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Abstract
The implicit membrane model IMM1 is extended to include the membrane dipole potential and
applied to molecular dynamics simulations of the helical peptides alamethicin, WALP23,
influenza hemagglutinin fusion peptide, HIV fusion peptide, magainin, and the pre-sequence of
cytochrome c oxidase subunit IV (p25). The results show that the orientation of the peptides in the
membrane can be influenced by the dipole potential. The binding affinity of all peptides except for
the hemagglutinin fusion peptide decreases upon increase of the dipole potential. The changes in
both orientation and binding affinity are explained by the interaction of the dipole potential with
the helix backbone dipole and ionic side-chains. In general, peptides that tend to insert the N-
terminus in the membrane and/or have positively charged side chains will lose binding affinity
upon increase of the dipole potential.
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1. Introduction
There are three electrostatic potentials associated with cellular lipid bilayers [1,2]. The
transmembrane potential Δψ is caused by the difference in charge concentration in the two
bulk phases across the membrane; the surface potential ψs arises from the presence of net
charge at the membrane surface; and the dipole potential ψd is thought to arise from the
alignment of lipid and water molecule dipoles. The dipole potential ψd was discovered in
studies of ion-transport across membranes [3–5] and has attracted great interest since it can
significantly influence many important physiological processes such as ion permeability,
voltage-gated channels, and function of membrane proteins. The dipole potential is
commonly attributed to two factors: a negative contribution from lipid polar groups (the P-N
dipole of phosphatidylcholine and the C-O dipole of carbonyl), and a positive contribution
from interfacial water molecules [6]. The former is apparently over-compensated by the
latter, leading to a positive total potential in the lipid hydrophobic core [7–16]. It should be
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noted that, despite its name, ψd could contain significant quadrupolar contributions, as was
clearly shown for liquid-vapor interfaces [17–19].

Several techniques have been developed to measure ψd in experiments, including ion
permeability [20], electron paramagnetic resonance [21], lipid monolayers [22], voltage-
sensitive dye fluorescence [23], and cryo-EM [24]. Although it is agreed that the potential is
positive in the lipid hydrophobic core, its magnitude varies depending on the technique used
[5,7,21,22,24–27]. From potential measurements across a PC monolayer at the air-water
interface, values of 390–440 mV were obtained [5,25], whereas from the differential
membrane conductance induced by organic cations, values of 197–240 mV were obtained
[7,21,25]. The membrane dipole potential could also be influenced by lipid composition. For
example, it was found that the potential of a DMPC monolayer is 449.1 mV, while that of an
anionic DMPG is 301.8 mV [28], and the potential of a pure DMPC vesicle is 410 mV,
while the value for a hybrid DMPC/MMPC vesicle is 268 mV [29].

Another way to modify the membrane dipole potential is to add specific compounds to the
solution [30–33]. Among these compounds, 6-ketocholestanol (6-KC) increases ψd, while
phloretin or phlorizin decrease it. Cholesterol also raises ψd but less effectively than 6-KC.
The reason that ψd is affected by these compounds could be the dipole of these molecules, or
that they can change the packing of the headgroups and/or the orientation of interfacial
water molecules [34].

The dipole potential might influence the structure and function of membrane-active
peptides. In one study it was found that phlorizin modulated alamethicin activity, possibly
by affecting its tilt angle or depth of insertion in the membrane [35]. The influence of ψd on
peptide orientation could be crucial in physiological processes like membrane fusion, which
is facilitated by so called fusion peptides. These peptides are presumed to adopt specific
angles with respect to the membrane [36], which may be manipulated by the membrane
dipole potential.

Molecular dynamics (MD) simulations with explicit solvent have been extensively used to
investigate ψd in lipid membranes [8–16,18,19,37–43]. The dipole potential is calculated as
a double integral of charge density along the membrane normal. All simulations give a
positive potential in the membrane interior relative to water. As to the magnitude of ψd,
however, the simulations are not consistent. With the GROMOS force field and SPC water,
Tieleman and Berendsen obtained a value of 250 mV for a DPPC bilayer [11]. The potential
was as high as 1000 mV in another simulation with the AMBER force field and TIP4P water
[12]. A third study that used the AMBER force field but charges from ab initio calculation,
gave a value of 960 mV [13]. With similar parameterization, Smondyrev and Berkowitz
found that ψd ranges between 600 mV and 1000 mV for a hybrid DPPC/cholesterol bilayer
[16]. Besides the force field, truncation of electrostatic interactions [41] and polarization
[19,39] also have profound influence on the calculated potential. It is worth pointing out that
the potential obtained from simulations is a theoretical idealization that cannot be
experimentally measured, since any experiment would have to use a finite-size probe that
would inevitably perturb the membrane [44].

In recent years implicit solvation models have also been applied to MD simulation of
peptides in membranes due to their computational efficiency [45–48]. Although the
membrane dipole potential has been proven crucial for lipid membranes and their interaction
with peptides, it has not yet been incorporated into implicit membrane models. This could
cause inaccuracies due to the omission of electrostatic interaction between the potential and
the peptide dipole. In this study, we implement the membrane dipole potential into the
IMM1 implicit membrane model [46]. With the new model, we investigate the interaction
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between a zwitterionic bilayer and the helical peptides alamethicin, WALP23, influenza
hemagluttin fusion peptide (HAFP), HIV fusion peptide (HIVFP), magainin, and the pre-
sequence of cytochrome c oxidase subunit IV (p25). The influence of the membrane dipole
potential on peptide orientation and binding energy are determined and discussed.

2. Methods
2.1. Implicit membrane model IMM1

IMM1 [46] is an extension of the EEF1 energy function for proteins in solution [49]. In
EEF1 and IMM1 the effective energy (potential of mean force) is the sum of the extended
atom CHARMM energy function and a term describing the solvation free energy:

(1)

where  is the solvation free energy of atom i, rij is the distance between i and j, fi is the
solvation free energy density of i (a Gaussian function of rij), Vj is the volume of atom j, and

 is the solvation free energy of an isolated atom. In addition, the dielectric constant is
distance dependent to account for the screening effect of the surrounding solvent and the
ionic side-chains are neutralized. The membrane bilayer is represented by a hydrophobic
slab centered at the plane z = 0 Å. The thickness of the slab depends on lipid type and
typically ranges between 20 Å and 30 Å. In IMM1 the solvation parameters are linear
combinations between the values pertaining to water and to cyclohexane, with a continuous
transition between water and membrane environments. In addition, the dielectric screening
is attenuated in the membrane. The surface potential can be treated using the Gouy-
Chapman theory [50].

2.2. The membrane dipole potential model
Explicit MD simulations give a positive potential in the membrane interior relative to water.
Its magnitude varies depending on lipid type and simulation force field [8–16,18,19,37–43].
The width of the transition region seems to be around 10 Å, while the position varies slightly
depending on lipid composition. In many simulations the potential profile is monotonic [8–
13,18,19,34,37–40] but in others a small peak was found on the membrane side of the
transition region [11,14–16,41–43]. This could be caused by local changes at the interface
due to surface tension, as discussed by Tieleman and Berendsen [11]. In their simulation of a
DPPC bilayer, similar peaks were found in the NVT and NγT systems but not in the NPT
system. Given the disagreement in simulation results and to keep the model simple, we
decided to use a monotonic potential profile.

The following function was chosen to mimic the membrane dipole potential:

(2)

where a, b, and c are parameters and z is the distance to the bilayer center. The position and
the width of the transition region are controlled by parameters a and b, which are set to
6.23×10−7 and 5.5, respectively. This places the center of the region around 13.5 Å,
corresponding to the hydrophobic boundary of the POPC bilayer. This choice of parameters
gives an approximate 10 Å for the width of the transition region. While the shape of the
potential curve is controlled by a and b, the height is only determined by c. Unlike a and b
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that are fixed throughout the simulations, c is varied from 0 mV to 400 mV. In this way, the
interaction between the membrane bilayer and peptides at various ψd could be investigated.
Figure 1 compares the potential profile from our model (Eq. 2) to that from the explicit MD
simulation by Zhou and Schulten [10]. It can be seen that there is good correspondence
between them. In this implementation the dipole potential profile, like standard IMM1, is
symmetric with respect to the bilayer center. It thus describes symmetric bilayers, like those
for which the potential profile has been calculated by explicit simulations. More realistic cell
membranes with different intracellular and extracellular leaflet compositions could be
treated in the future by a straightforward extension of the model.

The energy of interaction of a solute with the membrane dipole potential is implemented as
an extra term in IMM1:

(3)

where qi is the charge of atom i. As was done in the treatment of the surface potential [50],
ionic side-chains carry a full charge in the calculation of the dipole potential energy term but
are neutral in the calculation of intra- or inter-peptide interactions, as EEF1 and IMM1
require.

2.3. Molecular dynamics simulations
MD simulations were carried out with the CHARMM program [51]. Membrane and water
were implicitly represented with IMM1. Six peptides were simulated: alamethicin,
WALP23, HAFP, HIVFP, magainin, and p25. Their sequences are shown in Table 1. All
peptides were simulated in a zwitterionic (neutral) bilayer except p25, for which an anionic
bilayer was used with 30% anionic lipids. This choice was made because it has been
reported that little or no helical structure was detected for p25 in membranes containing less
than 20% negatively charged lipids [52]. The initial helical structures of the peptides were
generated by CHARMM based on their sequences. At the beginning of the simulations,
HAFP, HIVFP, magainin, and p25 were placed parallel to the membrane plane with their
hydrophobic face toward the membrane. For alamethicin, both interfacial orientation (alamI)
and transmembrane orientation (alamT) were simulated, and for WALP23 only the
transmembrane orientation was considered. All helices were first simulated for 5 ns without
the dipole potential. For interfacial orientations, besides the placement with the hydrophobic
face toward the membrane, the helices were also rotated by various angles around their axes
and simulated for 25 ns. The simulations gave similar equilibrated structures for all initial
orientations, showing that the results are not significantly influenced by the initial
conditions. After the simulation without the dipole potential, another 5 ns simulation was
run on the final structures at five different ψd values (0 mV, 100 mV, 200 mV, 300 mV, and
400 mV). Each simulation was repeated eight times with different initial velocities, based on
which the standard deviation of tilt angle and binding energy were calculated. For
comparison, an extended 25 ns simulation was also performed on each peptide at 200 mV,
and the energy, the tilt angle, and the RMSD over the trajectory were calculated. The results
show that the energy converges rapidly during the simulations. The tilt angle and RMSD
also converge within the first 2 ns of the simulations for all the peptides except HIVFP and
p25. The tilt angle and RMSD of HIVFP and p25 exhibit larger fluctuations than in the other
peptides because, as can be observed during the simulation, the termini of the two peptides
tend to unfold. Average structures and energies of the last 2 ns were taken for analysis. The
binding energy of the peptides was estimated as the average effective energy difference in
membrane and water environments for the conformational ensemble generated by the
membrane simulation:
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(4)

where  and  are the effective energy in membrane and in water respectively. The
index i runs through N = 1000 conformations saved at equal intervals within the last 2 ns of
the simulation. Qualitatively similar results were obtained by averaging the effective energy
in independent simulations in water and membrane and taking the difference. In that
approach the statistical uncertainties were significantly larger.

3. Results
3.1. Influence of the membrane dipole potential on peptide orientation

The starting configuration of all helices was parallel to the membrane plane except for
alamT and WALP23, for which it was perpendicular to the membrane plane. During the
course of the simulation they adopted the tilt angles (θ) shown in Table 2. Figures 2–5 show
their average orientations at different values of the dipole potential. Magainin remains
almost perfectly parallel to the membrane. HAFP adopts a slight tilt. Increasingly larger tilts
(smaller tilt angles) are adopted by alamI, HIVFP, and p25. WALP23 (not shown) adopts an
almost perpendicular orientation to the membrane and its tilt angle is insensitive to the
dipole potential. AlamT is more tilted and its tilt angle decreases with the dipole potential.

Figure 2 shows the orientation of alamethicin at various values of ψd. For alamI, it can be
seen that when ψd is set to 0 mV, the helix has an average θ = 69.5°. As ψd increases, the N-
terminus gradually moves out of the membrane while the C-terminus remains at the same
position. This result is consistent with the proposal of Luchian and Mereuta on the effect of
phlorizin on alamethicin orientation [35]. Another interesting observation is that the relation
between ψd and helix re-orientation is not linear. Re-orientation happens faster at low
potential (between 0 mV and 200 mV), and slows down beyond that.

For alamT, the simulation gives an average θ = 28.8° at 0 mV, a little larger than the 17°
obtained by Bak et al. in their solid-state NMR experiment [53]. As ψd increases to 400 mV,
the tilt angle of alamT decreases to 16.6°. The tilt angle of the other transmembrane helix
WALP23 is around 10.0°, smaller than the value around 30° given by previous experimental
and explicit simulation studies [54–56]. The reason for this is probably that in those studies
thinner bilayers were used, such as DMPC. Unlike alamT, there is no significant change in
the angle for WALP23 from 0 mV to 400 mV.

In Figure 3 the orientations of HAFP and magainin are shown. Unlike alamI, the N-termini
of HAFP and magainin stay much closer to the membrane surface. The tilt angles of the two
helices are close to each other at ψd = 0 mV, and the values of 80.0° and 86.6° are in good
agreement with the 77.6° and 80°, respectively, obtained in previous studies [57,58]. The tilt
angles of both helices increase slightly with the dipole potential to a final value around 86.0°
and 95.5° at 400 mV.

HIVFP (Figure 4) at ψd = 0 mV adopts a large tilt angle, θ = 33.0°, and a very deep insertion
of the (acetylated) N-terminus that almost reaches the bilayer center. The tilt angle is in
good agreement with the 36.5° in DOPC/Chol/DOPE/DOPG multilayer and the 39.0° in
DMPC bilayer obtained spectroscopically [59], and a little smaller than the 44.0° obtained in
an explicit MD simulation [60]. The angle increases slightly with dipole potential to 37.3°.
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Relatively large error bars are observed for this peptide, probably because, as we observed
from the simulation trajectory, the helix C-terminus is unstable and easily unfolds.

The behavior of p25 is a little different from that of the other helices (Figure 5). From 0 mV
to 400 mV the tilt angle increases slightly. However, it can be seen from the figure that as ψd
increases, there is a clear shift along the membrane normal for the whole helix. This is
probably due to the five cationic side-chains, which are evenly distributed along the helix
axis. As the membrane dipole potential increases, the interaction between the potential and
the cationic side-chains pushes both termini away from the bilayer. It was found that the
helical structure of p25 is very unstable and easily unfolds, probably because p25 is located
in a more aqueous environment than the other helices. This is consistent to what one would
expect from simple arguments based on hydrophobicity and electrostatics [61], although
some experimental results seem to suggest that the helices are inserted into the lipid
membrane parallel to the lipid acyl chains [62].

To explain the re-orientation that takes place for some peptides one has to consider the
interaction with the membrane dipole potential of two factors: the backbone dipole and ionic
side-chains. It is well known that in a helix the aggregate effect of all the individual dipoles
from the CO and NH groups creates an overall dipole moment that points from its N-
terminus to C-terminus. When placed in an external electric field, which in this study is the
membrane dipole potential induced by lipid headgroups and interfacial water molecules, the
dipole of the helix will adjust its orientation to achieve optimal alignment to the field. Since
the potential is more positive in the lipid hydrophobic core than in water, the N-terminus
tends to be expelled from the membrane interior while the C-terminus is attracted to the
membrane. Ionic side-chains could have considerable electrostatic interaction with the
dipole potential, although their favorable solvation in water forces them to avoid the
membrane interior where the dipole potential is stronger. Still, cationic side-chains should
be pushed away from the membrane and anionic side-chains should be attracted to the
membrane.

The effect of the backbone dipole is most clearly demonstrated in the case of alamI, which
shows a large increase in tilt angle as the dipole potential increases from 0 mV to 400 mV.
An increase is also observed for HIVFP but it is much smaller. One possible reason for this
difference in behavior between alamI and HIVFP is that on the C-terminal side alamI has an
anionic glutamate, while HIVFP has a cationic arginine. These will also interact with the
membrane dipole and either act in concert (as in alamI) or oppose (as in magainin) the
reorientation induced by the backbone dipole. Another possibility is that the backbone
dipole interaction with the membrane dipole is not strong enough in the case of HIVFP to
overcome the natural tendency of this peptide for oblique orientations that results from a
hydrophobicity gradient along its helical axis [36].

Transmembrane helices such as WALP23 show smaller interactions with the dipole
potential because their interactions with each leaflet partly cancel out. AlamT does not
completely cross the bilayer and has its N terminus on the opposite leaflet. It can, therefore,
interact more strongly with the dipole potential. Its tilt angle decreases and its N-terminus
moves towards the opposite interface as the dipole potential is increased. This shift improves
favorable interactions of the N-terminus with the dipole potential on the trans side of the
bilayer.

3.2. Influence of the membrane dipole potential on binding energy
The membrane binding energy (ΔGo) of the peptides is estimated as the average effective
energy change upon moving the peptides from water into the bilayer. The results are
summarized in Table 3. For alamI, magainin, and p25, ΔGo increases (binding affinity
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decreases) by 1.4–3.7 kcal/mol from 0 mV to 400 mV. For transmembrane helices alamT
and WALP23, ΔGo increases by smaller amounts, 1.0 kcal/mol and 0.9 kcal/mol from 0 mV
to 400 mV. Among all helices, HIVFP has the largest ΔGo increase of 5.1 kcal/mol. HAFP
is the only peptide that gains membrane affinity as the dipole potential increases.

The loss of membrane binding affinity as the dipole potential increases for alamI and HIVFP
can be explained by the interaction between the potential and the helix backbone dipole.
Both of these peptides insert their N-termini into the membrane. Since the helix backbone
dipole is from N-terminus to C-terminus, and the membrane dipole potential is higher inside
the membrane, the electrostatic interaction between the potential and the dipole is
unfavorable and becomes more unfavorable as ψd increases.

This explanation, however, does not apply to HAFP, magainin, and p25. HAFP and
magainin are almost parallel to the membrane. Therefore, the influence of the membrane
dipole potential on the helix backbone dipole should be limited. Here, the change in binding
affinity is due to ionic side chains. Magainin carries a total charge of +3 (four lysine and one
glutamate residues). Although the dipole potential reaches its largest magnitude in the
membrane interior, it also affects to a smaller extent the regions where the ionic side chains
are. For example, a positively charged lysine NH3 group in magainin is located around 21 Å
from the bilayer center, corresponding to 10 mV in case of a total ψd = 100 mV. This value,
although small, is enough to cause a considerable interaction with the ionic side-chains of
magainin. For the same reason, p25 with a total charge of +5, loses 3.7 kcal/mol of binding
affinity from 0 mV to 400 mV. HAFP has one aspartate residue and two glutamate residues,
which gives the helix a total net charge of −3. Unlike magainin and p25, the interaction
between the membrane dipole potential and the negatively charged helix should now be
favored, which explains the 3.1 kcal/mol energy decrease from 0 mV to 400 mV for HAFP.

The smallest changes in binding energy are observed for the transmembrane peptides,
WALP23 and alamT. WALP23 is uncharged and the helix backbone dipole is along the
membrane normal. Because of symmetry, the interactions in the upper and lower leaflets
essentially cancel out. As a result, the change in binding affinity is within statistical
uncertainty. The alamT configuration is not entirely symmetric with respect to the
membrane, but its interaction with the membrane dipole potential is also quite small. Unlike
the neutral WALP23, alamT carries a net charge of −1 from its glutamate residue. The
interaction between the membrane dipole potential and the negative charge provides
additional stability to membrane binding, leading to a small favorable change in free energy
with increasing dipole potential.

The values in Table 3 are averages from the MD simulations. As such, they are noisy and
include contributions not only from the dipole potential-peptide interactions but also from
changes in peptide configuration. Sometimes, there could even be secondary structure
fluctuations, as was observed in the simulation of HIVFP and p25. In order to see how much
the potential itself contributes to the binding energy, the average structure from the MD
simulation at 0 mV for each helix was selected and single point energy calculations were
performed on it at 0 mV, 100 mV, 200 mV, 300 mV, and 400 mV. Since everything else
remains the same except the potential, the differences in energy show the effect of the dipole
potential only. The results are summarized in Figure 6 and exhibit the same pattern as that in
Table 3. AlamT and WALP23 have the smallest energy change, while HIVFP has the largest
one. The values of alamI, magainin, and p25 are in between, changing by around 0.6–1.2
kcal/mol every 100 mV, and the binding of HAFP becomes more stable as ψd increases,
consistent with Table 3. In order to check if the extra stability of HAFP is really caused by
the interaction between the membrane dipole potential and ionic side-chains, aspartate and
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glutamate residues were replaced with neutral glycine residues. For the mutant peptide the
energy increased by 3.4 kcal/mol from 0 mV to 400 mV, which confirms our explanation.

In experiments, by adding compounds such as phloretin, 6-KC, or cholesterol, or by
changing lipid composition, ψd can be altered and the partition coefficient Kp or dissociation
constant Kd can be measured [63–68]. The binding free energy ΔGo of the peptides to the
membrane can then be deduced from Kp and Kd. Usually, however, the energy changes as a
function of ψd is very small, sometimes close to experimental error. In addition, it is not
clear that the observed differences are due to the change in the dipole potential or other
factors. Despite this limitation, we will now survey the relevant experimental data and
compare to our results.

Our simulations show that helices will lose binding affinity unless they carry a considerable
amount of negative charge. The results from experiments are not conclusive. In a study of
the interaction between p25 peptide and PC liposomes, Cladera and O’Shea found the
dissociation constant Kd decreases from 4.0 ± 1.1 μM in the presence of phloretin to 3.1 ±
0.2 μM in the presence of 6-KC, corresponding to a decreasing ΔGo with ψd [64]. In a study
of the interaction between HIV fusion peptide and PC/PE LUV, Buson and Cladera also
reported a decreasing Kd as more 6-KC is added to the solution [67]. As phloretin decreases
and 6-KC increases the dipole potential, these experiments are not in agreement with our
simulations. Others, however, are consistent with our findings. In a study of the interaction
between the signal sequence of the Escherichia coli LamB protein with egg
phosphatidylcholine (EPC), Voglino et al. reported a 0.1 kcal/mol and 2.4 kcal/mol ΔGo

increase by adding cholesterol and 6-KC respectively, both of which increase the magnitude
of the membrane dipole potential [63]. Similarly, in a study of the interaction of
mitochondrial peptide rhodanese (MPR) and melittin with polyethylene glycol (PEG) LUV,
Allende et al. reported a 1.0 kcal/mol and 0.2 kcal/mol ΔGo increase for MPR and melittin
by adding 6-KC, and a 1.4 kcal/mol and 1.3 kcal/mol by adding cholesterol [66]. Both of the
above mentioned peptides are positively charged like p25. However, this loss of membrane
affinity was attributed to factors other than the dipole potential in these studies. Voglino et
al. pointed out that the ketone group of 6-KC will increase the hydrophilic thickness of the
membrane interface by about 4 Å. As a result, fewer of the hydrophobic amino acids in the
helix will be exposed to the low-dielectric acyl chain region of the bilayer, and the
contribution of the hydrophobic energy to the binding free energy will decrease. Allende et
al. proposed that addition of cholesterol increases the compressibility modulus of the
bilayer. Therefore, to incorporate a peptide into the bilayer, extra work has to be done to
increase the surface area of the bilayer to provide room for the peptide. Experimentally, it is
very difficult to dissect these effects. Our results provide a theoretical basis for discussing
the contribution of the membrane dipole potential to peptide membrane-bound structure and
binding affinity.

4. Conclusions
We proposed a simple approach for implicit modeling of the dipole potential across lipid
bilayers. The potential profile features a high value in the lipid hydrophobic core and a low
value in water, joined together by a smooth curve around the headgroup region. The center
and the width of the transition region were determined based on previous MD simulations
with explicit lipids while its height ranges between 0 mV and 400 mV. The energy of
interaction of a peptide with the dipole potential is then added as part of the solvation free
energy in the implicit membrane model IMM1.

With this updated version of IMM1, we performed MD simulations on the helical peptides
alamethicin, WALP23, HAFP, HIVFP, magainin, and p25. The influence of the membrane
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dipole potential on the helix orientation and binding energy was determined. For all helices,
insertion of their N-termini to the cis leaflet of the bilayer leads to an unfavorable alignment
between the backbone dipole and the potential (in addition to an also unfavorable interaction
due to charge in case the N-terminus is protonated). Therefore, when the potential increases,
the helix tilt angles increase as well, as observed for alamI, and to a smaller extent for
HAFP, HIVFP, magainin, and p25. However, the interaction of the N-terminus with the
trans leaflet is favorable, and leads to deeper membrane insertion and smaller tilt angle of
alamT. The only peptide that gains membrane binding affinity with increasing dipole
potential is HAFP, due to its net negative charge. All other peptides lose binding affinity
with increasing dipole potential due to the interaction of either the backbone dipole or
cationic side chains with the membrane dipole potential.
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Figure 1.
Dipole potential profiles across a bilayer from the explicit MD simulation of Zhou and
Schulten [10] (dashed line) and from our model (solid line). In our model, the potential is
symmetric with respect to the bilayer center, as it should for a symmetric bilayer.
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Figure 2.
Orientations of alamI (top) and alamT (bottom). Orientations at various ψd are labeled as:
red, 0 mV; orange, 100 mV; yellow, 200 mV; green, 300 mV; blue, 400 mV. Black lines
denote the bilayer boundary. The N-terminus is toward the left for alamI and toward the
bottom for alamT.
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Figure 3.
Orientations of HAFP (top) and magainin (bottom). The N-terminus is toward the left for
both HAFP and magainin. The color labeling is the same as in Figure 2.
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Figure 4.
Orientation of HIVFP. The N-terminus is toward the left. The color labeling is the same as
in Figure 2.
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Figure 5.
Orientation of p25. The N-terminus is toward the left. The color labeling is the same as in
Figure 2.
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Figure 6.
Relative energy as a function of ψd for the average structure from the MD simulation at 0
mV. Since the peptide structure remains the same, the energy difference is only related to
the membrane dipole potential. The figure shows the same pattern as the binding energy in
Table 3.
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Table 1

Simulated peptides and their sequences

alamethicin Ac-UPUAUAQUVUGLUPVUUEQF-OH

HAFP Ac-GLFGAIAGFIENGWEGMIDG-CONH2

HIVFP Ac-AVGIGALFLGFLGAAGSTMGARS-CONH2

magainin Ac-GIGKFLHSAKKFGKAFVGEIMNS-CONH2

p25 Ac-MLSLRQSIRFFKPATRTLCSSRYLL-CONH2

WALP23 Ac-GWWLALALALALALALALALWWA-CONH2

U in alamethicin refers to 2-aminoisobutyric acid (Aib). Charged residues are underscored.
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