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Abstract
Antimicrobial peptides (AMPs) are small, usually cationic peptides, which permeabilize biological
membranes. Their mechanism of action is still not well understood. Here we investigate the
preference of alamethicin and melittin for pores of different shapes, using molecular dynamics (MD)
simulations of the peptides in pre-formed toroidal and cylindrical pores. When an alamethicin
hexamer is initially embedded in a cylindrical pore, at the end of the simulation the pore remains
cylindrical or closes if glutamines in the N-termini are not located within the pore. On the other hand,
when a melittin tetramer is embedded in toroidal pore or in a cylindrical pore, at the end of the
simulation the pore is lined both with peptides and lipid headgroups, and, thus, can be classified as
a toroidal pore. These observations agree with the prevailing views that alamethicin forms barrel-
stave pores whereas melittin forms toroidal pores. Both alamethicin and melittin form amphiphilic
helices in the presence of membranes, but their net charge differs; at pH ~7, the net charge of
alamethicin is −1 whereas that of melittin is +5. This gives rise to stronger electrostatic interactions
of melittin with membranes than those of alamethicin. The melittin tetramer interacts more strongly
with lipids in the toroidal pore than in the cylindrical one, due to more favorable electrostatic
interactions.
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Introduction
Antimicrobial peptides (AMPs) are produced by virtually all organisms, from invertebrates
and plants to animals and humans, and play an important role in their defense system [1–3].
AMPs are active against bacteria, fungi, parasites, enveloped viruses such as HIV, and even
cancer cells [1,2,4–8]. In recent years, antimicrobial peptides have attracted worldwide
attention due to their potential as a replacement for conventional antibiotics [9]. A potential
advantage over conventional antibiotics is that, since they are thought to target cell membranes
directly, they are less likely to be affected by antibiotic resistance. The origin of their cell
selectivity and their mechanism of action, however, are still not fully understood. The cell
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selectivity seems to be related to different properties of prokaryotic and eukaryotic membranes
[10–12].

Most AMPs are small (consisting of 12–50 amino acids), usually cationic peptides, which, in
the presence of membranes, fold into amphiphilic α-helices (or, less often, β-sheets, or are
unfolded). Generally, AMPs are believed to interact directly with membranes. Cationic
peptides normally bind more strongly to anionic bacterial membranes than to zwitterionic
mammalian membranes [10,11]. The configuration of AMPs in membranes depends on
peptide-to-lipid ratio [13]. At low ratio, peptides are adsorbed on the target membrane in an
interfacial orientation. Above a threshold peptide-to-lipid ratio, which depends on peptide and
type of lipids, the peptides reorient to a transmembrane orientation. The inserted peptides may
aggregate and form pores that depolarize the membrane, induce leakage of cell components
and finally kill a cell [13,14], or they may disintegrate and/or micellize the membrane (the
carpet mechanism) [15]. Two types of pores have been proposed: barrel-stave and toroidal
pores. The classical picture of the barrel-stave pore is a highly ordered cylindrical water pore
surrounded by peptides in the transmembrane orientation; the peptides are in direct contact
with each other [16,17]. Peptides acting via the toroidal pore mechanism first adsorb on a
membrane surface, aggregate and impose thinning of the membrane and the expansion of the
headgroup region; this induces a bending of the bilayer so that the upper and lower leaflets
meet, giving a toroidal appearance to the pore formed. The pore is usually thought of as a well
ordered structure, with a mixture of peptides and lipid headgroups lining its interior; it is
smallest in the middle and largest at the ends [6,18–20].

Recent atomistic MD simulations of pore formation induced by magainin (MG-H2) revealed
a different picture of toroidal pores [21]. The pores are significantly irregular with only one or
two monomers located in the center of the pore and other peptides located at the pore rim; the
peptides adopt a variety of orientations. The authors termed this pore “disordered toroidal
pore”. A similar picture emerged from simulations of melittin in a DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) bilayer [22]. Protegrin-1 pores also appear to be disordered [23].
Combined coarse-grained and atomistic MD simulations of alamethicin in a DMPC (1,2-
dimyristoyl-sn-glycero-3-phophocholine) bilayer suggest that barrel-stave pores are also more
disordered than in the classical view [24]. It is surprising that only one or two peptides are
found in the center of pores produced by MG-H2 and melittin; previously, it was estimated
that 4–7 monomers of magainin 2 (which is similar to MG-H2) are embedded in a pore [19].
The simulations were fairly long (~250 ns) but, given the long relaxation times in atomistic
MD simulations, they might not be long enough to observe aggregation of peptides in pores
or pores that resemble more closely the classical view.

In this paper we report a computational study of two peptides, alamethicin and melittin.
Alamethicin is a 20-residue peptide produced by the fungus Trichoderma viride [25]; it belongs
to the family of peptaibols, characteristic for a high content of non-standard α-methylalanine
(Aib) residues. Alamethicin forms an amphiphilic α-helix, with a kink at Pro 14; the C-terminus
is more polar than the N-terminus [26]. A previous study from our group using an implicit
membrane model showed that, in the absence of voltage, alamethicin monomer preferentially
binds to a membrane in a slightly tilted, interfacial orientation, while voltage favors a more
deeply inserted, almost transmembrane orientation [27].

Melittin is a 26-residue peptide isolated from bee venom [28]. It is unstructured in solution
[29] but folds into an α-helix in the presence of lipids [30]. Both peptides have been extensively
studied experimentally and computationally [17,18,20,24,31–49]. Common for alamethicin
and melittin is that they bind to membrane surfaces in an interfacial orientation at low peptide-
to lipid ratios whereas they insert into the membrane at higher concentrations [20,50–52]. The
mechanism of action of alamethicin and melittin, however, differs. Pores of alamethicin are
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generally described as barrel-stave [16,17,24], with a central water pore surrounded by 4–11
peptides [53]. Melittin is commonly believed to form toroidal pores [18,20,22,49], although
others reported that it acts via a barrel-stave mechanism [54] or, in anionic lipids, as a detergent
[48].

The goal of this study is to investigate not the formation of pores starting from a flat lipid
bilayer (as has been done in the aforementioned computational studies [22,24]) but the reported
preference of the peptides for different pore shapes. Thus, we conduct atomistic MD
simulations of alamethicin and melittin monomers and oligomers inserted into pre-formed
toroidal and cylindrical pores. This strategy allows us to circumvent the potential problem of
long time scales and to explore alternative scenarios for pore formation, closer to the classical
view established experimentally. During the simulations we observed a melittin tetramer
transforming a cylindrical pore into a toroidal pore and an alamethicin hexamer preserving a
cylindrical pore, if its glutamines (Q7) are located within the pore region. The melittin tetramer
interacts more strongly with lipids in a toroidal pore than in a cylindrical pore, which, we argue,
might be key to its mechanism of action. In a companion paper reporting MD simulations of
antimicrobial peptides in implicit cylindrical and toroidal pores, we show that melittin is better
solvated in curved pores than in cylindrical ones [55].

Methods
Initial structures

The coordinates for alamethicin and melittin were obtained from the Protein Data Bank, entries
1AMT [26] and 2MLT [56,57], respectively (chain A from the PDB files was used for both
peptides). Oligomers of alamethicin and melittin were formed by replicating the monomers.
The sequence of alamethicin is: Ace-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-
Aib-Pro-Val-Aib-Aib-Glu-Gln-Phl, where Ace is acetylated N-terminus, Aib is α-
methylalanine and Phl is phenylalaninol; the sequence of melittin is: Gly-Ile-Gly-Ala-Val-Leu-
Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-Gln-Gln. All
charged residues were in the standard ionization state corresponding to pH ~7. In a membrane
with a pore, charged residues are located either at the membrane-water interface or within the
water pore, which reduces the desolvation penalty for transferring charges into the hydrophobic
region of the membrane. Charged residues might be important for the preferred pore shape (i.e.
barrel-stave versus toroidal), as has been discussed in the mean-field study by Zemel et al.
[58]. Ideally, one should do constant-pH MD simulations that allow the ionization state to
change, but these are quite expensive.

Simulation setup
Membrane with a pre-formed cylindrical pore—Membrane Builder in the CHARMM-
GUI website (http://www.charmm-gui.org) [59] was used to build the initial setup of the
membrane with a cylindrical pore. It consisted of 71 DMPC lipids, 4096 water molecules
(modeled as TIP3P), 7 K+ and 7 Cl− ions; the radius of the pore was 15 Å. A MD simulation
was performed using the CHARMM software [60]. The miscellaneous mean field potential
(MMFP) was applied to keep the headgroups close to ±17Å (planar restraints) and to keep the
lipid tails away from the pore (cylindrical restraints, the cylinder having radius of 15 Å and its
long axis along the z axis). The energy of the system was minimized before the onset of a 375-
ps equilibration and a 4-ns of constant pressure (P=1atm) and temperature (T=303.15K) (CPT)
MD simulation. Particle Mesh Ewald was used for the calculation of electrostatics and periodic
boundary conditions were applied in all three dimensions; the initial size of the primary box
was 56.4 Å × 56.4 Å × 64 Å.
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Membrane with a pre-formed toroidal pore—The initial simulation setup was the same
as for the membrane with the cylindrical pore. However, after the energy minimization, MMFP
restraints were gradually released during a 375-ps equilibration, followed by a 4-ns
unrestrained CPT MD simulation; this resulted in the formation of a toroidal pore (i.e., a pore
with headgroups located within the pore region; see below for more details). The last membrane
structure from the simulations (see the snapshots at 0 ns in Figures 1, 2 and 4) was used in the
subsequent simulations of peptides in pores.

Peptides inserted into a pore—The number of monomers in alamethicin pores is
estimated to be 4–11, depending on type of lipids (6 in a DMPC bilayer) [53]. Here, we have
performed simulations of an alamethicin tetramer and hexamer. Yang et al. reported that at
peptide-to-lipid ratio (P/L) of 1/30 melittin is always oriented perpendicular to the membrane
surface of a DMPC bilayer [20]. We thus chose a melittin tetramer for our simulations to ensure
that peptide-to-lipid ratio is in the range at which pores were observed (in the simulations, P/
L = 4/71).

Alamethicin or melittin monomers or oligomers were placed in a cylindrical or toroidal pore,
with their apolar face facing the lipids or in a random orientation (see below), as shown in the
snapshots at 0 ns in Figures 1, 2 and 4, and the system was solvated in water. In one set of
simulations of peptides in the cylindrical pore, geometric restraints were applied to the
phosphocholines to keep them above ±13Å and away from the pore and to methyls to prevent
lipid tails from entering the pore (we refer to this set of simulations as “constrained cylinder”);
in the other set of simulations, the constraints were removed. Details of the systems simulated
are given in Table 1. Counterions (Cl− or K+) were added to neutralize the charges of the
peptides; no additional ions were present. All simulations were performed using the NAMD
software [61]. Each system was energy-minimized, equilibrated for 575 ps, and subjected to a
CPT MD simulation (P=1atm; T=303.15K), with periodic boundary conditions in all three
dimensions and particle mesh Ewald used for the calculation of electrostatics; the initial size
of the primary box was 56.4 Å × 56.4 Å × 64 Å.

The CHARMM27 force field [62,63] was used in all simulations. Since alamethicin has non-
standard residues (α-methylalanine, Aib, and phenylalaninol, Phl), new entries have been
added to the topology and parameter files. The topology and parameters for Aib were developed
based on similarities with alanine and those for Phl based on similarities with phenylalanine
and serine side chain.

For data analysis, interaction energies between lipids and peptides were calculated from
simulation trajectories saved every 200 ps; the average energies were calculated from 1 ns until
the end of the simulations. The pore radius was calculated using the COOR SEARCH command
in the CHARMM software [60]. This command searches for a hole within a protein, big enough
to hold a water molecule. The tilt angles were calculated as the angle between a helix axis and
the bilayer normal. The COOR HELIX command in CHARMM was used to calculate the helix
axis of peptides from simulation trajectories. The helix axis of alamethicin was defined by the
Cα atoms of residues 5 to 15; the helix axis of melittin was defined by the Cα atoms of residues
5 to 22 whereas the helix axes of the N-terminal and C-terminal helices of melittin were defined
by the Cα atoms of residues 1 to 10 and 13 to 26, respectively.

In the classical view of a toroidal pore, the two leaflets of the bilayer are thought to bend toward
each other so that their headgroups meet. The pores formed in the MD simulations are, however,
more inhomogeneous. Here, we consider that a pore is toroidal if several headgroups enter the
pore region (as opposed to a barrel-stave pore in which headgroups are located exclusively at
the membrane surface). In some of the simulations, headgroups from the two leaflets
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completely meet at one or both faces of the pore; in others, a few headgroups transiently enter
and exit the pore region but the leaflets are not in contact with each other.

Results
1. Monomers inserted into pores

A monomer of melittin or of alamethicin was simulated starting from toroidal and cylindrical
pores. As Figure 1 shows, during the 13-ns MD simulations in the pores, the apolar face of the
helical peptides interacts with lipid tails whereas the polar face is in contact with water and
headgroups. Soon after the onset of the simulations in the cylindrical pores, headgroups enter
the pore region, shielding lipid tails from water, and the pore evolves into a disordered toroidal
pore. Disordered toroidal pores have previously been observed in atomistic MD simulations
of magainin and melittin, in DPPC bilayers [21,22]. These studies have reported that a
monomer is unable to induce pore formation, but after the pore is formed, only one or two
monomers are inserted in the pore, in a variety of orientations and rarely in a perfect
transmembrane orientation. Although we did not simulate pore formation per se and, thus,
cannot draw conclusions about the ability of monomers to form pores, our simulations suggest
that, regardless of which monomer is inserted and what is the starting shape of the pore, the
ending pore configuration is toroidal. The same result is obtained for pure bilayers (see
Methods). Toroidal pores are preferred in pure bilayers because they allow lipid tails to be
shielded from water by headgroups located within the pore. Obviously, a single peptide does
not suffice to counteract this preference.

2. Melittin tetramer inserted into pores
Since oligomerization of peptides is thought to be a prerequisite for pore formation, we next
performed MD simulations of melittin and alamethicin oligomers inserted into pores.
Snapshots of a melittin tetramer in toroidal and cylindrical pores are shown in Figures 2A and
2B. The more hydrophilic C-termini of peptides are anchored to the headgroup region of the
upper leaflet whereas the N-termini, which appear to be more mobile, are in contact with the
lower leaflet of the membrane. The apolar face of the helices interacts with lipids whereas the
polar face is oriented toward the interior of the pore.

The melittin tetramer embedded into a toroidal pore (Figure 2A) preserves the toroidal pore
shape (with the headgroups located within the pore region). At the end of the 140-ns MD
simulation, the inner radius of the pore is ~10 Å and the outer radius ~21 Å. These radii are
significantly smaller than the radii of melittin pores determined using neutron scattering (~22
Å and ~38 Å) [20], but comparable to the values determined in leakage measurements (inner
radius of 12.5 – 15 Å) [47], as well as to the radii obtained from MD simulations of melittin
in DPPC (inner radius of ~15 Å; outer radius of ~20–25 Å) [22].

About ~10 ns after insertion of a melittin tetramer into a cylindrical pore, a few headgroups
from the lower leaflet start to move into the pore interior, giving the pore a semitoroidal
appearance (i.e., the headgroups within the pore region do not connect the two leaflets) (Figure
2B). The pore obtained at the end of the MD simulation is of a similar size as the pore shown
in Figure 2A, with inner radius ~7 Å and outer radius ~20 Å.

The pores shown in Figures 2A and 2B are filled with water and some Cl− ions (shown as red
balls). The ions transiently neutralize some of the charged residues within the pore, but not all
the charges. The ions are more abundant in the pore in Figure 2B, which gives rise to stronger
ion-peptide interaction energy (see Figure 3). In the pores of Figures 2A and 2B, the calculated
interactions of Cl− ions with K7 are −114.51 ± 86.25 kcal/mol and −148.32 ± 97.23 kcal/mol,
respectively; those with K21 are −103.40 ± 92.15 kcal/mol and −220.11 ± 147.54 kcal/mol,
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respectively; those with R22, K23 or R24 are the same in both pores. The large error bars point
toward the transient nature of the interactions. Sengupta et al. observed that the presence of
counterions delayed formation of pores during atomistic MD simulations of melittin in DPPC
[22]. It is possible that in the simulation of Figure 2B the pore evolves into only a semitoroidal
pore due to the ions within the pore. Interactions between Cl− ions and K7 might interfere with
K7-lower leaflet headgroup interactions while those between the ions and K21 might preclude
headgroups from the upper leaflet to enter the pore region.

The orientation of melittin monomers in the pores can be described as a tilted transmembrane
orientation. The calculated tilt angles are similar in both pores and range from ~10° to ~33°,
relative to the bilayer normal. Previous solid-state NMR studies reported that melittin adopts
a bent transmembrane orientation in bilayers [64,65], with tilt angles of 30° for the N-terminal
helix (residues 1–10) and 10° for the C-terminal helix (residues 13–26) in a DMPC bilayer
[64]. Our simulations agree that melittin peptides are in a bent transmembrane orientation
although the calculated tilt angles of the terminal helices are somewhat larger (~26° – 60° for
the N-terminal helix and ~20° – 35° for the C-terminal helix) than the corresponding values
from the experiment. Although Naito et al. reported that they observed pore formation in their
experiments [64], it is not clear whether the reported bent orientation of melittin monomers
pertains to the pore state. The calculated kink angle (i.e., the angle between the N-terminal and
the C-terminal helices) is ~124° – 144°, which is comparable to the values reported by Toraya
et al. for melittin in a DLPC (1,2-dilauroyl-sn-glycero-3-phosphocholine) bilayer (~126°) and
in a DPPC bilayer (~119°) [65].

3. Alamethicin oligomers inserted into pores
Figures 4A and 4B show snapshots from MD simulations of an alamethicin tetramer embedded
into a toroidal pore and of an alamethicin hexamer embedded into a cylindrical pore,
respectively. In both simulations, the C-termini of peptides interact with the headgroup region
of the upper leaflet and the N-temini are inserted into the lower leaflet and interact loosely with
the headgroups. In the simulation started from a toroidal pore (Figure 4A), the alamethicin
tetramer moves away from the pore region, which remains filled with water and headgroups.
As the simulation advances, the number of headgroups and water molecules in the pore
gradually decreases and at ~100 ns the water-filled pore disappears completely and all
headgroups are at the membrane surface. In the simulation of an alamethicin hexamer inserted
into a cylindrical pore (Figure 4B), the pore shape does not change significantly, that is,
headgroups do not enter the pore region. However, as in the tetramer simulation, water
molecules initially present within the hexamer interior move away.

A possible explanation for the drying of the pores in the above simulations is the orientation
of Q7. In these simulations Q7 was initially oriented randomly and during the simulations the
peptides did not reorient so that Q7 points towards the pore region. We thus performed a 160-
ns MD simulation of the alamethicin hexamer in a cylindrical pore in which Q7 was initially
located within the pore. As snapshots from the simulation show (Figure 4C), the pore remains
filled with water. The radius of the pore formed by the hexamer is ~18 Å at the ends but the
pore is constricted in the vicinity of Q7. Huang and coworkers [17], using neutron scattering,
found that in DLPC the inner radius (i.e., the radius of the water pore) of alamethicin pores is
~9 Å and the outer radius (i.e., the radius of the pore including peptides) of ~20 Å.

The water pore is surrounded by five alamethicin monomers tilted by ~10–21° and one
monomer tilted by ~33° relative to the membrane normal. The calculated tilt angles are in good
agreement with the tilt angles of alamethicin in a DMPC bilayer obtained from solid-state NMR
at peptide-to-lipid ratios at which it is expected that alamethicin forms pores [66,67] and from
coarse-grained MD simulations in which pores were formed [24]. In contrast to what was
observed with melittin, the pore remains cylindrical, that is no headgroups move into the pore.
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This is likely due to differences in polarity of the N-termini; melittin carries one lysine (K7)
and two threonines (T10 and T11) in its N-terminus whereas the N-terminus of alamethicin is
more hydrophobic (it has only one polar residue, Q7).

The secondary structure of the peptides is more stable in the hexamer than in the tetramer. In
simulations of an alamethicin hexamer reported by Thøgersen et al. unfolding of helices was
especially pronounced for the peptides interacting strongly with water within a pore and for
the surface-bound peptides [24]. In the case of the tetramer, two peptides (shown in yellow
and violet in Figure 2C) stay helical until the end of the simulation. The orange peptide partially
unfolds but, after the pore dries out, it refolds. The N-terminus of the purple peptide is helical
and inserted into the membrane, its middle section is unfolded, and the C-terminus is helical
and surface-bound.

4. Peptide-lipid interaction energy
Simulations of monomers and oligomers in constrained cylindrical pores (i.e., cylindrical pores
whose shape was not allowed to change during the MD simulation) were also performed in
order to compare the peptide-lipid interaction energy to that in the pores generated
spontaneously during MD simulations.

The calculated interaction energy [electrostatic interaction energy] between a monomer and
lipids in the constrained cylindrical pores is within statistical uncertainty to that in the toroidal
pores (for melittin: −458.51 ± 100.08 [−364.34 ± 98.61] kcal/mol in the toroidal pore, −469.14
± 94.33 [−366.31 ± 83.93] kcal/mol in the initially cylindrical pore and −472.35 ± 137.93
[−378.67 ± 130.31] kcal/mol in the constrained cylindrical pore; for alamethicin: −128.70 ±
41.00 [−52.79 ± 33.57] kcal/mol in the toroidal pore, −145.81 ± 48.29 [−56.61 ± 43.77] kcal/
mol in the initially cylindrical pore and −139.99 ± 27.38 [−58.31 ± 22.07] kcal/mol in the
constrained cylindrical pore).

Better insight is obtained from the results on the oligomers. Figure 5 displays the average
interaction energy of the melittin tetramer with lipid headgroups (‘hg’) and lipid tails (‘lt’).
The trends in tetramer-lipid interaction energies are the same as those in tetramer-headgroup
interaction energies. The energies calculated from simulations of the tetramer in the toroidal
and in the initially cylindrical pores are close (the total tetramer-lipid interaction energy is
−1949.10 ± 224.70 kcal/mol in the toroidal pore and −2015.59 ± 204.93 kcal/mol in the
cylindrical pore, which becomes semitoroidal by the end of the simulation). The interactions
in the constrained cylindrical pore are less favorable (−1703.15 ± 155.98 kcal/mol). Melittin
interacts more strongly with lipid headgroups in the toroidal pore than with those in the
constrained cylindrical pore. The interactions of the tetramer with lipid tails are also stronger
in the toroidal pore than in the constrained cylindrical pore, but to a lesser extent. The calculated
interaction energies are similar in magnitude to melittin-lipid interaction energies from a recent
MD study by Manna and Mukhopadhyay (~ −350 kcal/mol per monomer) [68], although the
direct comparison of our and their results is not possible due to different lipids (DMPC vs
POPC), simulation times (140 ns vs 15 ns) and pore configurations (in their simulations, a
toroidal pore spans only the lower leaflet of a bilayer).

Given that the tetramer-lipid interactions are dominated by the electrostatic interactions with
headgroups, we further looked at the electrostatic interaction energy between polar residues of
the tetramer and headgroups in different pores (here, ‘polar’ refers to both polar and charged
residues). The results are shown in Figure 6. In general, the interactions are stronger in the
toroidal (‘torus’) and in the initially cylindrical (‘cyl_nocons’) pores than in the constrained
cylindrical (‘cyl_cons’) pore. The N-terminus of melittin contains three polar residues: K7,
T10 and T11 (denoted as ‘N-polar’ in Figure 6). Here, the interactions with headgroups are
dominated by the K7-headgroup electrostatic interactions and they are more favorable when
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headgroups from the lower leaflet are allowed to move up into the pore and approach K7 at
shorter distances (i.e., in toroidal pores). The contribution of T10 and T11 to the interaction
energy is minor. The electrostatic interactions between polar residues in the C-terminus (S18,
W19, K21, R22, K23, R24, Q25 and Q26) are also stronger in toroidal pores than in the
constrained cylindrical pore. Figure 7 shows the position of charged (shown in blue) and polar
residues (shown in green) in pores, at the end of simulations. The snapshots illustrate how
charged and polar residues attract headgroups (green balls), as well as Cl− ions (red balls), and,
in toroidal pores, facilitate their entry into the pore region.

Since melittin carries five charged residues (K7, K21, R22, K23 and R24) one can expect
significant peptide-peptide repulsions that might cause separation of monomers comprising a
tetramer. Indeed, in our simulation of the tetramer embedded into the cylindrical pore, we
observed predominantly repulsive interactions during the first ~80 ns (see Figure 8). However,
as the radius of the pore enlarged, the interactions between most of the peptides became
favorable. This finding suggests that the size of the pore might be determined by electrostatic
interactions, which is in agreement with a theoretical study by Zemel et al [58].

As mentioned above, we observed that the alamethicin pore closes if Q7 is not oriented towards
the pore interior. Thus, we calculated the peptide-lipid interaction energies and the peptide-
peptide interaction energies in the dry and in the wet pore and compare them here in order to
gain insight into the interactions that hold the pore together. The calculated alamethicin
hexamer-lipid interaction energies in the dry and in the wet pore are −750.36 ± 91.33 [−346.31
± 83.88; −404.05 ± 21.49] kcal/mol and −833.37 ± 108.78 [−431.16 ± 94.70; −402.21 ± 25.44],
respectively, where the first number in the brackets is the contribution from electrostatic
interactions and the second number is the contribution from van der Waals interactions. The
lipid-peptide interactions appear to be more favorable in the wet pore, although the large
statistical uncertainty precludes a definite conclusion. The total peptide-peptide interaction
energy, calculated as the sum of the interaction energy of pairs of the peptides, in the dry and
in the wet pore are 99.14 ± 30.26 [262.87 ± 30.83; −163.73 ± 8.00] kcal/mol and 190.74 ±
51.66 [351.84 ± 52.05; −161.10 ± 9.06] kcal/mol, respectively. Thus, peptide-peptide
interactions are unfavorable, but they are apparently offset by the lipid-peptide interactions.

Discussion
This paper reports atomistic MD simulations of melittin and alamethicin starting from toroidal
and cylindrical pores aiming to investigate their preference for a particular pore type. During
the simulations, we observed that a melittin tetramer reshaped a cylindrical pore to a toroidal
pore whereas an alamethicin hexamer preserved the cylindrical pore. This finding is in
agreement with the prevailing view that melittin forms toroidal pores whereas alamethicin
forms barrel-stave pores. However, the pores formed in our simulations deviate from the
classical pictures of highly ordered pores [16–18,20]; they are more similar to disordered,
irregular pores observed in other computational studies [22,24]. The peptides rarely adopt the
perfect transmembrane orientation.

Fox and Richards [26] postulated that glutamine (Q7) is a key residue in an alamethicin channel
since it may form hydrogen bonds with Q7 of the neighboring peptide in the bundle and with
water inside the pore, thus forming a hydrophilic patch within the pore. Later studies reported
that mutations of Q7 perturbed the channel stability [32,34]. In the simulations of the
alamethicin tetramer in a toroidal pore and of the alamethicin hexamer in a cylindrical pore,
we observed that the pores dried up. This seems to be related to the position of Q7, which in
these simulations are located at the peptide-peptide interface or are hydrogen bonded with the
backbone atoms or with water outside the pore region, making the pore essentially
hydrophobic. In the simulations of a monomer, the monomer quickly reoriented so that Q7
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was exposed to the pore water, but this did not happen in the case of oligomers. The simulations
of oligomers may not be long enough for the helices to reorient and position the glutamines
inside the pore. The MD simulation of the alamethicin hexamer in a cylindrical pore in which
the helices were initially oriented with Q7 pointing toward the pore interior supports the
importance of Q7 for stabilizing a wet pore since water remained within the pore. It would be
interesting in future work to determine the free energy difference between the wet and the dry
pore, information that would shed light into the mechanism of alamethicin ion channel
formation.

A notable difference between alamethicin and melittin is the polarity of their N-termini;
alamethicin has only one polar residue there (Q7) whereas melittin has one charged residue
(K7) and two polar residues (T10, and T11). We focus here on the N-termini since they appear
to initialize formation of a toroidal pore by perturbing headgroups in the lower leaflet and
“pulling” some of them up into the pore (see Figures 2B and 7). From the calculated interaction
energies, one can see that melittin interacts more strongly with headgroups in toroidal pores
than in a constrained cylindrical pore (see Figure 5). This is true not only for the highly polar
and charged C-terminus but also for the N-terminus (see Figure 6). The importance of the lysine
7 has also been reported in literature previously; e.g., Bachar and Becker observed in MD
simulations that K7 facilitates pore formation by allowing water entry from both sides of a
lipid bilayer [43] whereas Blondelle and Houghten measured significantly decreased hemolytic
activity of a melittin mutant lacking K7 [69].

In this paper, interaction energies between peptides and lipids were compared in order to gain
insights into the physical origin of the observed preferences for a given pore type. A melittin
tetramer appears to interact more strongly with lipids in toroidal pores than in a cylindrical
pore, which might be related to its preference for toroidal pores. Of course, one should ideally
compute free energies of peptide solvation and also take into account the free energy of
membrane deformation, but such calculations are methodologically and computationally
demanding.

Melittin and alamethicin peptides in pores are in a tilted transmembrane orientation. This is in
disagreement with the picture derived from oriented circular dichroism (OCD), in which the
peptides are in a perfect transmembrane orientation [20,50]. This discrepancy might be related
to an assumption used in analyzing the OCD data that only parallel or perpendicular orientation
of a helix is possible. The calculated tilted angles are more comparable to the tilt angles obtained
from solid-state NMR [64–67]. However, although the experiments were conducted at high
peptide-to-lipid ratios, peptide pores have not been characterized and it is not clear that the
reported orientations correspond to the pore state.

The simulations reported herein range in length from 100 to 160 ns. We clearly make no claim
that equilibrium has been reached within this time scale, nor was this the aim of the current
investigation. Pores may well be transient or metastable structures. However, relaxation
between pore types seems to take place on a time scale of ~10 ns (see Figure 1), therefore the
length of the present simulations should be sufficient for investigating the preference for a
given pore type.
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Figure 1.
Snapshots from MD simulations of a melittin monomer started from a toroidal pore (A), a
melittin monomer started from a cylindrical pore (B), an alamethicin monomer started from a
toroidal pore (C), and an alamethicin monomer started from a cylindrical pore (D). The green
balls represent the phosphocholines; the red balls represent ions; the blue balls represent water;
the nonpolar residues are shown in black, the polar residues are yellow and the charged residues
are magenta; the lipid tails have been removed for clarity.
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Figure 2.
Snapshots from MD simulations of a melittin tetramer started from a toroidal pore (A) and
started from a cylindrical pore (B). The green balls represent the phosphocholines; the red balls
represent Cl− ions; the gray lines represent lipid tails; the blue balls represent water.
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Figure 3.
The interaction energy between a melittin tetramer and Cl− ions versus time. ‘Cylinder’ refers
to the MD simulation of melittin started from a cylindrical pore; ‘torus’ refers to the simulation
started from a toroidal pore. The energies are averaged over 1 ns.
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Figure 4.
Snapshots from MD simulations of an alamethicin tetramer started from a toroidal pore (A)
and an alamethicin hexamer started from a cylindrical pore: closed pore (B) and wet pore (C).
The green balls represent the phosphocholines; the red balls represent K+ ions; the gray lines
represent lipid tails; the blue balls represent water; in (C), the peptide are shown as ribbons
and the lipid tails are removed for clarity.
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Figure 5.
The total, electrostatic (elec) or van der Waals (vdw) interaction energy between a melittin
tetramer and the lipid headgroups (hg) or tails (lt) in toroidal pores (torus) or in constrained
cylindrical pores (cyl). Error bars are the standard deviation. The Welch two sample t-test was
used to determine significant differences between the peptide-lipid interaction energies in the
constrained cylindrical pore and in the toroidal pore; in all the cases p value is less than 0.05.
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Figure 6.
The electrostatic interaction energy between polar residues of a melittin tetramer and lipid
headgroups. ‘N-polar’ refers to K7, T10 and T11; ‘C-polar’ refers to S18, W19, K21, R22,
K23, R24, Q25 and Q26; ‘cyl_cons’ refers to the MD simulation in a constrained cylindrical
pore; ‘torus’ refers to the MD simulation started from a toroidal pore; ‘cyl_nocons’ refers to
the MD simulation started from a cylindrical pore. The Welch two sample t-test was used to
determine significant differences between the polar residue-lipid headgroup interaction
energies in the constrained cylindrical pore and in the toroidal or the initially cylindrical pore;
in all the cases p value is less than 0.05.
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Figure 7.
Polar and charged residues of a melittin tetramer interacting with lipid headgroups and Cl−
ions in a constrained cylindrical pore (A) and toroidal pores (B and C). Snapshots (B) and (C)
are from the MD simulations started from a cylindrical pore and a toroidal pore, respectively.
Water molecules are removed for clarity. Polar residues are shown as yellow licorice, charged
residues as blue licorice, W19 as black licorice, phosphocholines as green balls, ions as red
balls, lipid tails as gray lines, and peptides as blue, orange, yellow and purple ribbons.
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Figure 8.
The peptide-peptide electrostatic interactions versus time. The interaction energies are
calculated for melittin tetramer embedded into a cylindrical pore and averaged over 1ns; mlt1,
mlt2, mlt3 and mlt4 denote monomers 1 through 4.
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