

B

0
3

( )
⎛

⎝
⎜

⎞

⎠
⎟

πη
ρ δ= +⊥

⊥ (7)

D
k T

A Ld

4
lnr

B

0 0
2

( )∥
∥

⎛

⎝
⎜

⎞

⎠
⎟

πη
ρ δ= + (8)

where A0  =  3.841 and δ⊥ and ∥δ  are the end-effect 
corrections, approximated using the method used by 
Hu et al [61]. The length of a magainin helix (3.45 nm)  
[71, 72] was used for L, due to the proline 
deficiency similar to melittin P14K. The value of 
ρ was estimated as the value at which the average 
correlation time ( avgφ ) for diffusion along each of 

the three axes was equal to 7.9 ns. avgφ  was considered 

a reasonable estimate due to the closely-matched 
dimensions, as a value of 1.03ρ =  returned for this 
analysis. This value of ρ corresponded to a cylinder 
diameter of 3.4 nm. Using the typical estimate of a  
α-helical peptide helix diameter (1.0–1.1 nm) [73] for 
MK14-A430, and assuming a simplified space-filling 
model, a diameter of 3.4 nm was best approximated by 
an octomer of the peptide.

3.1.8. TRAMS of MK14-A430 associated with DPPC 
SUVs 
The fluorescence anisotropy curves for the pure DPPC 
system (figure 5, table 6) show a significant degree of 
restriction to the motion of A430 compared to it being free 
in solution, on the timescale of the fluorescence intensity. 
In this case, the hindered rotator model (equation (2)) 
was applied to analyse the data. A single exponential 
function was insufficient to model the data and so a two-
exponential hindered rotor model was applied:

r t r r f f re es

t

L

t

0 f p( )( ) ( )= − + +τ τ∞
− −

∞ (9)

The shape of the anisotropy decays for 20:1 and 
100:1 DPPC:MK14-A430 are similar, with no sub-

Figure 5. Time-resolved fluorescence anisotropy curves of melittin P14K-A430 free in solution (blue line) and interacting with 
DPPC SUVs (fine lines, top) and DPPC- 30 mole % cholesterol (thick lines, bottom) at lipid:peptide ratios of 10:1 (green), 20:1 
(yellow) and 100:1 (red).
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nanosecond decay apparent as was observed with free 
MK14-A430. This is supported by the low emission 
quenching observed through the fluorescence lifetime 
decays and agrees with the higher steady-state aniso-
tropy and REES values observed (data not shown). The 
observed values of r0 are less than 0.40 for these decays. 
The value of r0 decreases with increasing L:P: 0.40, 0.39 
and 0.32 for 10:1, 20:1 and 100:1, respectively. As the 
peptide concentration was kept constant in these exper-
iments, the vertical offset in r is believed to be due to 
increased scatter from the greater vesicle concentration.

A range of fit parameters can be used to provide 
a suitable fit for the L:P  =  20:1 and 100:1 anisotropy 
decay profiles. The two extremes were considered to 
provide the range of parameters—the highest restric-
tion to motion possible and unrestricted diffusion of 
the probe and peptide. For the high restriction case, r∞ is 
fixed at the limiting anisotropy where the fluorescence 
intensity approaches zero, returning values of 1.1sφ =  
(20:1), 1.5 (100:1) ns and 8.3Lφ =  (20:1), 11 (100:1) ns, 
and r 0.25=∞  (20:1) and 0.19 (100:1). Fixing r 0=∞  
results in longer correlation times: 2.3sφ =  (20:1), 2.2 
(100:1) ns and Lφ ≈ 100 ns for both systems.

The absence of a sub-nanosecond correlation time 
suggests that A430 does not diffuse within an aque-
ous environment. The value of sφ  (∼2 ns) is similar to 
that attributed to probe fluctuations near the water-
membrane interface [74]. This result agrees with the 
assignment of a probe location embedded within the 
interfacial region.

The large range of values that can be assigned to Lφ  
makes a definitive interpretation difficult. However, 
the results of the fluorescence lifetime analysis suggest 
that the assignment can be made to motions in a lipid 
environ ment. The value of sφ  has already been assigned 
to probe fluctuations at the end of its attachment. Rigid-
body rotational diffusion for transmembrane peptides 
has been estimated to be on the order of microseconds 
[75, 76] and is unlikely to be resolved on the timescale 
of this experiment. It is likely, then, that the values cor-
respond to fluctuations of the entire peptide structure. 
Values close to those of the lower limit (8–11 ns) were 

attributed to backbone fluctuations of a polypeptide 
analogue of alamethicin traversing a lipid bilayer [57, 
77]. Values between the lower and the upper limits 
(<100 ns) have been reported for peptide backbone 
fluctuations for different amphiphilic peptides within 
a lipid bilayer [59, 74, 78, 79]. Therefore, the value of Lφ  
appears to report on helix backbone fluctuations in a 
lipid environment.

When the L:P is further decreased (L:P  =  10:1) 
the anisotropy decay kinetics change significantly. The 
anisotropy decay profile appears to have a shape that 
is somewhere between the higher L:P and free peptide 
decays. Similar to free MK14-A430, three exponen-
tial components are required to fit the data well. A fast  
depolarisation component ( 2402φ =  ps) was evident 
that is not apparent in the 20:1 and 100:1 systems. The 
values of the two longer correlation times (1.5 and 9.2 ns)  
are also shorter than either of the correlation times for 
the 20:1 and 100:1 systems. The value of ∞r  (0.12) indi-
cates that highly-restricted or very slow peptide fluc-
tuations were still observable. Interestingly, all three 
correlation times are similar to those for free MK14-
A430, suggesting a coupling of free and SUV-associated 
peptide depolarisations (equation (5)).

3.1.9. TRAMS of MK14-A430 associated with  
DPPC-Chol SUVs 
The fluorescence anisotropy decays considerably faster 
for all DPPC-Chol SUV systems (figure 5, table 7) 
than the pure DPPC SUVs or free MK14-A430. The 
anisotropy decay profiles for L:P  =  100:1 and 20:1 
appear dominated by sub-nanosecond processes with 
the fluorescence completely depolarised in  <5 ns. The 
anisotropy decay for the 10:1 system was slower than the 
other L:P and was completely depolarised in  <10 ns. 
The shape of the 10:1 decay appeared similar to that of 
free MK14-A430 and suggested a possible contribution 
from free peptide, as was suggested for the pure DPPC 
system.

As the fluorescence is observed to completely depo-
larise for all L:P, no r∞ term is required to fit the data. 
The data for the 20:1 and 100:1 systems require two 
exponential components for an acceptable fit, while the 
10:1 system requires three exponential terms (table 7).  
Analysis of the 20:1 and 100:1 DPPC-Chol decays 
returned values of 90sφ =  ps (f1  =  0.71) and 2.5Lφ =  ns  
(f2  =  0.29). The timescales of these processes suggest 
probe fluctuations at the end of its attachment, free in 
solution (90 ps) and near a water-membrane interface 
(2.5 ns). The fractional contributions indicate that the 
depolarisation appears to be dominated by probe fluc-
tuations at the end of its attachment that are not hin-
dered by its environment (lipid or peptide). This would 
support the notion that A430 motional freedom within 
lipid bilayers was a significant factor in PET quenching 
efficiency. The value of r0 (0.09) for both systems indi-
cated a large degree of unresolved depolarisation, which 
could be explained by the predominant rapid depolari-
sation component. It appears reasonable to assume no 

Table 7. Results of application of rotating fluorophore model to 
TRAMs measurements of MK14-A430 associated with DPPC-Chol 
SUVs at different L:P.

System Free

MK14-A430

DPPC

(10:1)

DPPC

(20:1)

DPPC

(100:1)

r0 0.36 0.2 0.09 0.09

fs 0.66 0.51 0.71 0.71

φs 0.17 0.10 0.09 0.09

fL 0.14 0.12 0.29 0.29

φL 1.4 0.72 2.6 2.5

fL2 0.2 0.37 — —
φL2 7.9 4.2 — —

∞r 0 0 0 0

Note: The results to the analysis of the free MK14-A430 

fluorescence anisotropy decay are shown for reference.
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coupling of the 90 ps and  ∼2.5 ns comp onents, as there 
is more than an order of magnitude difference in the 
timescales.

For the 10:1 system, it is likely that the 100sφ =  ps 
term is also due to probe fluctuations at the end of its 
attachment. However, the values of Lφ  and L2

φ  (0.72 ns 
and 4.2 ns, respectively) are difficult to assign. Visual 
inspection of the anisotropy decay suggests that there 
may be some contribution from peptide in bulk solu-
tion, similar to the 10:1 system for pure DPPC. This 
notion is supported by the lifetime distribution analy-
sis, which displayed shifts towards values closer to those 
determined for free MK14- A430 in HEPES solution. 
Therefore, it is possible that the values of Lφ  and L2φ  
correspond to the same terms for free MK14-A430 but 
are shortened due to coupling of depolarisation times 
(equation (5)). To test this, a global analysis was per-
formed with the three systems that appeared to display 
contributions of free peptide: free MK14-A430 and 
L:P  =  10:1 for both pure DPPC and DPPC-Chol. The 
three correlation times were linked as global fit param-
eters. This returned reasonable fits for all three decays, 
with 0.16sφ =  ns, 1.5Lφ =  ns and 10L2φ =  ns. These 
correlation times are very similar to those of free MK14-
A430, suggesting a contribution of free peptide for the 
two SUV systems at L:P  =  10:1.

Therefore, it appears that both the pure DPPC and 
DPPC-Chol SUV systems are saturated with peptide 
between L:P  =  20:1 and 10:1. This result is interesting, 
as it suggests that despite the different peptide location 
within the bilayer, the apparent binding of the peptide 
to both lipid systems is similar. This is in contrast to 
previous studies which have described decreased bind-
ing of similar peptides to cholesterol-containing bilay-
ers [44, 53].

Another interesting observation is that both SUV 
systems’ fluorescence anisotropy decays do not appear 
to change significantly with L:P, aside from where free 
peptide is apparent. Other studies performed by our 
research group suggested transmembrane pore for-
mation of MK14-A430 with both pure DPPC SUVs 
[52] and GUVs [50]. It is possible that the fluorescence 
lifetime and anisotropy data indicate that A430 still 
sampled the lipid headgroup region in a pore-forming 
state. This was suggested from earlier published stud-
ies within this work [29] and presented as evidence of 
toroidal pore formation.

3.1.10 Evanescent wave-induced time-resolved  
aniso tropy measurements 
The use of EW-excitation for TRAMs measurements 
[30, 80, 81] (EW-TRAMs) allows temporal resolution 
and separation of fluorescence depolarisation processes 
parallel and perpendicular to the interfacial plane. It 
should be noted that due to the configuration of the 
EW-TRAMs setup, the lateral plane of the lipid bilayer 
is parallel to the plane of the SiO2-water interface 
where the evanescent wave is generated. Thus, in-plane 
anisotropy decay refers to depolarisation processes in 

the lateral plane of the lipid bilayer and out-of-plane 
anisotropy decay refers to depolarisation processes 
at an angle normal to the lateral plane of the bilayer 
(effectively, the hemisphere that is bisected by the 
interfacial plane, which extends into the aqueous 
surrounds).

3.1.11 EW-TRAMs of Melittin P14K-A430 with DPPC 
supported lipid bilayers (SLBs) 
The EW-TRAMs decay profiles for both in- and out-
of-plane excitation of MK14-A430 in the presence of 
DPPC SLBs (overnight-incubated and at equilibrium) 
are shown in figure 6. For both systems, the fluorescence 
anisotropy decays with time, which indicates that the 
fluorophore had mobility both in and out of the plane 
of the SLB.

For the overnight-incubated system, the change 
in r(t), and hence the degree of mobility, was signifi-
cantly more marked in the plane of the SLB than out 
of the plane. The anisotropy profiles can be well fit by 
a number of models. Therefore, the simplest appropri-
ate model—the single-exponential hindered-rotator 
(equation (2))—was first used to fit the data. It is more 
difficult to unambiguously fit the anisotropy data out 
of the SLB-plane due to the small depolarisation ampl-
itude change. Applying a global fit with φ linked for the 
in- and out-of-plane data returned a correlation time 
of 2 ns, with acceptable fits for data in both planes. The 
limiting anisotropy values, r0 and r∞ were not fixed for 
the in- or out-of-plane data. The fit returned values 
of r0  =  0.230 and r 0.131=∞  in the SLB-plane, with 
r0  =  −0.239 and r 0.219= −∞  for the out-of-plane 
data. It should be noted that these values are different to 
the theoretical values of r0 for EW-TRAMs experiments. 
The value of r0  =  0.38 returned from a Perrin equa-
tion fit (data not shown) indicated very close to parallel 
absorption and emission transition dipole moments 
for this fluorophore. In this case, the values of r0 should 
be close to 0.5 in the plane of the interface and  −0.2 
out of the plane. The value of r0  <  −0.2 for the out-
of-plane data suggests erroneous values determined 
for the correction factor which, as reported previously 
[22], is inherently difficult to determine. The value of 
r0  <  0.5 for the in-plane data suggests that some unre-
solved fast depolarisation processes may have occurred, 
similar to that observed for the bulk solution and SUV 
decays. If the restriction to motion was provided by an 
effective cone with hard walls (the wobbling-in-cone 
model) [55], the cone angles for the in-plane motions 
would be 34° for the observed processes (r0  =  0.230 and 
r 0.131=∞ ), or 51° for all processes (r0  =  0.5). For out-
of-plane motion, the cone angle was determined to be 
14° for the observed motions. Therefore, the mobility 
of A430 is geometry-dependent, with the restriction to 
probe motions clearly greater out of the SLB-plane than 
in-plane.

The findings of nonzero r∞ values may also be due to 
motions that were not resolvable within the timescale of 
the A430 fluorescence. This is supported by attempts to 
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fit a second exponential component to the data, which 
resulted in acceptable fits with a broad range of values 
(15 ns 110   φ< <  ns) for the longer correlation time. 
Therefore, what can be concluded from the analysis 
results is that A430 reported on environments of signifi-
cantly different mobility (one φ of  ∼2 ns and one essen-
tially infinite on the timescales reported). These values 
of φ are similar to those reported for the SUV-peptide 
system. As described earlier, the value of 2φ≈  ns was 
attributed to A430 motions at the end of its attachment 
near a membrane-water interface, while the values at 
longer timescales (including r∞) were attributed to pep-
tide backbone fluctuations and rigid-body rotational 
diffusion. The interfacial region of lipid bilayers was 
described earlier as one of high motional restriction.

The EW-TRAMs decays for the DPPC SLB:MK14-
A430 system at equilibrium display significant changes 
in A430 mobility compared to the overnight-incubated 
system. The initial anisotropy values were significantly 
lower than those for the overnight-incubated system, in 
both planes. This indicates a significant degree of unre-
solved motions at the beginning of the EW-TRAMs 
decay, similar to what was observed for the DPPC-Chol 
SUV systems. This was attributed to very fast motions 
that occurred during the stage of polarised fluores-
cence decays that were convoluted with the IRF (which 
was broader for the EW- compared with bulk solution 
measurements). If a depolarisation process of  ∼100 ps 
is assumed for unhindered probe motions (as observed 
through the DPPC-Chol SUV measurements) then 

over the timeframe of the IRF, the anisotropy will decay 
to 14% of its original value. This corresponds to values 
of r 200 ps 0.07(    ) =  in-plane and 0.03 out-of-plane, 
similar to the values observed here (r0  =  0.08 in plane, 
0.04 out of plane).

The in-plane fluorescence anisotropy decay of the 
equilibrium DPPC SLB system is well fit by either of 
the simplest applicable models: a single-exponential 
hindered rotator model (equation (2)) or an unhin-
dered two-exponential model (equation (4)). The small 
amplitude of resolvable motions means that more than 
two components (i.e. one correlation time and r∞ or 
two correlation times) cannot be fit unambiguously. 
Both models return a short correlation time in the 
range of 100–250 ps for processes at short timescales, 
supporting the idea of rapid probe motions. The longer 
timescale data can be well-represented by either an r∞ 
value of 0.06 or a  ∼50 ns correlation time of a similar 
amplitude. This indicates the presence of slow motions 
that cannot be accurately resolved on the timescale of 
A430 fluorescence.

The EW-TRAMs decay out of the SLB-plane does 
not show any resolvable fast motions, while a small 
amplitude of apparently restricted motion is observed. 
Attempting to fit the data with the simple expression 
r r0=∞  cannot accurately model the data over the time-
scale of fluorescence. The data are better represented 
by an unhindered single-exponential model, where the 
correlation time of  ∼50 ns from the in-plane result can 
be globally fit to both planes.

Figure 6. Fluorescence depolarisation kinetics of MK14-A430 interacting with a DPPC SLB after overnight incubation (blue 
curves) and at equilibrium (black curves) as well as with a DPPC-Chol SLB at equilibrium (grey curves). Data were obtained in and 
out of the SLB-plane using EW-TRAMs.
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As described above, analysis of the in- and out-of-
plane data for both the overnight-incubated and equi-
librium DPPC systems show that the A430 emission 
depolarises via fast (100 ps to  ∼2 ns) and slow (>50 ns,  
r∞) processes. These were attributed to probe fluc-
tuations and a combination of peptide segmental and 
whole-body motions, respectively. The peptide body 
motions are difficult to resolve on the timescale of A430 
fluorescence and thus, differences in rates of peptide 
motion cannot be elucidated. However, there is a clear 
difference in the mobility of the probe motions, both in 
terms of rate and freedom. The differences in the data 
suggest that the fast motions are from probe fluctua-
tions within the interfacial region of the bilayer after 
overnight incubation, while at equilibrium the aniso-
tropy decay is dominated by probe fluctuations in aque-
ous solution. The results of the TREWIFS decays appear 
to support this, indicating a probe environment that is 
more polar at equilibrium. This may indicate a change 
in probe location from the interfacial region ( 2φ≈  ns) 
to the aqueous environment, with no interaction with 
the lipid or peptide ( 100φ≈  ps). However, it should be 
noted that the unresolved motions for the overnight-
incubated system (in-plane 0.5φ< ) might also repre-
sent rapid probe motions in an aqueous medium. In 
such a scenario, the contribution of probe motions in 
an aqueous environment increases from the overnight 
incubation to equilibrium, rather than a pure change 
from interfacial region to aqueous medium.

3.1.12 The influence of cholesterol 
The EW-TRAMs data for the DPPC-Chol SLB system 
(figure 6) displayed significantly different behaviour 
to all other anisotropy measurements performed 
in this study. As was observed for the pure DPPC 
system, the values of r0 were within the bounds of 
the theoretical values of 0.5 and  −0.2 for the in- and 
out-of-plane data: 0.35 (in-plane) and  −0.01 (out-
of-plane). However, an increase in r(t) was observed 
with time rather than a decay. Similar time-dependent 

fluorescence anisotropy behaviour has been observed 
before in lipid bilayers [82, 83]. This behaviour has been 
attributed to fluorescence decay times being associated 
with different rotational correlation times, as a result 
of different environments being experienced by the 
fluorophore. For example, a fluorophore population 
with a short fluorescence lifetime that also has fast, 
unhindered motion, will cause a rapid decay of the 
fluorescence anisotropy. However, this population’s 
contribution to the fluorescence anisotropy will 
decrease as its fluorescence intensity decays. If the 
fluorescence lifetime is significantly shorter than 
other species with slower or more hindered rotation, 
a recovery of the fluorescence anisotropy signal will be 
observed as a function of time. This behaviour, termed 
‘dip and rise’, has been summarised elsewhere [84] 
and is typically analysed with a model that associates a 
particular correlation time with a fluorescence lifetime, 
typically of the form r t f t r t ri i( ) ( ) ( )= + ∞, where fi(t) 
is the fractional contribution of component i to the 
overall fluorescence intensity at time t.

Unfortunately, the inability to resolve this fast depo-
larisation means that the application of this associa-
tive model cannot be made. However, assuming that 
unresolvable fast motions are responsible for lower r0 
values than expected, it can be suggested that the rate 
of fluorescence recovery is due to the decay of fluores-
cence intensity of rapidly-depolarising populations of 
the A430 probe. To test this theory, it is assumed that 
the fluorescence recovery occurs exponentially, as 
would the fluorescence intensity decay. In this case, an 
exponential fitting function can be employed to pro-
vide a quantitative estimate of the rate of fluorescence 
anisotropy recovery. In this analysis, reverse (i.e. nega-
tive) preexponentials were used to estimate these ‘rise’ 
times.

The EW-TRAMs profiles can be well-fit with a 
range of parameters for this exponential fit. A two- 
exponential global fit with linked rise times of 0.7 ns 
and 3.7 ns ( 1τ  and 3τ  fluorescence lifetime components, 

Figure 7. Schematic of the different environments experienced by the A430 probe (blue hexagon) when attached to melittin P14K 
(green helix) in the presence of (a) DPPC and (b) DPPC-Chol SUVs. The light blue region illustrates the aqueous solution. The 
probe microenvironment is a more constricted carbonyl region of the lipid bilayer for DPPC bilayers, with less water penetration. 
When cholesterol is present, greater lipid headgroup spacing provides more freedom for probe fluctuations as well as increased water 
exposure.
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table 5) for the in- and out-of-plane EW-TRAMs decays 
models the data well, except at very short timescales 
(<100 ps) where the IRF will still be convoluted with 
the decays. For the in-plane profile, the fit returned no 
3.7 ns comp onent. This is likely due to the small rise in 
amplitude, making resolution of any longer timescale 
comp onents difficult. The fact that the fluorescence life-
time comp onents can be well fit to the data suggests that 
any resolvable motions of A430 were either slow com-
pared to the fluorescence lifetimes or greatly restricted. 
This is supported by the results of the global fit, which 
returned r∞ values of 0.41 (in-plane) and  −0.10  
(out-of-plane). No resolvable decay component is 
apparent at longer t, after the rise component of the 
anisotropy profile. This, combined with the r∞ values, 
indicate a probe population with significant restriction 
to motion in both planes. Analysis using the wobbling-
in-cone model returned cone-angles of 21° in-plane 
and 38° out-of-plane.

Inclusion of the 1.8 ns fluorescence decay comp-
onent in the analysis of EW- TRAMs rise behaviour 
could not provide an acceptable fit. This suggests that 
this component was not involved in the rapid decay 
of the fluorescence anisotropy, or had significantly 
restricted motion. This lifetime was close to that found 
for the quenched lifetime of the pure DPPC SUVs, sug-
gesting that the 1.8 ns lifetime is due to a  population of 

A430 that has penetrated the bilayer interfacial region. 
The high motional restriction of this region could 
explain the high r∞ values. Interestingly, despite low 
apparent mobility, there is a high extent of quench-
ing for this population of probes. This indicates a high 
local population, but might also be due to the aromatic 
structure of indole in tryptophan. Aromatic amines 
have been found to have nominal orientation require-
ments to engage in PET with coumarin molecules [35]. 
Another possibility is that the PET donor-acceptor 
pair is well-aligned within this matrix, within these 
motional constraints.

3.2. Discussion
By monitoring the fluorescence of A430 when attached 
to melittin P14K, the location and dynamics of the 
peptide in lipid environments have been investigated. 
A number of peptide environments and arrangements 
have been suggested from these fluorescence studies. 
Therefore, it appears most convenient to interpret the 
data with respect to the existing models for lytic peptide 
behaviour: the carpet, barrel-stave and toroidal pore 
models. Briefly, the carpet model suggests that peptides 
reside at the membrane-water interface, with the long 
axis of the helix aligned parallel to the membrane 
surface (S-state) and the hydrophobic face facing the 
membrane. The pore models describe the long axis of 

Figure 8. Schematic illustrating the suggested peptide-probe configurations in (a) DPPC and (b) DPPC-Chol SLBs. MK14-A430 
forms a large number of pores in DPPC SLBs, with A430 appearing to locate near the headgroup-water interface. A small degree of 
hindered motion arises from a more deeply embedded population of A430. All of the A430 population appears to locate near the 
headgroup-water interface of DPPC-Chol bilayers, with a large amount of free A430 motions. However, there is a population with 
greatly restricted mobility, which appears to be in close proximity with neighbouring indole electron donors (red hexagons, with 
electron donation depicted by pink arrows). Note that a small degree of transmembrane pore formation is suggested by the data but 
is not shown in (b).
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the peptide helices aligned with the long axis of the helix 
traversing the lipid bilayer (I-state). The barrel-stave 
model describes an oligomeric pore structure, with the 
hydrophobic face of the helices facing the acyl chains of 
the lipid bilayer and the hydrophilic faces lining the pore 
interior. In the toroidal pore model, lipids bend through 
to line the pore surface along with the hydrophilic faces 
of the peptides.

Time-resolved fluorescence studies with the DPPC 
SUVs showed that the peptide located near the carbonyl 
moiety within the interfacial region of the lipid bilayer 
(figure 7). The addition of cholesterol resulted in a 
decrease in probe penetration into the bilayer, appear-
ing to locate near the lipid headgroups. This shallower 
location of the probe resulted in greater fluorescence 
quenching by PET. For both DPPC and DPPC- Chol 
SUVs, no conclusive evidence of transmembrane 
(I-state) peptide could be determined. Indeed, the 
TRAMs measurements suggested that a contribution 
from free peptide was responsible for the change in 
fluorescence behaviour at low L:P. Therefore, it is sug-
gested that in the SUV systems, the peptide behaves 
according to the carpet model under the conditions 
studied.

The TREWIFS data for MK14-A430 after over-
night incubation with a DPPC SLB showed a probe 
environment of moderate polarity, indicating a loca-
tion near the lipid headgroups. A similar but more 
polar environment was experienced after the system 
had reached equilibrium. This was supported by the 
EW-TRAMs data, which showed a greater contrib-
ution of a more rapidly-diffusing pore population 
at equilibrium. These changes were suggested to be a 
result of increased pore formation with incubation 
time, with both systems involving a combined S- and 
I- state peptide arrangement. This is supported by the 
fluorescence lifetime distribution analysis for the equi-
librium system, which suggested that there may be two 
probe populations corresponding to different peptide 
arrangements. A combined surface/transmembrane 
pore model appears to best describe the behaviour of 
MK14-A430 when associated with DPPC SLBs.

As for the pore-forming behaviour, the lipid head-
group location (as indicated from the A430 fluores-
cence) suggests that the toroidal pore model provides 
the most accurate representation (figure 8). If the barrel- 
stave model represented pore formation, the A430 
probe at the K14 position would either have access to 
the acyl chain region of the SLB (very non-polar) or the 
aqueous interior of the pore. Both of these locations 
would involve the considerable motional freedom 
observed in the equilibrium scenario. However, the 
shallow headgroup location (suggested from the dis-
crete analysis of the TREWIFS data) was also shown to 
have considerable freedom from the TRAMs studies on 
DPPC-Chol SUV systems. Therefore, it is believed that 
the behaviour of MK14-A430 associated with DPPC 

SLBs is best described by a mixed carpet/toroidal pore 
model.

In the DPPC-Chol SLB, A430 appears confined 
within an environment of similar polarity to the lipid 
interfacial region (both quenched and unquenched 
species). There is a body of evidence to suggest that 
MK14-A430 undertakes an S-state arrangement when 
associated with the DPPC-Chol SLB. Analysis of the 
fluorescence decay kinetics suggests a very similar 
environment to the DPPC-Chol SUVs (figure 3), for 
which there was no evidence of I-state peptides. The 
only significant difference between the systems is the 
greater quenching in the SLB. This may be explained by 
the lower L:P in the SLB systems (estimated to be  ∼2:1 
for a single SLB in the TREWIFS cell) and suggests a 
high local concentration in a like arrangement. The 
EW-TRAMs data showed significant motional restric-
tion in both planes of the SLB for a population of the 
probe, particularly parallel to the bilayer surface. This 
may also support the notion of S-state peptide, where 
the probe may be interdigitated between the lipid head-
groups. This arrangement would suggest that motions 
in the lateral plane of the SLB would be more greatly 
hindered than those perpendicular to the SLB surface, 
as is observed.

How, then, can these results be reconciled? It is pos-
sible that the ratio of S-state to I-state MK14-A430 is 
significantly greater with the DPPC-Chol SLB com-
pared with the DPPC SLB. This could explain why 
data suggesting S-state peptide dominates the results 
from the experiments described above. Previous stud-
ies have shown that cholesterol inhibits the ability of 
native melittin to insert in a transmembrane fashion 
[53]. Therefore, it appears that a mixed carpet/toroidal 
pore model may also account for the behaviour dis-
played with DPPC-Chol, with a lower extent of pore 
formation and shallower penetration depth of peptides 
in the S-state.

The interesting behaviour observed by EW-TRAMs 
for the DPPC-Chol SLB system might be explained 
by the entire A430 population being confined in the 
proximity of the lipid headgroups. The high extent of 
quenching suggests a high local concentration of pep-
tide in a similar environment, which could be explained 
by a predominantly surface state. Probe molecules in 
aqueous solution near the headgroup surface would 
diffuse freely which could explain the rapid depolari-
sation. Also, it is possible that the lower hydration of 
the L0-phase DPPC-Chol than the S0-phase DPPC will 
result in the decreased mobility observed for the probe 
population that has penetrated the headgroup region.
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