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The association of defensin HNP-2with negatively chargedmembranes has been studied using a new approach that
combines fluorescence and linear dichroism (LD) spectroscopies with simulated LD spectra in order to characterise
the binding kinetics and bound configurations of the peptide. Binding to membranes composed of mixtures of
diacylglycerophosphocholines (PC) with either diacylglycerophosphoglycerol (PG) or diacylglycerophosphoserine
(PS) was conducted at lipid:peptide ratios that yielded binding, but not membrane fusion. HNP-2 association with
membranes under these conditions was a 2 stage-process, with both stages exhibiting first order kinetics. The fast
initial step, with a half-life of b1min, was followed by a slower step with a half-life of N3min. Conversion between
the stateswas estimated tohave an enthalpy of activation of approximately 10 kJmol−1 and anentropyof activation
of−0.2 kJ Kmol−1. LD spectra corresponding to each of themembrane bound states were generated by non-linear
regression using a standard kineticmodel. These spectra are interpreted in comparisonwith spectra calculated using
the program Dichrocalc and reveal that the peptide associates with membranes in a small number of stable config-
urations. All of these configurations have a significant proportion of β-sheet structure residing in the plane of the
membrane. Two configurations support structures previously proposed for defensins in membranes.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Defensins are arginine-rich cationic peptides with molecular
weights of 3–5 kDa which adopt predominantly β-sheet structures
stabilised by 3–4 disulfide bonds [1–3]. There are six α-defensins:
human neutrophil peptides 1–4 (HNP-1–4) and human defensins 4
and 5 (HD-5, HD-6) [4]. HNP-1–3 have primary structures that only dif-
fer by a single residue at the N-terminus [5]. These defensins adopt a
three-stranded antiparallel β-sheet structure [6] stabilised by six cyste-
ine residues, paired Cys1–Cys6, Cys2–Cys4 and Cys3–Cys5 (where the
numbers reflect the relative position in the sequence, not residue num-
bers) [7,8]. The crystal structures of all six human α-defensins have
been determined, although in the case of HNP-2, the second glycine
(Gly16) was replaced with D-Ala. Solid and solution state NMR struc-
tures are also available for HNP-1 [6,9–14]. All of the human α-
defensins crystallise as dimers, and solid state NMR analysis of HNP-1
also shows it to have a dimeric structure [14]. The secondary structures
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of HNP-1–3 have been shown to be essentially identical, with three
strands of antiparallel β-sheet, and only show small differences in the
sections where no specific secondary structure can be assigned (Fig. 1)
[6,9,13]. It is believed that defensins act through permeabilisation ofmi-
crobial cell membranes causing leakage of the contents [15–18]. HNP-2
has a net charge of +3 at pH 7, making it unsurprising that the peptide
will bind to lipid bilayers containing a proportion of negatively charged
lipids, due to electrostatic attractions [19]. The extent of binding of HNP-
2 to vesicles composed of negatively charged 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPG) and neutral 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) has been shown by equilibrium
dialysis to have a sigmoidal dependency on the concentration of
POPG. No bindingwas observed in the absence of POPG. Approximately
20% binding of HNP-2 was observed with 10 mol% POPG at a total lipid
concentration of 10mM, increasing to approximately 60%with 20mol%
POPG. Maximum binding (at around 90%) did not occur until the con-
tent of negatively charged lipid was around 70 mol%, although due to
the sigmoidal nature of the binding curve, the extent of binding at
50 mol% POPG was only marginally lower [20].

After binding, it has been shown that HNP-2 causes lysis of themem-
brane. This has been observed both with negatively charged vesicles
and with the inner and outer membranes of Escherichia coli [22,23].
HNP-2 has also been shown to cause fusion and aggregation of vesicles
under certain conditions. Aggregation occurs at low total lipid
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. The DSSP [21] secondary structure assignment of HNP-2 (PDB ID: 1ZMH) [9]. β
strands are shown by red arrows, β turns in blue, sections with no secondary structure
assigned in black (−) and bridged cysteines by green lines. The D-Ala residue shown in
bold (Ala16) is a Gly in the native HNP-2 structure.
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concentrations with vesicles containing at least 40 mol% POPG and
60 mol% POPC. With pure POPG liposomes, aggregation is rapid when
the molar ratio of POPG lipid to HNP-2 is below 100:1, which suggests
that the aggregation is caused by electrostatic interactions [22]. HNP-1
has been observed to cause fusion of liposomes containing 25% DOPS
in DPPC [18]. The activity of HNPs is strongly affected by the ionic
strength of the medium [18]. Membrane binding is weaker at high
ionic strengths (also consistent with the electrostatic nature of the in-
teraction), with the consequence that the lytic activity disappears and
the fusion activity is significantly reduced. The antimicrobial activity of
HNP-1 against Gram negative (E. coli) and Gram positive (Listeria
monocytogenes) bacteria is similarly significantly inhibited by buffers
of evenmedium ionic strength [24]. A number ofmodels have beenpro-
posed to account for HNP activity, ranging from an active membrane-
associated dimer, through two-dimer models, to multiple dimer pores
[6,22]. However, direct structural and spectroscopic studies on the as-
sembly intermediates in the membrane, and the rate at which they
form have not been conducted.

Oriented circular dichroism (CD) [25,26] and linear dichroism (LD)
[27] methodologies can provide information on the conformation and
alignment of peptides in membranes. LD shows the orientation of elec-
tronic transitions with respect to the experimental frame of reference.
In membranes aligned by shear flow [28,29] in a Couette cell [30,31],
LD yields information on both the kinetics [32,33] of membrane associ-
ation and the alignment [33,34] of the peptides with respect to the
membrane, with the advantage that the unbound peptide does not
align and therefore does not produce any LD. In this paperwe determine
the kinetics of HNP-2 association with membranes using fluorescence
and linear dichroism spectroscopies, combined with studies on the ag-
gregation behaviour of the liposomes in the presence of the peptide.
From the LD data in particular, we are able to analyse the alignment of
the membrane-bound peptide and thus assess the binding models pro-
posed in the literature.

2. Materials and methods

2.1. Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-
sn-glycero-3-phosphoserine (DOPS) were obtained from Sigma-Aldrich.
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased
from Bachem (UK) Ltd., St. Helens, UK. 1-Palmitolyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG) was obtained from Avanti Polar
Lipids through Instruchemie B.V., The Netherlands. DMPG was Alexis
brand, obtained from Enzo Life Sciences (UK) Ltd., Exeter, UK. Defensin
human neutrophil peptide-2 (HNP-2) was obtained from Bachem (UK)
Ltd., St. Helens, UK.

2.2. Liposome preparation

Liposomes were prepared by evaporation of a solution of the lipid in
CHCl3 or CHCl3/MeOH (10:2 (v/v)) to a thin film inside a round bot-
tomed flask in vacuo. Lipid films were placed in a vacuum desiccator
for a minimum of 2 h before the addition of water or buffer. The flask
was then vortexed and 5 freeze–thaw cycles carried out using liquid ni-
trogen and warm water. The lipid suspensions were extruded 10 times
through laser-etched polycarbonate membranes (Whatman) with
100 nm pores using a LIPEX thermobarrel extruder (Northern Lipids
Inc., BC, Canada). The extruder was warmed to a temperature (typically
50 °C) above the phase transition temperature of the lipids being
prepared.

2.3. Peptide concentration

The HNP-2 concentration was determined by the absorbance at
280 nm following serial addition of small volumes of peptide to a
water blank and determination of the stock concentration by linear re-
gression using an extinction coefficient of ε280 = 10,345 M−1 cm−1

[35].

2.4. HNP-2 monomer–dimer equilibrium

Data for monomer–dimer equilibrium analysis were obtained using
an ISA Jobin-Yvon Spex Fluorolog-3 luminescent spectrometer (Horiba
Jobin Yvon Ltd., Middlesex, UK) with an array photon multiplier tube
using DataMax v2.20 software. The data for 1–39 μM HNP-2 were col-
lected by adding 30 aliquots of 2 μL HNP-2 to 60 μL H2O. Two spectra
were recorded after each addition with the results averaged. For the
lower concentration range, a solution of 1.5 μMHNP-2 was increasingly
diluted by the addition of H2O and the data from two spectra averaged
at each concentration. All analyses were carried out with an excitation
wavelength of 280 nm, 3 nm excitation and emission bandwidths and
a 3 mm pathlength. Data were analysed according to the change in
emission intensity at 325 nmas a function of total HNP-2 concentration.
Least squares regressionwas performed using the Solver function in the
program Excel (Microsoft, Redmond, WA) to fit Eq. (1) to the data:

Fcalc ¼
2Ka HNP� 2½ �2 Fd � Fmð Þ

HNP� 2½ �0
þ Fm ð1Þ

where [HNP]0 is the total peptide concentration, Ka is the association
constant, Fcalc is the calculated fluorescence intensity, and Fd and Fm
are the fluorescence intensities of the dimer andmonomer respectively.
The concentration of the dimeric species, [HNP-22], was determined
using Eq. (2):

HNP� 22½ � ¼
1þ 4Ka HNP� 2½ �0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8Ka HNP� 2½ �0
� �q

8Ka
: ð2Þ

With knowledge of [HNP-22] and [HNP]0, the concentration of free
peptide, [HNP-2] was calculated from the concentration balance.

2.5. HNP-2 membrane binding kinetics

Fluorescence measurements were conducted using a Jasco FP-6500
fluorimeter (Jasco UK, Great Dunmow, UK) with 2.5 nm excitation and
emission bandwidths and a 3 mm pathlength. Samples were analysed
at 2.5 min intervals for 5 h with a scan speed of 200 nm/min with exci-
tation at 280 nm and a 3 mm pathlength. LD measurements were per-
formed using a Jasco J-815 spectropolarimeter (Jasco UK) using Jasco
Spectra Manager version 1.5 software, in a microvolume Couette flow
cell (Crystal Precision Optics, Rugby, UK; now available from Kromatek
Ltd., Great Dunmow, UK) [30]. The Couette cell was rotated at
~3000 rpm (3.0 V). Spectra were recorded at 5 min intervals over 5 h
at a scan speed of 50 nm/min with a response time of 2 s and a data
pitch of 0.2 nm. Data were analysed using a three-state model for the
binding kinetics using Eq. (3):

LDcalc ¼ LDm1
Pm1½ �
P½ �0

� �
þ LDm2

Pm2½ �
P½ �0

� �
ð3Þ

where Pm1 and Pm2 are respectively the first and second membrane-
associated states that form and [P]0 is the total peptide concentration.
LDm1 and LDm2 represent the magnitude of the LD for the Pm1 and Pm2



Fig. 2. Experimental and calculated fluorescence emission intensity of HNP-2 in water at
325 nm (λex = 280 nm). Experimental data are presented as points and the profile
calculated from non-linear regression as a line. Error bars are determined from repeat
measurements.
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states respectively. A similar approach was used for fluorescence emis-
sion data following HNP-2 addition to membranes (Eq. (4)):

Fcalc ¼ F f
P f½ �
P½ �0

� �
þ Fm1

Pm1½ �
P½ �0

� �
þ Fm2

Pm2½ �
P½ �0

� �
ð4Þ

where Fm1 and Fm2 represent themolar fluorescence of the Pm1 and Pm2

states respectively, and Ff is the fluorescence of the free peptide. For
both models, the concentrations of the Pm1 and Pm2 states were obtain-
ed using Eqs. (5) and (6):

Pm1½ � ¼ P½ �0k1 e�k1t � e�k2t
� �
k2 � k1

ð5Þ

Pm2½ � ¼ P½ �0 1þ k1e�k2t � k2e�k1t

k2 � k1

� �
ð6Þ

where k1 is the rate of the first process that forms Pm1 and k2 is the rate
of conversion of Pm1 to Pm2. The concentration of free peptide, Pf, was
calculated from themass balance. Non-linear regression was conducted
with least squares values weighted by 1/t2.

2.6. Calculated LD spectra

Model LD spectra ofHNP-2were obtained usingDichrocalc v3.3 soft-
ware through the web interface (http://comp.chem.nottingham.ac.uk/
dichrocalc/) [36–38]. A reference HNP-2 dimer structure was created
from the PDB ID 1DFN using PyMol (version 0.99, OSX) to produce an
approximate alignment of the peptide with the central β-sheet portion
of the peptide in the x–y plane. LD spectra were calculated in the refer-
ence orientation, and for incremental rotations δ and ψ about the x-axis
and y-axis respectively from the starting orientation up to 90°. For each
of the two series ofmeasurements, one anglewasmaintained at the ref-
erence value whilst the otherwas incremented. In order to take account
of the fact that the peptide could bind in any orientation relative to ro-
tation about the z-axis (corresponding to the membrane normal), and
could be at any position around the surface of the shear-deformed lipo-
some (assuming that the shape of this is cylindrical) a series of spectra
obtained at 30° rotations about the z-axis and 30° tilt angles about the
x-axis (corresponding to the long axis of the cylinder) was averaged
for each starting structure. This was implemented in Dichrocalc by
selecting the z-axis as the rotation axis and the x-axis as the tilt axis.
The rationale for the axis system used is given in the appendix. The
spectra resulting from these calculationswere analysedmathematically
according to Eqs. (7) and (8) for rotations δ and ψ respectively:

LDr
λ;δ ¼ μ2

x;λ � μ
0
λ;δ cos

2 αi;δ þ δ
� �þ aλ ð7Þ

LDr
λ;ψ ¼ μ

0
λ;ψ cos

2 αi;ψ þ ψ
� �� μ2

y;λ þ aλ ð8Þ

where at any givenwavelength λ, μx,λ is the component of the transition
moment μ along the x-axis (which is unchanged by rotations δ), μy,λ is
the component of the transition moment μ along the y-axis (which is
unchanged by rotations ψ), μλ ,δ' and μλ ,ψ' are the projections of the tran-
sition moment onto the x–y plane in the laboratory frame, αi,δ and αi,ψ

are the angles subtended by the vector μ with the y-axis and x-axis re-
spectively in the reference state, and aλ is a constant that reflects the an-
isotropic contribution from μz. By conducting least squares regression to
fit Eqs. (3) and (4) to the calculated LD data at each wavelength, all of
the variables in these equations could be obtained. Over thewavelength
range studied, these parameters enabled the LD response over a com-
plete turn (2π radians) to be calculated using Eqs. (7) and (8), and the
LD response for any combination of δ and ψ over the wavelength
range studied to be calculated using Eq. (9):

LDλ ¼ S
0
μ

0
λ;ψ cos

2 αi;ψ þ ψ
� �� μ

0
λ;δ cos

2 αi;δ þ δ
� �þ aλ

� �
ð9Þ
where S′ is a scaling factor that reflects the proportion of liposomes
that are aligned as cylinders under shear flow, and a multiplication fac-
tor for conversion of reduced LD to LD. Least squares regression was
used to fit Eq. (9) to the experimental LD spectra by optimising the
values of δ and ψ.
3. Results and discussion

3.1. Dimerisation of HNP-2

The equilibrium constant for HNP-2 dimerisation was determined
byfluorescence spectroscopy in order that the aqueous-state oligomeric
form of the peptide was known for membrane binding experiments. A
series of fluorescence measurements was made in water on solutions
of HNP-2 in order to study the self-association of the peptide. The tryp-
tophan fluorescence spectrum of HNP-2 showed two emission maxima
(ESI) at all concentrations down to the sensitivity limit of 0.046 μM,with
the emission maxima blue shifted relative to that of tryptophan in
water. This suggests that two tryptophan populations exist within the
HNP-2 solution. Analysis of the fluorescence intensity at 325 nm
(Fig. 2) yielded a typical binding isotherm, with a calculated association
constant (Ka) for HNP-2 dimerisation of 2.6 × 105 ± 2.8 × 104 M−1

(Kd=3.8 × 10−6± 4× 10−7M−1). Themoderate fit to the experimen-
tal fluorescence is understandable given the weak fluorescence emis-
sion of HNP-2 in this concentration range, but is nevertheless
sufficient to estimate the proportion of dimer present in binding exper-
iments with liposomes.

The two populations of tryptophan observed in the fluorescence
spectra can be accounted for by studying the crystal structure of HNP-
2 and the solid state NMR (ssNMR) structures of HNP-1 [14]. Each
HNP-2 monomer contributes one tryptophan residue, three tyrosine
residues and one phenylalanine residue to the dimer. The crystal struc-
ture of anHNP-2 dimer reveals that, although the backbone of the dimer
is symmetrical, the two tryptophan side chains are not in equivalent en-
vironments relative to nearby tyrosine side chains, and that the trypto-
phan and tyrosine residues are close enough for excimer coupling to
occur (Fig. 3). Similarly, two main tryptophan rotamers can be distin-
guished in the ssNMR structure of HNP-1, both of which are in close
proximity to Tyr20 and Tyr2. There are therefore at least two lowenergy
interactions between tryptophan and neighbouring tyrosine residues
that can contribute to the fluorescence emission. Differences in the sol-
vent exposure of the two tryptophan residues in the dimer are also like-
ly to contribute to the observation of separate emission maxima, with
the emission maximum of the less solvent exposed residue blue shifted
relative to the other [39].

http://comp.chem.nottingham.ac.uk/dichrocalc/
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Fig. 3. Structure of HNP-2 dimer (PDB ID: 1ZMH) [9] showing different orientations of
tryptophan relative to neighbouring tyrosine residues and the closest C–C contact
distances.

Fig. 4. A: Fluorescence spectra of HNP-2 recorded after 0 (i), 147.5 (ii) and 297.5 min (iii)
following the addition of the peptide (15 μM) to 50:50 (w/w) POPG/DOPC liposomes
(1.4 mM) at 30 °C. λex = 280 nm; B: evolution of HNP-2 fluorescence emission
intensity at 330 nm.
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3.2. Conditions used for binding experiments

Liposome mixtures composed of 50:50 (w/w) negatively charged
lipid and neutral PC were chosen for HNP-2 binding analyses in low
salt buffers to maximise the extent of binding. For example, the extent
of HNP-2 binding to membranes composed of 50:50 (w/w) POPG/
POPC has been reported as 75% at a peptide concentration of 7.4 μM
and a total lipid concentration of 1 mM [20]. HNP-2 was used at a con-
centration of 15 μM for our work as this was found to give good signal
strength for LD and fluorescence measurements, with a lipid:peptide
ratio of 100:1, and the extent of peptide-induced liposome aggregation
at this ratio was expected to be minimal [22]. Under these conditions,
the majority of the peptide in solution would be in the dimeric form
at the start of the measurements. At these HNP-2 and lipid concentra-
tions, no membrane fusion could be detected by either membrane in-
corporated FRET probes, or by dynamic light scattering (described in
detail in the ESI).

3.3. Membrane binding measurements by fluorescence spectroscopy

The addition of HNP-2 to 50:50 (w/w) POPG/DOPC liposomes
(Fig. 4A) yielded no blue-shift of the fluorescence maximum compared
to the spectrum of the peptide in water. This can be attributed to a lim-
ited solvent exposure of the tryptophan residue in the dimer in solution,
and the presence of an existing significant blue shift through interac-
tions with neighbouring tyrosines. During the course of the lipid bind-
ing, the two emission maxima at 330 nm and 340 nm became more
resolved. This suggests that in themembrane associated state, the tryp-
tophan residues occupy well defined conformations in which one tryp-
tophan–tyrosine contact is closer than the other, leading to a difference
in exciton coupling. Extraction of the change in emission intensity at
330 nm (Fig. 4B) demonstrates an initial rise in emission intensity dur-
ing the first hour, followed by a further rise in intensity before a drop in
intensity at the end of the measuring period.

3.4. Membrane binding measurements by LD spectroscopy

LD spectra were obtained following HNP-2 addition to membranes
composed of POPC/POPG, DOPS/DOPC and DMPG/DMPC (Fig. 5). Tem-
peratures were selected to ensure that for membranes containing
DOPC, experiments were conducted above themain gel to liquid crystal
phase transition temperature (Tm). For DMPC/DMPG membranes, ex-
periments were conducted both above and below Tm.

For all membrane compositions there are clear changes in the inten-
sities and profiles of the LD spectra over time, indicative of membrane
binding events occurring on a timescale of seconds to minutes (the
timescales of the experiments). The evolution of the LD profiles enabled
the binding kinetics to be determined (discussed below). Whilst the
magnitudes of the LD changes for membranes containing DOPC as the
neutral component were generally consistent, membranes containing
DMPC yielded notable differences. In the case of the DMPG/DMPC mix-
ture at 33 °C, a comparatively large LD evolved rapidly before relaxing to
give LDwith amagnitude comparable to theDOPC-basedmixtures, sug-
gesting that the initial membrane-associated form of HNP-2 in DMPG/
DMPC membranes differs from the others. In the case of the DMPG/
DMPCmixture at 17 °C, the spectrumcontains evidence of scattering, al-
though analysis of this mixture by other methods yielded no evidence
for membrane fusion (see ESI). The scattering in the spectrum is attrib-
uted to the lipids being in the gel phase, as the intensity of light
scattered from liposomes increases significantly below the phase transi-
tion temperature [40]. Even accounting for the scattering, this mixture
yields by far the largest LD signals. CD spectra obtained over the same
time period showed no evidence for changes in the conformation of
HNP-2 in any of the membrane systems (see ESI). In general, all of the
LD spectra are consistentwith aβ-sheet structure that is aligned parallel
to the plane of themembrane, such aswould be expected on the surface
of the membrane, rather than inserted in a transmembrane alignment.
A detailed analysis of the transitions is presented later in the article.

3.5. Analysis of binding kinetics

The fluorescence and linear dichroism data were modelled accord-
ing to Scheme 1. This model includes the free peptide (Pf) and two
membrane associated states, denoted Pm1 and Pm2. In the conditions
of our experiments, Pf corresponds to the peptide dimer.

Semi-log plots of the evolution of the fluorescence intensity at 330
and 340 nm over the first 80 min (Fig. 6) suggested that the binding
was pseudo-first order with respect to HNP-2. From the gradients of



Fig. 5. Selected linear dichroism spectra of HNP-2 with POPG/DOPC, DOPS/DOPC or DMPG/DMPC liposomes. HNP-2 (15 μM) was added to 50:50 (w/w) liposomes (1.4 mM). A: POPG/
DOPC, 30 °C; B: POPG/DOPC, 40 °C; C: POPG/DOPC, 53 °C; D: DOPS/DOPC, 30 °C; E: DMPG/DMPC, 17 °C; F: DMPG/DMPC, 33 °C. Sixty scans were recorded at 5 min intervals; the
legend in each panel shows the initial scan (t=0).
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the linear sections of the semi-log plots, the rate of the second process
can be estimated to be approximately ten times slower than the first.
Pseudo-first order kinetics are reasonable given the large excess of
lipid and also suggest that the process does not involvemultimer forma-
tion. Plots of fluorescence intensity against time and the reciprocal of
fluorescence intensity against time (data not shown) ruled out zero
and second order binding, as they were not linear. It was not possible
to study the kinetics after 80min by fluorescence due to the drop in sig-
nal, which was significant beyond 200 min. The reasons for this de-
crease are most likely a consequence of photobleaching of the
fluorophore. It is notable that the equivalent semi-log plots for the evo-
lution of LD indicate that the process is complete after approximately
100 min (Fig. 7).

Semi-log plots of the evolution of the LD signal at the wavelength of
the major bands also suggested a first order binding model, with a fast
initial binding stage followed by a reorientation phase (ESI). Both the
fluorescence and the LD data were modelled analytically as sequential
Scheme 1. Binding model used to fi
processes, as outlined in Scheme 1. The only significant difference be-
tween the treatment of the fluorescence and LD data was the inclusion
of a contribution from the fluorescence of the free peptide (Pf) in the
former case, whereas in the latter case, LD contributions are only non-
zero for peptides bound to the oriented liposomes in state Pm1 or Pm2.
Both analytical treatments explicitly model the concentration of free
peptide. It should also be noted that attempts to model the data as a
two state process, with only one membrane bound state, failed to give
satisfactory fits to the data. The scan speed for the fluorescence analyses
was four times that of the LD analyses (200 nm/min and 50 nm/min re-
spectively), andfluorescence spectrawere recorded at 2.5min intervals,
in contrast to 5 min intervals for the LD data. Therefore, as the value for
k1 determined from the fluorescence data was likely to be more accu-
rate due to the better time resolution, initial non-linear regression was
conducted using these data to determine values for k1 and k2. The LD
data were then treated with the k1 parameter fixed at the value obtain-
ed from the treatment of the fluorescence data and non-linear
t the LD and fluorescence data.



Fig. 6. Semi-log plot of the evolution of the fluorescence emission intensity following the
addition of HNP-2 (15 μM) to 50:50 (w/w) POPG/DOPC liposomes (1.4 mM) at 330 nm
and 30 °C. Spectra were recorded at 2.5 min intervals for 5 h. λex = 280 nm.

Table 1
Parameters calculated from non-linear least squares fitting of fluorescence and LD analy-
ses of HNP-2 binding to liposomes using the model outlined in Scheme 1.

Lipid mixture T/°C k1/min t1/2/min k2/min t1/2/min

POPG/DOPC 30 2.57 ± 0.26 0.27 ± 0.03 0.14 ± 0.01 5.06 ± 0.51
POPG/DOPC 40 2.60 ± 0.26 0.27 ± 0.03 0.22 ± 0.02 3.11 ± 0.31
POPG/DOPC 53 3.43 ± 0.34 0.20 ± 0.02 0.19 ± 0.02 3.57 ± 0.36
DOPS/DOPC 30 0.73 ± 0.07 0.95 ± 0.10 0.23 ± 0.02 3.00 ± 0.30
DMPG/DMPC 17 1.40 ± 0.14 0.50 ± 0.05 0.05 ± 0.01 14.9 ± 1.49
DMPG/DMPC 33 1.03 ± 0.10 0.67 ± 0.07 0.12 ± 0.01 5.93 ± 0.59

Errors are estimated as 10% from the uncertainties in the regression parameters. Repeat
experiments yield data within these error limits.
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regression used to determine the remaining parameters. Using this ap-
proach, good fits to the data could be obtained in all cases (Fig. 7).

For both the fluorescence and LD data, global fits were conducted at
multiple wavelengths (typically 2–5) corresponding to the most signif-
icant signals. Good fits were obtained across the range of the data (ESI)
for a fast initial binding stage, represented by k1, followed by a slower
reorientation, represented by k2. The binding model used to treat to
the data implies irreversible binding of HNP-2 to themembrane. Similar
irreversible kinetic models have been applied successfully to other pep-
tides, and in others where a reversible model has been used the back-
wards rate constants have been found to be negligible for all stages of
binding [33,41]. The rate constants and half lives determined by this
treatment of the data are shown in Table 1.

The rate of formation of the initial state Pm1 varies with the compo-
sition of the membrane, with k1 for membranes containing DMPG/
Fig. 7. Experimental and calculated kinetic profiles for HNP-2 binding to 50:50 (w/w)
POPG/DOPC liposomes at 40 °C. A: Fluorescence emission at 330 nm; B) LD at 230 nm
(squares) and 245 nm (diamonds). Experimental data are presented as points and the
profiles calculated from non-linear regression as lines.
DMPC being significantly slower than k1 for POPG/DOPC membranes.
Inclusion of DOPS in themembrane yields the slowest rate for the initial
association, which suggests that variations in the electrostatic surface
potential influence binding. This also indicates that this state is likely
to involve a level of membrane penetration, as the formation of an en-
tirely peripheral disposition would be diffusion limited and not sensi-
tive to membrane composition. In the case of membranes composed
of POPG/DOPC, k1 exhibited a small increase with increasing tempera-
ture. The errors in k1 are significant when compared with the variation
in k1with temperature, andwith only three data points, any assessment
of the enthalpy and entropy of activation of thefirst binding step is qual-
itative. Nevertheless, the trend in k1 suggests that the enthalpy of activa-
tion (ΔH‡) for the first step is a small positive value (~10 kJ mol−1) and
the entropy of activation (ΔS‡) is negative (~−0.2 kJ K−1 mol−1). The
positive enthalpy and negative entropy of activation for the first step
are consistent with a perturbation of the membrane interface by the
peptide, with the relatively modest enthalpy contribution arising from
the disruption of lipid–lipid interactions and the entropy component
arising from the loss of degrees of freedom of the peptide. Significant
desolvation would yield a positive enthalpy of activation and a positive
entropy of activation. For the second step, the data do not reveal any
trend sufficient to make any conclusions on the thermodynamics of
the activation energy. The reorientation from Pm1 to Pm2, with rate k2,
is slower in all cases than the initial binding step, which is expected
for a change that involves amore significant disruption to lipid packing.
Consistent with this, k2 is similar for all membranes in the fluid phase,
but significantly slower in DMPG/DMPC membranes at 17 °C, which
are in the gel phase at this temperature.

3.6. Analysis of LD spectra

For each of themembrane compositions, calculated LD spectra were
generated for each of themembrane bound states of HNP-2 by iterating
the regression procedure at each wavelength using the rate constants
from global regression and solving for the LD values (LDm1 and LDm2).
The spectra generated (Fig. 8) may be interpreted in terms of the tran-
sitions that generate the LD signal in order to reveal details of the bind-
ing process. The LD spectrum of HNP-2 is expected to show
contributions from the transitions of β-sheets, tryptophan, tyrosine
and phenylalanine, and possibly from the disulfide bonds. A signal
from the π–π* transition of the backbone amide bonds is expected at
around 195nm. The opposing polarisations of the amide n–π* transition
at 219 nm and 221 nm usually cancel each other out in LD spectra of β-
sheet peptides [42]. All of the LD spectra of the two bound states of HNP-
2 (Fig. 8) show peaks at 195 nm, regardless of membrane composition
or temperature. The average orientation of the π–π* transitions of the
backbone amide bonds is therefore parallel to the surface of the
membrane.

Tryptophan has three transitions in the region between 200 and
320 nm: Bb at 220 nm, La at 270 nm and Lb at 280 nm. In the spectrum
(LDm1) of the first membrane bound state of HNP-2 in DMPG/DMPC
membranes at 33 °C (Fig. 8F), the Bb transition of tryptophan is oriented
parallel to the membrane surface. In the spectrum of the second



Fig. 8. LD profiles for the membrane bound states of HNP-2, LDm1 and LDm2, determined by linear regression of fluorescence and LD data for the Pm1 and Pm2 states in 50:50 (w/w) POPG/
DOPC, DOPS/DOPC or DMPG/DMPC liposomes. A: POPG/DOPC, 30 °C; B: POPG/DOPC, 40 °C; C: POPG/DOPC, 53 °C; D: DOPS/DOPC, 30 °C; E: DMPG/DMPC, 17 °C; F: DMPG/DMPC, 33 °C.
Arrows indicate the positions of transitions described in the Results and discussion.
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membrane bound state (LDm2) in the same lipid system, and in both
membrane bound states for the POPG/DOPC membranes at 30 °C and
40 °C (Fig. 8A and B), the signal at 220 nm is zero, suggesting that the
Bb transition is oriented close to 54.7° relative to themembrane normal
(themagic angle), at which the LD signal is zero. There are also no clear
shoulders or negative bands corresponding to the tryptophan Bb transi-
tion in DMPG/DMPCmembranes at 17 °C (Fig. 8E). In the latter system,
the transition is either oriented close to 54.7° relative to the membrane
normal or is masked by the large amount of scattering. As discussed
above, the fluorescence spectrum of HNP-2 reveals that the tryptophan
residues within the dimer occupy two distinct environments due to
their proximity to and interaction with tyrosine residues. Furthermore,
the distance between the tryptophan and tyrosine residues was close
enough for coupling to occur. This would cause a tryptophan or tyrosine
transition to be split to give an in-phase and an out-of-phase contribu-
tion, which would be observed as a positive and negative band centred
on thewavelength of the transition [43]. The spectra of HNP-2 in POPG/
DOPC membranes at 53 °C and DOPS/DOPC membranes (Fig. 8C and
D) all show splitting of the Bb transition of tryptophan due to exciton
coupling to form a peak at 230 nm and a negative band at 205 nm.

The peaks attributed to exciton coupling in POPG/DOPCmembranes
at 53 °C andDOPS/DOPCmembranes (Fig. 8C andD) at 230nmmay also
incorporate a peak corresponding to the La transition of tyrosine
oriented parallel to the plane of the membrane. A peak or shoulder at
230 nm corresponding to the La band of tyrosine is observed in
DMPG/DMPC membranes (Fig. 8E and F) and POPG/DOPC membranes
at 30 °C and 40 °C (Fig. 8A and B). The spectra of both membrane
bound states of HNP-2 in POPG/DOPC and DOPS/DOPC membranes at
30 °C (Fig. 8A and D) show peaks at 245 nm. These are attributed to
the tyrosine Lb transition, which has been observed to be shifted to
lower wavelengths in the spectra of peptides with a high aromatic con-
tent, oriented parallel to the membrane [44,45]. The first membrane
bound state of HNP-2 in POPG/DOPC membranes at 40 °C (Fig. 8B)
shows no signal at 245 nm, suggesting that the tyrosine Lb transition
is oriented close to 54.7°. The spectrum of the second membrane
bound state shows a weak peak at 245 nm, suggesting that the transi-
tion has reoriented towards being parallel with the surface of themem-
brane. For DMPG/DMPC membranes at 33 °C (Fig. 8F) a weak peak is
observed in the spectrum of the second membrane bound state and
no signal in the first membrane bound state. Neither of the spectra in
POPG/DOPC membranes at 53 °C (Fig. 8C) shows a signal at 245 nm,
and no clear peak or shoulder can be observed at 245 nm in the spectra
for DMPG/DMPC membranes at 17 °C (Fig. 8E), although in the latter
case any signal may be masked by scattering.

The phenylalanine La transition at 210 nm is expected to contribute
to the LD spectrum, whereas observation of the Lb transition at 260 nm
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is not expected due to its very low extinction coefficient compared to
the other transitions. It is likely however, that in some cases this transi-
tion is masked by other transitions, most notably in the membranes
comprising POPG/DOPC at 30 °C and 53 °C (Fig. 8A and C) and DOPS/
DOPC (Fig. 8D), as well as in the first bound state in DMPG/DMPC at
33 °C (Fig. 8F). In the latter case, no signal can be observed at 210 nm
in the spectrum of the second membrane bound state, suggesting that
the La transition is oriented close to 54.7°. A negative band can be ob-
served at 210 nm in the spectrum of the first membrane bound state
in POPG/DOPC membranes at 40 °C (Fig. 8B), and a positive band in
the spectrum of the second membrane bound state, suggesting that
the transition reorients from parallel to themembrane to perpendicular
to it when changing between the two states.

No signal can be observed from the La or Lb transitions of tryptophan
in any of the spectra. Additionally, no clear band can be observed at
260 nm corresponding to the disulfide bonds, which is unsurprising
given the weak nature of these absorptions [46]. Overall, however, the
variation observed in the LD arising fromaromatic side chains illustrates
the rotational freedom of these residues and suggests that the orienta-
tion of these chains exhibits some independence from the backbone
orientation.

All of the spectra, with the exception of those for HNP-2 association
withDOPS/DOPCmembranes, show significant changes in spectral form
between the twomembrane bound states. The spectra of HNP-2 binding
to POPG/DOPCmembranes at all temperatures and DMPG/DMPCmem-
branes at 17 °C (Fig. 8A–C and E) increase in intensity between the first
and secondmembrane bound states, indicative of a significant change in
peptide orientation, but not one that involves an orthogonal change in
alignment of the peptide between the plane of the membrane and the
membrane normal, for which the sign of the LD would change. For
POPG/DOPC membranes, there are systematic changes in the LD profile
for both membrane states as the temperature is increased, with de-
creasing peak intensity at 210 nm and 245 nm and increasing negative
band intensity at 205 nm. The origin of this trend is unclear, but may be
a consequence of changes in peptide dynamics as the temperature
changes, most likely a reduction in exciton coupling. There are only
small changes in intensity between the spectra of the first and second
membrane bound states of HNP-2 in DOPS/DOPC membranes
(Fig. 8D), suggesting that either the change in orientation between the
two membrane bound states is correspondingly small, or that the two
membrane associated states differ by a rotation of 180° about both
axes in the plane of the membrane. For DMPG/DMPC membranes at
33 °C (Fig. 8F), the spectrumof thefirstmembrane bound state is higher
in intensitywhen comparedwith systems that haveDOPC as theneutral
component, and the position of the maximum for the amide π–π* tran-
sition has shifted to a longer wavelength, indicating that this state has a
different orientation to the DOPC systems. The second membrane
bound state however, is closer to those of the POPG/DOPC membranes,
indicating that the final orientation achieved in these membranes is
broadly similar.

3.7. Assessment of binding orientations

Previous marker release experiments [47] indicate that, at the HNP-
2 concentrations and lipid:peptide compositions we have used for this
work, all-or-none permeabilisation of themembrane should be expect-
ed. A pore structure (Fig. 13D) has been proposed that is consistentwith
this poration mechanism [22]. Although these HNP-2 concentrations
are considerably lower than those found in vivo in the oral cavity, and
marginally lower than the blood plasma concentration [7], they are nev-
ertheless likely to reflectmodes bywhichHNP-2 exerts its antimicrobial
activity. A number of models have been proposed for the structure
adopted by defensins in the membranes (Fig. 9). It has been suggested,
through comparison with studies on rabbit α-defensins, which do not
dimerise, that the features which caused HNP-2 dimer assembly are
also required for the formation of the larger HNP-2 structures proposed
to be responsible for pore formation [17,18,48]. All of the models for
pores revolve around the active form consisting of a dimer with a
small channel through the centre of the structure. A “wedge”model in-
volves the dimer sitting in, and disrupting, the outer leaflet of themem-
brane [6]. The hydrophobic base of the dimer is buried in the
hydrophobic centre of the bilayer and arginine residues are able to in-
teract with the negatively charged lipid headgroups. A “two-dimer”
model involves the formation of a pore with the two dimers rotated
by 90° compared to the wedge model to allow the pore to be formed
by the small channel running through the centre of each dimer [6]. A
“multiple dimer” model comprises a pore composed of at least four di-
mers arranged with polar residues facing into the centre of the pore
and their hydrophobic surfaces facing outwards into the bilayer. This
model has been proposed based on both the crystal structure of HNP-
3 [6] and modelling of HNP-2 based on marker release experiments
[22], which indicate that all-or-none leakage is induced by HNP-2 in
POPG vesicles with pores large enough to allow small molecules and
dextran (MW 4.4 kDa), but too small for larger dextrans (MW
19 kDa). This leads to a proposed pore composed of 6 dimers, with an
internal radius of 20 Å.

Additional modes of membrane binding have been proposed to ac-
count for the fusion activity of the peptides [18]. These models propose
that defensin dimers associate through the hydrophobic regions at the
bases of the dimer, with the three arginine residues on each side of
the dimer associating with the negatively charged lipid headgroups on
the surface of themembrane, allowing two defensin dimers to associate
with each other through their hydrophobic residues and with the sur-
face of the bilayer through electrostatic interactions. The surface of an-
other liposome is associated electrostatically with the arginine
residues and the membranes are destabilised by disruption of the hy-
dration shells surrounding them. The proposed models for the mem-
brane binding of defensins are notable for the varying predictions of
peptide orientation, where for example, the peptide backbones of the
model involving a dimer of dimers sit at 90° to those of the wedge
model.

LD spectra contain the information to distinguish these models.
However, when the HNP-2 dimer is examined it is clear that the β-
sheet portions are twisted and therefore the orientations of the dimer
inwhich theβ-sheets are orientedwith theπ–π* transitionsmostly par-
allel to themembrane cannot be determined by eye. In order to obtain a
better estimation of the orientation of the peptide, the experimental
spectra were analysed quantitatively through fitting calculated spectra
of HNP-2 in known orientations to them. The orientation of the β-
sheet backbone in each of the two membrane bound states was deter-
mined using a set of model spectra, obtained using Dichrocalc, a program
which calculates the linear dichroism spectra of peptides and proteins
from oriented PDB files [36–38]. An arbitrary reference peptide orienta-
tion was established, with the “solvent pore” of the peptide aligned
along the x-axis (with the x–y plane corresponding to the plane of the
membrane) as shown in Fig. 10. The aim of the quantitative analysis
was to determine the orientations of the peptide in relation to rotations
around the x and y-axes that best reproduce the experimental spectra.

LD spectra were calculated for the peptide dimer oriented as in
Fig. 10 and for structures rotated by increments of 9° around either
the x- or y-axis relative to this reference state. In order to take account
of free rotation of the peptide about the z-axis (equivalent to the mem-
brane normal), and the expectation that peptides could be located at
any position around the cylindrical surface of a shear-deformed lipo-
some (which aligns along the x-axis), a series of spectra obtained at
30° rotations about the z-axis and 30° tilt angles about the x-axis was
averaged for each starting structure. It should be noted that our axis as-
signments correspond to those of Dichrocalc and differ from those used
in the standard derivations for shear-aligned liposomes, where the z-
axis is the long axis of the liposome. Due to the dependence of LD on
the square of the cosine of the angle between a transition moment μ
and the z-axis, the data generated by rotation of each of δ or ψ by 90°



Fig. 9.Models proposed for themembrane binding ofHNP-2 andHNP-3. A: Schematic representation of the defensin dimer; B: thewedgemodel; C: the two- dimermodel; D: themultiple
dimermodel, forwhich twodimers are shown, but up to six havebeen proposed. In the originalmultiple dimermodel [6], the solvent channelwas aligned in theplane of themembrane; in
the later model depicted here [22], the solvent channel is inclined at an angle of 45° to the plane of the membrane.

900 C.J. Pridmore et al. / Biochimica et Biophysica Acta 1858 (2016) 892–903
could be used to calculate the LD spectrumover a complete cycle of 360°
(Fig. 11A).

Linear dichroismcan be formalised as the difference in absorbance of
light polarised parallel and perpendicular to an orientation direction.
The signal is related to the polarisation of the transition relative to the
orientation axis and the oscillator strength of the transition, which in
our case can be expressed as LD=S(μx2 -μy2), where μx and μy are the
components of the transition dipole along the x- and y-axes respectively
and S is a scaling factor that reflects proportion of the liposomes that are
aligned as a cylinder. In our case, changing the angle δ from the refer-
ence state in increments of 9°whilst leavingψ at the reference value en-
abled the y-axis component at each wavelength (μy) to be determined
by fitting Eq. (7) to the calculated LD value. Similarly, the x-axis compo-
nent (μx) was determined using Eq. (8) from increments in ψ with δ at
the reference value. With knowledge of both μx and μy at each
Fig. 10. Theorientation of theHNP-2 dimer in the reference state. A depicts the orientation
of HNP-2with regard to the axis system, and the alignment of the axis systemwith a lipid
bilayer. B, C and D show respectively the view looking down the x-, z- and y-axes towards
the origin. PDB ID 1DFN was used as the template structure, with the “solvent channel”
aligned along the x-axis. The plane of the membrane corresponds to the x–y plane; δ de-
notes the rotation about the x-axis and ψ about the y-axis.
wavelength, it was then possible to calculate the LD value for any com-
bination of δ and ψ using Eq. (9) (Fig. 11B–D). The values of δ and ψ that
gave the bestfit to the calculated spectrumwere obtained by regression.
This analysis was restricted to backbone amide transitions in the range
187 nm to 205 nm. This was justified on the grounds that side chain
rotamers in the membrane associated states may differ significantly
from the crystal structure of HNP-2, and as discussed above exhibit
greater conformational flexibility. Furthermore, Dichrocalc did not re-
produce the exciton coupling observed experimentally. An interesting
feature of Eq. (9) is that the position of the maximum between
187 nm and 205 nm has a greater influence on the optimal δ/ψ combi-
nation than the magnitude of the LD. The magnitude of the LD is cap-
tured by the parameter S′. This is demonstrated well by the fit
obtained for DMPG/DMPC at 33 °C, where the δ/ψ combination for the
Pm1 state yields an intrinsically lower LD than the Pm2 state, despite
the reverse being observed experimentally. The much higher experi-
mental value for Pm1 is reflected by a higher value for S′, which is pre-
sumably a consequence of a higher proportion of liposomes aligned by
shear flow in the Pm1 state.

The experimental LD profiles in Fig. 8 represent time-averaged
structures and are subject to both systematic errors in the measure-
ments and errors resulting from regression. The calculated profiles in
Fig. 11 have been generated from a single static structure and therefore
do not encapsulate dynamic conformational changes in the peptide. As a
consequence, the errors in δ and ψ for the best fit of the calculated to the
experimental data are significant. An additional inherent feature of the
LD spectra generated by iterations over the full range of δ and ψ is that
there are two values for each (separated by 180°) that give an identical
solution, yielding two pairs of δ/ψ combinations in total with the same
LD profile. An example is given in Fig. 11B for each of the Pm1 and Pm2

states in the DMPG/DMPC system, in which members of a given pair
have a diagonal relationship in the plot. Within each pair, the effective
orientation is the same due to averaging about the z-axis. Between
pairs, the orientations differ by changing one, but not both, of δ or ψ.
Some general points can be made. The range of LD values for rotations
about the y-axis (ψ) is significantly smaller than those about the x-
axis, which is to be expected as the former maintain the long axis of
the peptide in the plane of the membrane, whereas the latter involve
configurations (at δ=90° and 270°) where the long axis of the peptide
is aligned along the membrane normal. As all of the experimental LD



Fig. 11. LD profiles for HNP-2 generated by iterations over δ and ψ. A: The LD signal at 195 nm for changes in δ (ψ = 0°) and ψ (δ = 0°); B: contour plot showing the LD profile for
combinations of δ and ψ at 187 nm. Superimposed on this plot are the 4 identical best fits for each of Pm1 and Pm2 in the DMPG/DMPC system at 33 °C; C: LD profile for combinations
of δ and ψ at 195 nm; D: LD profile for combinations of δ and ψ at 205 nm. In each case, Pm1 configurations are indicated by blue circles and Pm2 configurations by red squares. In
panels C and D only one of the four δ/ψ combinations is shown in each case and lowercase characters correspond to a: POPG/DOPC at 30 °C; b: POPG/DOPC at 40 °C; c: DOPG/DOPC at
53 °C; d: DOPS/DOPC; and e: DMPG/DMPC at 33 °C. In panel C, δ/ψ combinations for a multiple dimer pore are indicated by triangles. LD is in extinction coefficient units.

Fig. 12. The electrostatic surface potential of HNP-2. Negative potential = red; positive
potential = blue; contoured from −10 to 10 kT/e. A: The surface distal to the convex
surface; B: the convex surface; C: face view; D: end view.
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spectra in Fig. 8 have positive LD signals at 195 nm, it is apparent from
the contour plot in Fig. 11C that this restricts δ to values in the region
of 0° or 180°, which correspond to a configuration close to the reference
state (Fig. 10) and the reference state rotated by 180° about the x-axis.
The latter configuration is close to that of the wedge model (Fig. 9B).
The two dimer model (Fig. 9C) is related to the reference structure by
δ=0° and ψ=90°, for which a strongly positive LD at 187 nm, positive
LD at 195 nm and weakly positive LD at 205 nm would be expected.
These criteria are met by most of the LD spectra for the Pm2 state, as
well as Pm1 for the DMPG/DMPC system at 33 °C. The multiple dimer
model (Fig. 9D) is related to the reference structure by two δ/ψ combi-
nations (Fig. 11C): δ = 90°, ψ = 148°; and δ = 122°, ψ = 90°. For
both of these, a strongly negative LD at 195 nm would be expected,
which is not observed experimentally.

Changes in the LD spectrum between the Pm1 and Pm2 states can in
principle result from a move between any of the pairs of solutions for
Pm1 and Pm2. For all membranes containing DOPC, with values of δ or
ψ for Pm1 that are remarkably similar and close to 0° and 180°, this
would suggest, as noted above, that the peptide in Pm1 is oriented
close to the reference structure, or with δ or ψ rotated by 180°
(Fig. 13A). Analysis of the surface potential of the HNP-2 dimer
reveals that the peptide has the overall shape of a spherical
wedge, with the convex surface (Fig. 12A) having a significantly
greater area of positive potential than the faces (Fig. 12B, C). As
electrostatic interactions are a prerequisite for HNP-2 association
with membranes, it is reasonable to suggest that the convex surface
makes the first contact with the membrane surface to form Pm1.

In both of the pairs of solutions for the Pm2 state in the membranes
containing DOPC, the dimer adopts a skewed configuration in which a
significant proportion of the β-sheet from one of the monomers is
aligned in the plane of the membrane, with the axis normal to the
sheet surface also aligned in the same plane (Fig. 13B). The β-sheet of
the other monomer twists away from the x–y plane and is therefore
only partly aligned with the plane of membrane. This configuration is
particularly interesting as it is related to the multiple dimer pore (Fig.
13D) by a single rotation about the x-axis of 30°, and is therefore consis-
tent with a multiple dimer model in which the axis of the pore is tilted
away from the normal by 30°, rather than the ideal structure presented
in Fig. 13D. Such a tilted structure can be rationalised if there is a mis-
match between the height of the pore and the distance between the
phosphate regions of the bilayer, on the basis that it would then maxi-
mise the potential for electrostatic contacts between the components
of the pore and the PG headgroups.



Fig. 13. Exemplar configurations arising from fitting simulated LD spectra to the
experimental LD data for POPG/DOPC (average for data at 30 °C and 40 °C) and DMPG/
DMPC membranes at 33 °C. A: Pm1 state for POPG/DOPC; B: Pm2 state for POPG/DOPC; C:
Pm2 state for DMPG/DMPC; D: the multiple dimer model [22] for comparison (in the
same orientation as B and C). In all cases, the view is in the plane of the membrane
(which corresponds to the x–y plane). See the ESI for details of all configurations
generated by this process.
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In DMPG/DMPC membranes at 33 °C, the Pm1 state is almost identi-
cal to the Pm2 state in POPG/DOPC at 30 °C and 40 °C (Fig. 13B). Two sce-
nariosmay account for failure to observe awedge orientation: either the
wedge orientation is disfavoured in DMPG/DMPCmembranes and does
not form, or the wedge orientation forms, but is rapidly converted into
the skewed/pore configuration. These two possibilities cannot be re-
solved using our data. The Pm2 state in DMPG/DMPC is characterised
by a rotation around the y-axis that places one side of the spherical
wedge into the x–y plane (Fig. 13C). Whether this configuration has
any functional significance is uncertain. Taken together, it is apparent
that there is a small but finite number of favourable orientations for
the peptide in the membrane, and the orientation preferentially
adopted by the peptide is sensitive to the acyl chain composition of
themembrane. The reasons for this sensitivity are likely to be a complex
balance of a number of factors, such as theflexibility and compressibility
of themembrane, the area per lipid headgroup and the extent of hydra-
tion of the membrane interface.

4. Conclusions

In this work we have shown that a combination of LD and fluores-
cence spectroscopies can be used to determine the binding kinetics of
the human host defence peptide HNP-2 with model membranes. Anal-
ysis of the combined data using an analytical model for the association
kinetic data reveals that the binding is a two stage process, with a fast
initial step followed by a slower reorientation. Predicted spectra for
each of the bound states, when interpreted alongside simulated spectra,
reveal that the wedge model is the initial binding configuration in
POPG/POPC membranes, but not DMPG/DMPC. In POPG/POPC mem-
branes, the peptides reorient to a configuration that is similar to the
multiple pore model, but skewed from the idealised pore orientation
by 30°. This latter configuration also corresponds to the initial bound
state in DMPG/DMPC membranes. In DMPG/DMPC membranes, an ad-
ditional mode of binding is produced by reorientation to an alignment
of the peptide dimer in which one face of the wedge is aligned more
in the plane of the membrane.
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Appendix A

The axis system that we have used in this article, with the z-axis cor-
responding to the membrane normal and the x-axis corresponding to
the axis of the cylinder of a shear-deformed liposome, differs from the
standard axis system commonly referred to when discussing LD exper-
iments, where the z-axis is the axis of the liposome and the x-axis nor-
mal to membrane surface [29]. This is due to the different axis systems
used by Dichrocalc. Dichrocalc uses the standard LD equation (Eq. (A.1))

LDr ¼ 3
2
S 3 cos2β � 1
� � ðA:1Þ

where β is the angle between the transition polarisation direction and
the flow direction and LDr is the reduced LD. For analyses of binding
to liposomes Eq. (A.2) is appropriate

LDr ¼ 3
4
S 1� 3 cos2α
� � ðA:2Þ

where α is the angle between the membrane normal and the
polarisation direction [49]. The orienting force on the peptide is the
membrane, which is perpendicular to theflowdirection. A graphical de-
piction of the Dichrocalc setup is presented in the ESI. In order to inter-
pret the Dichrocalc results correctly the spectra produced by the
Dichrocalc calculations were therefore inverted.

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2016.01.014.
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