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Unbiasedmolecular simulation is a powerful tool to study the atomic details driving functional structural changes
or folding pathways of highly fluid systems, which present great challenges experimentally. Here we apply
unbiased long-timescale molecular dynamics simulation to study the ab initio folding and partitioning of
melittin, a template amphiphilicmembrane active peptide. The simulations reveal that thepeptide binds strongly
to the lipid bilayer in an unstructured configuration. Interfacial folding results in a localized bilayer deformation.
Akin to purely hydrophobic transmembrane segments the surface bound native helical conformer is highly
resistant against thermal denaturation. Circular dichroism spectroscopy experiments confirm the strong binding
and thermostability of the peptide. The study highlights the utility of molecular dynamics simulations for
studying transient mechanisms in fluid lipid bilayer systems. This article is part of a Special Issue entitled:
Interfacially Active Peptides and Proteins. Guest Editors: William C. Wimley and Kalina Hristova.

© 2014 Published by Elsevier B.V.
1. Introduction

Melittin is a toxic water soluble peptide that is the active compound
in honey-bee (Apis mellifera) venom. The molecular mechanism is
believed to involve transient pore formation in lipid bilayers, which
kills target cells by short-circuiting their electrochemical gradient.
Experiments have shown that melittin interacts strongly with lipid
bilayers, with the monomeric free energy of binding to lipid vesicles in
the range of −(5–6) kcal/mol [1,2]. This large gain in free energy is
surprising, since melittin is highly soluble in water and its amphiphilic
sequence is not indicative of a membrane spanning segment. Circular
dichroism experiments have determined that melittin is unstructured
in aqueous solution, but forms helical peptides in the presence of lipid
vesicles. Oriented circular dichroism experiments show that the tilt
angle of bilayer bound melittin is perpendicular to the membrane
normal, suggesting that melittin forms helical peptides at the mem-
brane surface [3]. This is consistent with X-ray diffraction experiments
of melittin-containing dioleoyl-phosphatidylcholine (DOPC) lipid films
that have been deposited on quartz slides, which show that melittin
does not penetrate the hydrophobic core of the membrane, but instead
resides in themembrane interface at the height of the glycerol-carbonyl
groups [3]. Based on all the available evidence, the molecular mecha-
nism of toxicity is currently thought to be: 1. membrane binding and
lly Active Peptides and Proteins.
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helix formation, 2. interfacial aggregation, and 3. transient pore forma-
tion [4–7].

Melittin has been the subject of a number of previous molecular
dynamics studies, which have concentrated chiefly on equilibrium
structural properties and hydrogen-bonding interactions of individual
melittin peptides in various aqueous and organic solvents [8–10], or
lipid bilayer membranes [11–13]. Typical simulation lengths of earlier
studies are b20 ns and melittin was studied both embedded as a
membrane spanning helix [11,12], or on as a surface bound helix [13].
Other simulationshave investigated the stability and channel properties
of putative pore structures involving bundles of several melittin
peptides both in bilayers [14,15] and aqueous environments [16].
More recent works have used umbrella sampling techniques to study
the interfacial binding and transmembrane absorption by pulling a
single peptide toward a membrane interface and subsequently
reorienting them to a transmembrane configuration [17].

While recent multi-microsecond molecular dynamics simulations
have explored the configurational equilibrium of helical melittin
conformers embedded onto the interface of a palmitoyloleoyl-
phosphocholine (POPC) lipid bilayer the atomic detail mechanism of
peptide absorption and folding onto the lipid bilayer remains unknown
[18].

Here we study this mechanism using unbiased atomic-detail molec-
ular dynamics simulations. The simulations reveal the folding pathway
and correctly identify the native state of the peptide on the bilayer sur-
face. Peptide helicity, orientation, and insertion depth are in good agree-
ment with previous experimental and computational measurements.
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2. Results and discussion

2.1. Folding pathway

Melittin absorption and folding onto the membrane were studied
via unbiasedmulti-microsecond atomic detail molecular dynamics sim-
ulation. The utility of this in silico approach for visualizing the folding-
partitioning pathway of peptides in the presence of a lipid bilayer has
recently been demonstrated for a number of hydrophobic membrane
spanning peptides [19–20]. Initially, a single melittin peptide is placed
in bulk water, with the center of mass ~15 Å from the surface of a
palmitoyloleoyl-phosphocholine (POPC) lipid bilayer, in a completely
extended configuration. The peptide is then allowed to fold freely, as
well as partition spontaneously into and out of the lipid bilayer over
2 μs. No restraints or biasingpotentials are applied. To increase sampling
the temperature of the system was elevated to 120 °C, exploiting the
fact that the liquid-to-vapor phase transition can be suppressed in a
simulation.

Fig. 1 visually summarizes the folding-partitioning trajectory of the
peptide. Melittin rapidly absorbs to the POPC interface (tabsorb b 25 ns)
in an unstructured configuration. Initial contact with the membrane is
driven by hydrogen bonds between cationic arginine and lysine resi-
dues and the anionic phosphate oxygen atoms of the POPC lipid head
groups (Figs. 1 & 2). Helical folding of polypeptide segments is condi-
tional on their burial below the phosphate head groups, while segments
that venture out of the bilayer remain unfolded or rapidly unfold again.
Folding progresses from the termini, with the central proline residue
resisting helix formation for ~1.2 μs. This allows the peptide to sample
deeply buried configurations, with proline buried close to the center
of the membrane, while the peptide termini remain at the membrane
Fig. 1. Interfacial absorption and folding ofmelittin onto a POPC lipid bilayer. Charged arginine a
mauve. Melittin absorbs rapidly to the bilayer surface. Interfacial folding takes ~1.2 μs to reach t
and allows the peptide to sample deeply buried configurations (e.g. 310 ns & 970 ns). The confo
and kinked conformations.
surface (see Fig. 1). Once fully folded the peptide remains remarkably
flexible, exploring a large number of strongly bent and kinked configura-
tionswith occasional deeply inserted states. A full characterization of the
structural and configurational ensemble present at equilibrium typically
requiresmanymicroseconds, which remains currently unfeasible except
on advanced hardware [18]. Similar to folding-partitioning simulations
of purely hydrophobic transmembrane segments the non-equilibrium
folding process is much shorter than for globular peptides of similar
size. This is due to the chemical environment of the membrane, which
introduces strong penalties for breaking helical hydrogen-bonds, thus
driving rapid secondary structure formation [21,22].

2.2. Folding mechanisms and equilibrium configuration

Unbiased molecular dynamics simulations reveal the atomic details
of interfacial folding. Fig. 2 shows that hydrogen bonding contacts be-
tween protein and water are only partially replaced by protein–protein
and protein–bilayer contacts upon adsorption onto the bilayer interface.
Intra-protein hydrogen bonding drives helix formation,which increases
to a stable 77 ± 7% after around 1.5 μs (see Fig. 2). This value is a little
lower than previous long-timescale simulations of melittin. Starting
with surface-absorbed helical conformers these simulations found aver-
age peptide helicities in the range of 78–89% [18]. Circular dichroism ex-
periments typically report helicities close to 70% for melittin [1,23–25],
but othermethods, including amide-exchangemeasurements, yield av-
erage helicities as high as 85% [23,24]. Peptide helicity is not uniform
along the sequence. Instead, there are two regions of very high helicity
(residues 2–11 and 16–20) separated by a central proline at residue
14. The highly polar C-terminus of the peptide also remains largely un-
folded (see Fig. 2).
nd lysine residues are highlighted in green and the central proline residue is highlighted in
he fully folded state, largely due to the central proline residue, which resists helical folding,
rmational flexibility of the peptide at the interface is remarkable, with many strongly bent



Fig. 2. Melittin absorption and folding. A: Hydrogen bonding contacts between melittin
and water (blue), lipid (red), and the peptide itself (green). The figure shows that the
loss of hydrating hydrogen bonds is only partially compensated by intra-protein and
protein–lipid contacts. Peptide absorption to the interface is visible as an initial spike in
the number of protein–lipid contacts at ~20 ns. B: Peptide helicity and elevation above
the membrane. Full folding of melittin takes ~1.5 μs. The position on the bilayer surface
remains virtually completely bound. C: Histogram of the insertion depth of melittin, col-
lected over the secondmicrosecond of the simulation (green). The previously determined
experimental x-ray scattering density in DOPC bilayers is shown for reference (red) [3].
D: Simulation-average of the helicity along the peptide sequence shows two regions of
high helicity separated by a central proline residue. The charged C-terminus remains
largely unfolded throughout the simulation.

Fig. 3. Melittin-binding induced lipid bilayer deformation. A: Snapshots of melittin at
themembrane surface during absorption (t b 50 ns) and after folding at the bilayer surface
(t N 1500 ns). B: Bilayer deformation of the leaflet containing the peptide. The figure
visualizes the averaged phosphate distance from the bilayer center. C: The melittin
induced membrane deformation is clearly visible on the opposite bilayer leaflet.
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Fig. 2 shows that the peptide settles close to the glycerol–carbonyl
linker at an average distance of 17.3 Å from the center of the bilayer,
in excellent agreement with the 17.5 ± 0.3 Å found by X-ray diffraction
studies of melittin in planar DOPC bilayers [3], which have a virtually
identical hydrophobic core width as POPC.
2.3. Bilayer response

Membranes are two-dimensional fluids that adapt to peptides via
deformation. Fig. 3 captures the response of the membrane to the
peptide after binding by plotting the spatially and time-averaged devia-
tion of the lipid phosphate groups from their average distance with re-
spect to the center of the bilayer. Initially the membrane deformations
are random with only minor undulations that deviate no more than
±2 Å from the average phosphate positions of an unperturbed bilayer.
Although experimental and computational trans-bilayer density pro-
files of membranes containing melittin look largely unperturbed [3,
18], binding and folding of melittin nevertheless result in a significant
localized deformation, which is lost during the cross-sectional averag-
ing. Folded melittin creates a 4 Å surface bulge that is mirrored as a 1
Å well on the other side of the bilayer (see Supp Fig. 2). Unlike the
membrane-interfacial states of purely hydrophobic peptides such as
WALP or polyleucine [19,25], melittin is not buried by lipid headgroups
arching over and occluding the interfacial helix from the solvent. In-
stead, the solvent-facing side remains fully accessible over the entire
length of the peptide, including the hydrophobic regions (see Fig. 2).
2.4. Melittin thermostability and bilayer binding free energy

The partitioning simulation was carried out at elevated temperature
of 120 °C in order to speed up the kinetics of protein folding at the
chemically complex bilayer interface. This corresponds to a system in
a superheated liquid state, which exploits the fact that the pressure
and temperature regulation algorithms ofMD simulations cannot simu-
late the liquid-to-vapor phase transition of the NPT ensemble. We have
previously demonstrated the utility of this approach for ab initio struc-
ture prediction of purely hydrophobic membrane spanning segments,
which were experimentally confirmed to be remarkably stable against
thermal denaturation [19,25,26]. In order to check the validity of this
approach for melittin, a model amphiphilic surface bound peptide, the
ability of melittin to resist thermal denaturing in the presence of POPC
lipid bilayers was determined experimentally.

Circular dichroism spectra of melittin bound to POPC large
unilamellar vesicles (LUVs) show strong helical spectra (see Fig. 4).
Heating from20 to 95 °C results in no change of the spectral profile, sug-
gesting that when absorbed to lipid bilayer membranes these peptides
remain helically folded and cannot be denatured easily. Analysis of the
peptide ellipticity at 222 nm, which is directly proportional to the
helicity of the sample, confirms the absence of a melting transition
(see Fig. 4).

These results seem surprising, as experimental and theoretical work
byWhite and co-workers suggests only modest free energy penalties of
~0.5 kcal/mol for breaking an inter-residue peptide hydrogen bond at

image of Fig.�2
image of Fig.�3


Fig. 4. Experimental determination ofmelittin binding free energy and thermostability via
circular dichroism spectroscopy. A: CD spectra ofmelittin embedded in POPC LUVs remain
helical with no major change discernable up to temperatures of 95 °C, the experimental
limit for unpressurized cuvettes. B: Temperature variation of the 222 nm line, which is
proportional to the peptide helicity, shows no melting transition, suggestion that any
change in the spectra of panel A are due to thermal fraying at the peptide termini or
increased noise. C: Vesicle titration of melittin with POPC LUVs at 20 °C, showing the
transition from completely unstructured (0 mM POPC) to predominantly helical
conformers at 5 mM POPC. The isodichroic point at 205 nm is indicative of a two-state
system consisting of unstructured peptides in solution and helical peptide bound to the
vesicular membrane surface. Fitting the ellipticity at 222 nm to a thermodynamic model
gives a water-to-bilayer binding free energy ΔGW → S = −4.9 kcal/mol.
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the membrane interface, determined from beta-sheet forming hexa-
peptides, which indeed denature at ~45 °C [27]. Nevertheless, taking
into account the helical surface bound nature of melittin, which buries
between a quarter and half of the inter-residue hydrogen bonds close
to the hydrophobic membrane core, where the penalty for breaking
the peptide bond is ~5 kcal/mol [21], suggests an overall stabilization
of 1.6–2.7 kcal/mol per peptide bond. This corresponds to 2–5 kT at
room temperature, suggesting that a helical peptide at the membrane
interface will resist denaturation up to at least 250 °C, consistent with
the present simulation and experimental results.

The ability of hydrophobic membrane spanning polypeptide
segments to resist thermal denaturing has been observed previously,
with nomelting observed for a number of hydrophobic transmembrane
segments up to temperatures of 95 °C [19,25], which is the experimen-
tal limit for non-pressurized cuvettes. The present results for melittin
suggest that interfacial helical peptides are equally stable, for similar
energetic reasons.
Once contact between melittin and the lipid head groups on the
bilayer surface is established melittin absorbs rapidly and does not un-
bind again, which suggests strong binding, but precludes determination
of the absorption free energy. Direct quantification of the peptide
partitioning free energy requires measurable populations of water-
solvated and membrane bound peptides. In order to determine the
binding free energy experimentally wemeasured the change in peptide
helicity upon titration with lipid vesicles. Fig. 4 shows the change in the
circular dichroism (CD) spectra of 35 μM melittin upon titration with
thermodynamically stable LUVs. The spectra show that the peptide
changes from an unstructured configuration in water to a helix in the
presence of POPC LUVs. An isodichroic point at 205 nm is indicative of
an equilibrium of two states: 1. unstructured melittin in water, and 2.
helicalmelittin bound to the POPC LUVs. Fitting the change inmean res-
idue ellipticity at 222 nm to a thermodynamic model allows estimation
of the binding free energy to POPC lipid bilayers (see Methods for de-
tails) [28], which was found to be−4.9± 0.1 kcal/mol at 20 °C, similar
to previous measurements, which found a partitioning free energy
of −6.0 kcal/mol [1]. It should be noted that at peptide to lipid ratios
of 1/30 and1/100 peptide aggregation upon binding cannot be excluded.

Interestingly, the estimated apparent free energy of translocon
mediated partitioning (ΔGapp) of melittin is −5.2 kcal/mol [29],
which is very similar to the actual interfacial partitioning free energy
obtained here (−4.9 ± 0.1 kcal/mol) and in previous spectroscopic
measurements (see Supp. Fig. 1). The total hydrophobic moment is 5.7.

2.5. Initial configuration and temperature dependence

Configurational ensembles (i.e. the structures and locations of the
peptide) at equilibrium are independent of the starting configuration
of a simulation. However, in the absence of high resolution experimen-
tal data it is difficult to determine if a simulation has reached and fully
sampled equilibrium. Ideally, a large number of equilibrium simulations
with different starting conditions should be performed, and each simu-
lation should be sampled until they all converge onto the same configu-
rational ensemble. However, the computational cost associated with
such an approach is prohibitive. In the case of melittin, the equilibrium
structural ensemble is known from circular dichroism experiments,
providing a reference point to determine if a long simulation has
reached equilibrium. In order to decrease the computational cost of
the simulation the unfolded peptide was initially placed in close prox-
imity to themembrane surface thus making the system as small as pos-
sible. In addition the temperature was elevated to 120 °C to prevent
kinetic trapping of folding intermediates. The implicit assumption is
that the native state has a very low free energy and is thus not signifi-
cantly perturbed by heating. Given the experimentally determined sta-
bility against thermal denaturing and the strong free energy of folding-
partitioning these assumptions seem reasonable (Fig. 4).

In order to check that heating to 120 °C does not perturb the folding-
partitioning pathway a repeat simulationwas performed at 90 °C (Fig. 5
& Table 1). At this temperature the results can be directly compared to
the experimental circular dichroism measurements. The peptide fol-
lows the same overall pathway of rapid unfolded partitioning and
slow interfacial folding. As expected, both the partitioning and folding
kinetics are significantly slower at 90 °C and melittin requires N0.5 μs
to reach N50% helicity, compared to 25 ns at 120 °C. Although melittin
does not reach stable native helicity over the ~2 μs timeframe of the
simulation interfacial folding is similar and characterized by a continu-
ous build up of peptide helicity. As in the 120 °C simulation the central
proline residue resists helix formation and presents the key barrier to
complete folding. Nevertheless, the result suggests that if continued
the peptide will eventually fold to full native helicity. This is consistent
with circular dichroism experiments (Fig. 4), which showed no signifi-
cant spectral change for melittin embedded into POPC upon heating to
90 °C. As in the simulation the peptide remains fully helical, suggesting
no major structural changes in the equilibrium ensemble.

image of Fig.�4


Fig. 5. Control simulations. A: Partitioning-folding simulation at 90 °C. The system is
identical to that described in Figs. 1 & 2. B: The peptide absorbs unfolded to the interface
and does not reach native helicity during the 1.9 μs timeframe of the simulation. C & D:
A repeat simulation with the peptide further from the bilayer surface shows similar
absorption, folding, and partitioning behavior than described in Figs. 1 & 2. For both
systems absorption is rapid (shaded) and followed by slow interfacial folding.
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In order to check that the initial positioning of the peptide in close
proximity to the membrane does not bias the non-equilibrium
folding-partitioning pathway a set of four simulations was performed
with the peptide center of mass spaced N30 Å away from the bilayer
surface (see Table 1). At this distance the closest atoms are ~20 Å
from the membrane surface, which is larger than the non-bonded
Table 1
Summary of the simulations. †All systems contain 100 mM sodium chloride. ‡tAbsorb,
tHalf-fold, and tFold are the times for absorption (peptide hydrogen-bonding with
lipids), folding to N50% helicity (half-folded melittin), and N80% helicity (fully folded
melittin) respectively. As folding is stochastic and a half-folded melittin might unfold
completely before refolding these times are only indicative of the speed of secondary
structure formation on the interface, rather than actual folding-timescales. Similarly,
melittin must retain its helicity for at least 50 ns above 50 and 80% to be assumed
half-folded and folded respectively.

Name System†

[Peptide/lipids/water]
Length
[ns]

T
[°C]

Ntrans

[#]
tAbsorb
‡

[ns]
tHalf-fold
‡

[ns]
tFold
‡

[ns]

Mel1 1/ 98/ 3577 2000 120 1 13 25 1331
Mel2 1/ 98/ 3577 1900 90 1 81 563 –

Mel3 1/ 98/ 6394 50 20 1 – – –

Mel4 1/ 98/ 6394 50 50 1 – – –

Mel5 1/ 98/ 6394 50 80 1 20 – –

Mel6 1/ 98/ 6394 350 120 1 27 30 –
interaction cut-off. These simulations are much more costly, as the
number of atoms is almost double that of the smaller system described
above. Fig. 5 shows that at 120 °C the partitioning-folding pathway is
virtually identical to the smaller system, although the 350 ns timeframe
of the simulation is too short to capture full folding. Repeat simulation of
the same system at 20, 50, and 80 °C show that lowering the tempera-
ture slows down peptide precipitation onto the bilayer surface, presum-
ably due to reduced translational sampling (see Supp. Fig. 3). In
summary, the data suggest that neither the choice of initial positioning
of the peptide, nor the elevation of the simulation temperature above
100 °C has a major effect on the partitioning-folding pathway, or the
native state equilibrium of the peptide.

3. Conclusion

Unbiased long-timescale molecular simulations were used to ex-
plore the atomic details of membrane absorption and interfacial folding
of melittin, a template for pore-forming amphiphilic membrane active
peptides. The peptide was found to bind strongly to the lipid bilayer in
an unstructured configuration and rapidly folds into a predominantly
helical configuration with the helix long-axis oriented perpendicular
to the membrane normal at the height of the lipid glycerol–carbonyl
linker. Melittin forms a localized surface deformation in the bilayer
and remains solvent accessible along the entire length of the helix.
The simulations revealed that the surface bound native helical conform-
er is highly resistant against thermal denaturation, and the results are
confirmed by circular dichroism spectroscopy experiments. This study
highlights the utility of molecular dynamics simulations for studying
transient mechanisms in fluid lipid bilayer systems.

4. Methods

4.1. Modeling and simulations

Completely extended melittin (sequence: GIGAVLKVLTTGLPALISW
IKRKRQQ) was placed in bulk water with the center of mass 15 Å from
the surface of a pre-equilibrated 98 POPC lipid bilayer. The system was
equilibrated for 10 ns with strong restraints on the peptide backbone
to hold the extended structure in place above the membrane. For the
production run all restraints were removed and no biasing potentials
of any type were used in the simulations.

Molecular dynamics simulations were performed and analyzed
with gromacs 4.5 (www.gromacs.org) [30] and hippo beta (www.
biowerkzeug.com), using the CHARMM27 all-atom protein force field
[31], in conjunction with the TIP3P water model [32]. CHARMM36 all-
atom lipid parameters for POPCwere taken fromKlauda et al. [33]. Elec-
trostatic interactions were computed using PME, and a cutoff of 10 Å
was used for van der Waals interactions. Bonds involving hydrogen
atoms were constrained using LINCS [34]. The integration time-step
was 2 fs and neighbor lists were updated every 5 steps. All simulations
were performed in the NPT ensemble, without any restraints or biasing
potentials. Water, lipids, and the protein were each coupled separately
to a heat bathwith time constant τT= 0.1 ps using velocity rescale tem-
perature coupling [35]. Atmospheric pressure of 1 bar was maintained
using weak semi-isotropic pressure coupling with compressibility
κz = κxy = 4.6 · 10−5 bar−1 and time constant τP = 1 ps [36].

4.2. Sample preparation

Peptides were solid phase synthesized using Fmoc/HBTU chemistry,
purified using reverse phase high pressure liquid chromatography
(HPLC), and quantified usingmass spectroscopy as described previously
[37,38]. Melittin was solvated in 10 mM phosphate buffer and peptide
concentration was determined using tryptophan absorption at
280 nm, assuming an average molar extinction coefficient of ε = 5600
M−1 cm−1 [39].

http://www.gromacs.org
http://www.biowerkzeug.com
http://www.biowerkzeug.com
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Palmitoyloleoyl-phosphocholine (POPC) lipids were purchased
from Avanti Polar Lipids (Alabaster, AL, USA). Large unilamellar vesicles
(LUVs) in 10mMphosphate buffer (pH7.0)were obtained via extrusion
through 100 nm membranes. Samples were prepared by mixing pep-
tide and LUV solutions.

4.3. Binding free energy

Peptide binding to POPC bilayers was determined via vesicle titra-
tion. Melittin solutions (35 μM) in 10 mM phosphate buffer (pH 7.0)
were titrated with 3 μL aliquots of 100 mMPOPC LUVs in identical buff-
er. Circular dichroism (CD) spectra were recorded using a JASCO J-810
spectra-polarimeter, and at the ANKA and Bejing synchrotron radiation
CD beamlines. Spectra were recorded from 260 to 190 nm with a
stepsize of Δλ = 0.5 nm, bandwidth = 0.5 nm, and a dwell time of
2 s. Each spectrumwas averaged over 6–12 repeat scans. The averaged
spectra were normalized to molar ellipticity per residue.

4.4. Thermostability assay

A circular dichroism temperature scan was performed via CD
spectroscopy using a similar setup as for the binding free energy. Sam-
ples of melittin bound to POPC LUVs were measured in a 1 mm cuvette
with 10–35 μMpeptide and 1.0 mM lipid concentrations corresponding
to a peptide to lipid ratio of ~1/30–1/100. Temperature was controlled
with a Peltier device, and varied between 20 and 95 °C in 5° steps.
The sample was equilibrated for 5 min at each temperature before
collecting data, and measurements were repeated 5 times.

4.5. Analysis

Peptide helicity is calculated for each residue and averaged over the
complete sequence. A residue is considered helical if its backbone dihe-
dral angles arewithin±40° from the idealα-helical values (Φ=−57°,
Ψ = −47°).

Error bars are estimated by dividing the simulations into a series of
10 blocks of equal length, and performing averaging for each block.
The error bars are given by ±σ, where σ is the standard deviation of
the mean, i.e. the standard deviation of the individual block averages
with respect to the overall average.

The total hydrophobic moment of amino acid sequences and appar-
ent partitioning free energy (ΔGapp) of the peptide between water and
membrane were estimated using MPEx (http://blanco.biomol.uci.edu/
mpex/), a software tool developed by Stephen White at UCI [20].
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