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Abstract

Understanding the molecular mechanism underlying pore formation in lipid
membranes by antimicrobial peptides is of great importance in biological
sciences as well as in drug design applications. Melittin has been widely
studied as a pore forming peptide, though the molecular mechanism for pore
formation is still illusive. We examined the free energy barrier for the creation
of a pore in lipid membranes with and without multiple melittin peptides. It
was found that six melittin peptides significantly stabilized a pore, though a
small barrier (a few kgT') for the formation still existed. With five melittin
peptides or fewer, the pore formation barrier was much higher, though the
established pore was in a local energy minimum. Although seven melittins
effectively reduced the free energy barrier, a single melittin peptide left the
pore after a long time MD simulation probably because of the overcrowded
environment around the bilayer pore. Thus, it is highly selective for the
number of melittin peptides to stabilize the membrane pore, as was also
suggested by the line tension evaluations. The free energy cost required
to insert a single melittin into the membrane is too high to explain the
one-by-one insertion mechanism for pore formation, which also supports the
collective melittin mechanism for pore formation.
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1. Introduction

The fundamental role of biological membranes (lipid membranes) is to
work as a partition boundary separating intracellular and extracellular en-
vironments, and to maintain physiological activity by regulating substance
transport. Membrane defects disrupt such regulation, leading immediately
to the crisis of maintaining the biological activity of cells. Such membrane
defects can be caused by several possible reasons, such as an external (lat-
eral) tension, a large electric field across the membrane, a shock wave, and
importantly antimicrobial peptides (a class of molecules that strongly bind
to membrane) [1-3].

Several different mechanisms have been proposed for the antimicrobial
action of peptides on membranes, and among them the pore formation mech-
anism has been extensively studied at a molecular level [4, 5]. In particular,
melittin is one of the antimicrobial peptides that have been most extensively
studied and is one of the systems in which the molecular theory of pore
formation has been mostly investigated [6-24]. Among the wide variety of
antimicrobial agents, peptides that insert into the membrane leading to a
transmembrane state and forming a toroidal pore are not actually in a major
category. Nevertheless, many research works on pore formation by melittin
peptides have been conducted using them as model systems that forms pores
that can be defined at the molecular level.

However, the details of the energetics or structure of the membrane pores
caused by melittin peptides have not been so well understood. The probabil-
ity of pore formation is greatly dependent on the peptide/lipid (P /L) ratio,
namely, a pore hardly opens unless a certain amount of peptides is contained.
This suggests that melittin peptides act cooperatively to favor pore forma-
tion. Inconsistent experimental measurements of the pore size have been
reported: from the dye leakage experiments pore sizes of about 1.25 - 1.5
nm have been described [12], while a larger pore size of about 2.5 nm has
been detected by neutron scattering [14]. This discrepancy might be caused
by differences in experimental conditions such as P/L ratio or local peptide
concentration. Many MD simulations regarding melittin-induced pore for-
mation in lipid membranes have already been performed [25-40]; however,
one major problem was pointed out in simulations carried out with the GRO-
MOS force field [26, 30], which has been widely used in the early studies. In
these simulations, a too low stability of the helicity of melittin was reported,
and the interaction between this peptide and the lipids was possibly over-
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estimated. This appears to result in a too easy (with an almost barrierless
free energy profile) melittin-induced pore formation when multiple melittin
peptides assemble on the lipid bilayer. Recent studies have reported that the
CHARMM force field [41, 42] better reproduces experimental physical prop-
erties of lipid membranes and melittin helicity on membrane surfaces [43-45].
Thus, we chose this force field to systematically investigate melittin-induced
pore formation and pore stability.

The mechanism of pore formation in lipid membranes owing to the pres-
ence of peptides such as melittin is generally assumed to be as shown in
Fig. 1. First, melittin peptides are adsorbed from the aqueous solution
onto the membrane. Then, melittin further stabilizes by folding into a he-
lical conformation on the surface of the membrane because its amphiphilic
nature is increased in this conformation. This process has already been re-
ported in previous MD studies [46, 47]. When the density of the melittin
adsorbed onto the membrane is large enough to have multiple melittin pep-
tides located at short distances, they assemble to form a toroidal pore. Many
previous simulation studies have tried to accidentally capture pore formation
using brute-force MD simulations, from which a firm understanding of the
molecular process is hardly expected. There is only one systematic study
of pore formation and pore stability based on free energy calculations [40].
In this recent study, the free energy profile corresponding to the consecu-
tive insertion of several melittin peptides into a membrane was estimated.
Although it was shown that it is necessary to overcome a large free energy
barrier for the insertion of the first melittin unit, the subsequent insertion
of new units gradually required a lower and lower barrier until the process
was found to be almost barrierless starting from the insertion of the 4th or
5th molecule. This result was discussed in terms of a process where melittin
peptides act cooperatively to facilitate pore formation.

In this study, a free energy analysis of the cooperative effects of multiple
melittin peptides during pore formation in a palmitoyl oleoyl phosphatidyl-
choline (POPC) lipid membrane by multiple melittin peptides has been un-
dertaken by performing a series of MD simulations with the CHARMM force
field. Our simulations elucidated that, when the local melittin concentration
is sufficiently high and they are oriented in a radial arrangement, only a very
low free energy barrier (a few kgT') must be overcome to form a pore in the
membrane. Particularly, it was found that a local assembly of six melittin
peptides on the membrane surface drives to a stable pore formation in the
membrane. The free energy barrier required to open a pore is sensitive to
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Figure 1: Schematic pore formation mechanism by association of melittin peptides on a
lipid bilayer.

changes in the number of melittin peptides surrounding the pore.

The remainder of this paper is organized as follows: In Section 2, we
explain the details of the simulations condition including the system setup
and free energy calculations to investigate pore formation in lipid membranes.
In Section 3, we show results from a series of MD simulations including
the free energy calculations and line tension calculations. In Section 4, we
discuss the mechanism of pore formation based on the simulation results.
Conclusions of this paper are given in Section 5.

2. Methods

2.1. Simulation systems

Five different systems (Systems I1-0, I-4, I-5, I-6, and I-7) containing a
fully hydrated lipid bilayer composed by 256 POPC molecules in the absence
or presence of melittin peptides (in the range 4-7, which corresponds to the
suggested number of melittin peptides to form a pore [48]) were built. In these
systems, both upper and lower leaflets of the bilayer consisted of 128 POPC
molecules. A thick layer of water molecules was necessary to investigate
pore formation through free energy calculations. This allowed to minimize
the effect caused by interbilayer interactions because, owing to the lateral
expansion suffered by the membrane during pore generation, the interbilayer
distance was shortened in the course of the free energy calculations. The
final number of molecules in the systems is listed in Table 1. We added
only counter-ions to neutralize melittin that has a net charge of +6 and no
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further addition of salt was considered. This might potentially affect the
free energy barrier for a pore formation, because the molecular area of a
POPC membrane is reduced and the membrane thickness is increased [49].
However, we assume that physiological salt concentration barely affects a
pore formation mechanism. According to experiment investigating effects of
ion strength on melittin aggregation in aqueous solution, physiological salt
concentration of approximately 150 mM does not influence the aggregation
[50]. The initial configuration was prepared using CHARMM-GUI [51]. Each
of the melittin peptides, in an a-helical conformation (PDB code:2MLT [52]),
was radially disposed on the POPC bilayer with their N-terminus facing each
other, as shown in Fig. 2. In the previous studies, it was reported that the
N-terminal group of one melittin peptide anchors deeper on the lipid bilayer
[36]. It was also suggested that the aforementioned star-like organization
of melittin peptides might be advantageous for pore formation [53]. Thus,
using this melittin disposition, which appears to be on the ideal arrangement
to encourage pore formation, we examine here the effect of multiple melittin
peptides on the free energy barrier of this process. Further details on the
initial configuration and equilibration MD run for System I are given in
Supporting Information.

Table 1: Simulated systems. The number of molecules contained in each simulated system
and the simulation times are listed.

simulation system melittin POPC water Cl= time [us]
pore formation I-0 0 256 12800 O 3.78
I-4 4 256 14652 24 5.04
I-5 5 256 14946 30 5.04
I-6 6 256 15042 36 6.72
I-7 7 256 16329 42 6.72
“melittin insertion 1T T 128 4931 6 630
~ brute force MD  IIT 24 512 25600 144 1.0
~ line tension ~ IV-0 0o 216 17610 0 1.0
IvV-4 4 216 16619 24 1.0
IV-6 6 216 16619 36 1.0

Another system (System II) containing a melittin peptide in an a-helical
conformation was also built to investigate the free energy required for a
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single melittin peptide to penetrate into the POPC membrane. The initial
configuration was again prepared using CHARMM-GUI [51].

In addition, a system presenting a much higher P/L ratio (System III) was
built. To prepare its initial configuration, 6 melittin peptides were placed on
one side of a 128 POPC membrane patch. Then, the system was duplicated
along the two axes parallel to the plane of the membrane to generate a
larger system (see Table 1). The System III was used to simulate a POPC
membrane with highly concentrated melittin coverage.

A final system (System IV), in which the membrane was assembled form-
ing a ribbon-like geometry, was built to measure the line tension of the POPC
membrane in the presence/absence of melittin peptides. Further details are
given in Section 2.4.

Figure 2: Initial configuration for System I-6. (a) Top view and (b) side view. Water
molecules are not shown for clarity. Melittin peptides are shown using a ribbon represen-
tation.

2.2. Simulation details

All MD simulations were performed using the GROMACS software pack-
age (version 5.0.7) [54]. The CHARMMS36 force field [41, 42] was employed
for the melittin peptides and POPC. The TIP3P model was used for water
[55]. The temperature and pressure were set to 310 K and 1 bar, respec-
tively. A Nosé-Hoover thermostat [56, 57] and a Parrinello-Rahman baro-
stat [58] were used to control the temperature and pressure, respectively. A
semi-isotropic coupling scheme, to independently control the pressure in the
directions parallel and normal to the bilayer, was employed. Electrostatic
interactions were calculated with the particle mesh Ewald (PME) method



145

150

155

160

165

170

[59, 60]. Lenard-Jones interactions were truncated at 1.2 nm with by apply-
ing a smooth switching function in the range of 1.0 - 1.2 nm. The LINCS
algorithm [61] was used to constraint all bonds involving hydrogen atoms.
This allowed us to safely choose a time step size of 2 fs.

2.3. Free energy calculation

To evaluate the energy required to form a pore in the lipid bilayers, the
collective variable (&) proposed by Tolpekina et al. [62], which controls the
number density of lipid tail groups in a cylindrical region across the mem-
brane, was employed.

!
CN-X%

§ (1)

where Y is defined as

Y= Ztanh(ri /a). (2)

Here, N is the total number of lipid tail carbon atoms, r; = \/z? +y? is
the radial distance from the i-th carbon atom to the origin (the center of
the pore) in the zy plane of the membrane, and a is a scale parameter that
determines the size of the nanopore. We chose a = 1 nm. X, denotes
the average of ¥ in the equilibrated (non-biased) membrane. Since tanh(x)
approaches to almost 1.0 at x = 3, the pore size controlled by & reaches
~3 nm at & = 1.0. This collective variable effectively controls the weighted
number density of lipid tail carbon atoms around the pore center but does not
control the structure of melittin peptides. In the constraint MD simulations
for the free energy calculations, therefore, the melittin configuration emerges
naturally as a result of the given control of the collective variable. Umbrella
sampling [63] was used to sample over the different values of the collective
variable, &, in the range from 0.0 to 1.0 and with a spacing of 0.05; namely, 21
umbrella windows were used. The force constant of the bias potential was set
to 500 kJ/mol at £ = 0 and was increased by 500 kJ/mol as increasing & by
0.05. The weighted histogram analysis method (WHAM) [64] was employed
to estimate the free energy profile based on the umbrella sampling data. The
simulation time for each window was 120 ns. The data accumulated during
the last 90 ns was used for the free energy calculation. The number of lipids
included in the systems for the free energy calculation should be carefully
chosen to prevent a finite system effect. Hub et al. reported that free energy
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profiles for pore formation are similar in 128- and 256- lipid systems, though
the systems contain no peptides [65]. Thus, 256-lipid systems used in our
simulation is large enough to avoid the finite size effects in pore formation
process.

For the insertion of a melittin peptide into the POPC membrane (Sys-
tem II), the free energy analysis was also done using WHAM. The distance
between the center of mass (COM) of the first three residues of the melittin
N-terminus and the center of the lipid membrane along the z-axis was chosen
as the collective variable. The initial configurations for each window were
created from an equilibrated MD run (in which a melittin was adsorbed on
the membrane surface) by pulling the N-terminus at a rate of 0.01 nm/ns.
We employed 21 windows for the free energy calculation, and the reference
positions of the umbrella potentials were set in the range from -2.0 to 2.0
nm with a spacing of 0.2 nm. For every window, the force constant of the
umbrella potential was set to 1000 kJ/mol/nm?. The equilibration time and
sampling time of each window were 600 ns and 150 ns, respectively. The
equilibration time was safely selected to be longer than in a previous similar
work [33], because an all-atom model rather than a united atom model was
used in the present study. The error bars in the free energy profiles repre-
sent the standard deviation of several (three or four times) independent free
energy samplings.

2.4. Line tension

The System IV was used to measure the effect of melittin on the line
tension of the membrane. A membrane having a ribbon-like geometry, under
periodic boundary condition, and with a fixed cell length along the ribbon-
axis (y-axis) was employed (See Fig.S1) [66]. The membrane normal was
disposed along the z-axis; the simulation box was filled with water molecules
until they surrounded the ribbon-like membrane, the bilayer edge being ex-
posed to solvent. Because of the line tension of the bilayer edge, the ribbon
membranes tend to minimize their line length along the y-axis. We mon-
itored the strength of the pressure along the y-axis at a fixed box length
in y-direction, L,. Pressures along the z and z axes were set to 1 bar by
a Parrinello-Rahman barostat (isotropic coupling in z and z directions to
prevent random walks of the L, and L.). The temperature was set to 310 K
using a Nosé-Hoover thermostat. Line tension, A, is calculated as;

1

A=t <L1Lz E(PM PP Pyy} > | 3)
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where L, and L, are the cell lengths in x and z directions, respectively, and
(---) denotes the ensemble average. We carried out the molecular dynamics
simulation of the ribbon membrane systems in the NP, P,L,T ensemble. By
changing the number of melittin peptides in the system, we evaluated the
effect of melittin on the line tension. For melittin-containing systems (System
IV-4 and IV-6), the peptides were placed at the bilayer rim with their helical
axis perpendicular to the membrane. The MD simulation time was 500 ns
for every system, which was long enough to obtain a converged result for the
line tension results.

3. Results

3.1. Pore formation free energy

The POPC membrane pore formation free energy profiles in the ab-
sence/presence of melittin peptides are plotted as a function of the collective
variable, &, in Fig. 3. (The histograms calculated from the constraint MD
trajectories along the reaction coordinate are also displayed in Fig. S2 to
show the quality of sampling.) A clear qualitative difference is found in the
free energy profiles of membrane with and without peptides. In pure lipid
membranes, without melittin, the free energy continuously increases ¢ (Fig.3

().

Table 2: Free energy (FE) differenece between the first local minimum and maximum for
each system.

System FE barrier (kJ/mol)

I-4 47
I-5 18
I-6 7
I-7 6

Figure 4 displays snapshots of the pure membrane system (System I-0)
for different & values. In the low-£ region (¢ < 0.4), even though the lipid tail
density is gradually reduced at larger ¢ values, no pore formation is detected.
A channel for water penetration through the membranes forms at around & =
0.4, as shown in Fig. 4(b); at this value, a shoulder appears in the free energy
profile. The free energy keeps increasing after the formation of the water

9
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Figure 3: Pore formation free energy in lipid membranes along £ (a) in the absence of
melittin peptide and in the presence of (b) 4, (¢) 5, (d) 6, and (e) 7 melittin peptides.
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channel at ¢ ~ 0.4, which indicates that the pore cannot be stabilized in the
absence of peptides. It is clear from Fig. 4 that the membrane pore formed
along the collective variable is always hydrophilic; the lipid headgroups are
oriented towards the pore surface. In the high-£ region (¢ > 0.5), after pore
formation, the radius of the toroidal pore expands laterally as £ increases.
The free energy minimum is only found at ¢ = 0, clearly demonstrating that
the unperturbed membrane is the only stable state for the pure membrane.

Figure 4: Snapshots extracted from the MD simulations of System I-0 at different values
of the collective variable: (a) & = 0.2, (b) £ = 0.4, (c) £ = 0.6, and (d) £ = 0.8. Water
region is drawn as a grey transparent contour, and lipid headgroups are represented as
thick lines.

On the contrary, the free energy profiles estimated in the presence of
multiple melittin peptides show two free energy minima. The first one, at
a small (but not zero) ¢ value (£ < 0.4), indicates that the lipid density is
spontaneously reduced by the existence of melittin peptides on the membrane
surface. For the System I-6, this can be seen in the snapshot in Fig. 5(a),
where the melittin peptides that deeply penetrated push the lipids laterally
to some extent. The £ value at which the first minimum on the free energy
profiles is located increases with the number of melittin peptides. This sug-
gests that the membrane is laterally stretched as a result of the adsorption
of multiple peptides on its surface. Table 3 lists the averaged molecular area
at the first free energy minimum for each membrane system. The results
clearly show that the adsorbed melittin peptides effectively expand laterally
the lipid membrane; in other words, the membrane is effectively thinned by
melittin adsorption. This should contribute to reduce the free energy barrier
for pore formation (see Fig.2). The second energy minimum is found at larger
¢ values (¢ >0.5) shows that the membrane pore is significantly stabilized by
multiple melittin peptides. Figure 5(b) shows a snapshot taken at around
the transition state region, when a water channel formation is about to take

11
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place. At £ = 0.6 (Fig. 5(c)), the melittin peptides have bridged through the
membrane. As is clear from Fig. 3, once a pore forms, the free energy gradi-
ent drives the pore growth to the energy minimum at £ = 0.89 (shown in Fig.
5(d)). The & values at the second free energy minimum reflect the stable pore
sizes, which depends on the number of assembled peptides. The depth of the
second free energy minimum is largely changed depending on the number of
peptides. For the System I-4, the free energy barrier that has to be over-
come to reach the pore formation is significantly high (>50 kJ/mol), and the
free energy gain after the pore formation is small (Fig. 3(b)). This suggests
that we can find a pore in the presence of four melittin peptides, though
the driving force required to attain the formation of the pore is significant
and the resultant pore stability is low. The situation is largely changed by
increasing the number of melittin peptides. With five melittin peptides, the
pore stability is significantly improved. The free energy value at the second
minimum (pore state) is almost identical to that found for the first minimum
(pre-pore state) at & = 0.2. The free energy barrier (about 15 kJ/mol) is
also significantly reduced. The stability of the pore is higher in the presence
of six or seven melittin peptides (Systems I-6 and I-7). In these systems, the
pore state is more stable than the pre-pore state, though a free energy barrier
of a few kgT is still observed. To confirm the accuracy of the obtained free
energy profile, a series of MD simulations were started from configurations
in the transition state region using random velocities taken from a Maxwell
distribution at 310 K. Twenty different initial structures corresponding to &
= 0.47 were employed, and half of the MD simulations ended up in the pore
state while the other half finished in the pre-pore state within 200 ns. These
additional MD simulations clearly demonstrates that a small but meaningful
free energy barrier still exists between the pre-pore and pore states in the
presence of 6 melittin peptides and the isocommitter surface is found around
&=047.

In the transition state region, the membrane structure at the place in
which the water channel is formed in the presence of melittin peptides (Fig.
5(b)) is different from that in the absence of melittin (Fig. 4(b)). This is
clearly observed in the probability density maps of the lipid hydrophobic core
(Fig. 6). In melittin-free membrane, a symmetric membrane is thinned out
in the controlling volume. In the presence of melittin, however, the melittin-
adsorbed leaflet solely deforms as a result of its strong interaction with the
melittin peptides. The lipid molecules around the locally deformed lipid
leaflet extend their hydrophobic tails toward the other leaflet. The opposite

12



Figure 5: Snapshots extracted from the MD simulation of System I-6 (POPC lipid bilayer
in the presence of six melittin peptides) at different values of the collective variable: (a)
€ =0.30, (b) £ =0.43, (c) £ =0.60, and (d) £ =0.89. Water and lipid headgroups are drawn
in the same way as in Fig. 4. Melittin peptides are represented by magenta ribbon.

Table 3: Averaged molecular area per lipid at the pre-pore stable state for each system.

System  Area (nm?)
I-0 0.656=£0.009
I-4 0.694=£0.009
I-5 0.710+0.015
I-6 0.723+0.010
I-7 0.743+0.014

13
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leaflet is stretched only laterally, partly because of the interdigitation of the
hydrophobic tails. At this stage, the deformed membrane is frustrated by the
local stress, which leads to a free energy barrier for the pore formation even in
the presence of multiple melittin peptides. When a water channel penetrates
through the membrane, the deeply inserted melittin N-termini, composed by
positively charged glycine residues, come into contact with the phosphate
groups of the lipids in the opposite leaflet (see Fig. 7). The Coulomb energy
gain because of this association stabilizes the water channel, producing a
driving force that expands the pore laterally. Once this process takes place,
there is no free energy barrier to form a stable pore of a certain pore size.
Additionally, we examined our assumption that physiological salt con-
centration barely affects a pore formation free energy. The calculated free
energy profiles for System I-6 were comparable to each other with (150 mM
NaCl) and without salt (Fig. S3). The results are consistent with a previous
observation [50]. Moreover, we checked the finite size effect in free energy
calculation for a pore formation process in the presence of multiple melittin
peptides (Fig. S4). A free energy barrier to induce a pore in the presence of
six melittin peptides is within errors of the free energy profile for System I-6,
which indicates systems consisting of 256-lipids are large enough to avoid an
artifact due to the periodic boundary condition in the free energy calculation.
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Figure 6: Density maps of lipid tails in cylindrical coordinate in the presence and absence
of six melittin peptides. (a) System I-6 at £ =0.43 and (b) System I-0 at £ =0.43.
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Figure 7: Snapshots from the MD simulation for System I-6 started near the transition
state. The N-terminal glycine surrounded by a black circle associated with the phosphate
of POPC lipid in the other leaflet surrounded by a dotted circle. The color code is the
same as Fig. 4. (a) A closer look of Fig. 5(b) at the transition state, and (b) just after the
association of the glycine residue with the phosphate group as a result of deep insertion
of the melittin peptide into the bilayer.

3.2. Pore structure

As shown in Fig. 3, stable pore states were found at characteristic values
of the collective variable, &, in Systems I-4, -5, 1-6, and I-7. In order to
investigate their structure, additional 1 ps-long non-biased MD simulations
were started from the pore states. As suggested from the free energy profiles,
the pore structures were maintained, and all melittin peptides stayed around
the membrane rim except in the case of System I-7, in which one of the
seven melittin peptides has eventually escaped from the pore region after 0.5
ps. Thus, the structural analysis of the pores was carried out using 1us MD
trajectories for the Systems I-4, I-5, and -6, but only the first 0.5 us MD
trajectory for System [-7. In all systems, the stable pores were found to be of
toroidal type, though thermal fluctuations were not small. Figure 8 displays
the probability density plots of the lipid headgroups (PH, phosphate seg-
ments) in the cylindrical coordinate for System I-6. It clearly shows that the
lipids around the pore reorient their headgroups toward the aqueous phase
to make the pore hydrophilic. All peptide helices orient perpendicularly to
the membrane surface when they are associated to the pore, as shown in Fig.
5(d).

In free energy profiles, the stable pore states are found at different &

15
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Figure 8: Number density of lipid headgroups (phosphate segments) around the stable
pore.

values depending on the number of melittin peptides around the pore. This
suggests that the stable pore size varies with the number of melittin peptides.
To estimate the pore sizes, we calculated the number density of the lipid tail
particles along the radial direction in the cylindrical coordinate using the
pore center as origin. The results are given in Fig. 9. To quantify the pore
radius, we measured the radial distance at which the number density first
reaches the half of the maximum. The estimated pore radii are 1.5740.04,
1.924+0.03, 2.2240.05, and 2.3440.05 nm for the Systems I-4, I-5, I-6, and I-
7, respectively. As the number of melittin peptides increases, the pore radius
increases. However, the increase in the radius of the pore when passing from
6 to 7 melittins is smaller than those found when passing from 4 to 5 or from
5 to 6 melittins. Especially, the obtained radius in the presence of the 6
melittins (System I-6) shows a good agreement with the experimental value
of 2.2 nm for stabilized melittin pores in dehydrated DSPC membranes [48].

In contrast to our results, a recent MD study showed that a pore by
six melittin peptides was not so stable in dimyristoyl phosphatidylcholine
(DMPC) bilayers[67]. The discrepancy may come from the initial configu-
ration, because the pore size showed a rapid change at the initial stage of
the MD simulation[67]. In our MD simulation with a stable pore in System
[-6, the pore structure was obtained from the free energy calculation of pore
formation, started from surface adsorbed melittin peptides structure. There-
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fore, the starting configuration is probably well equilibrated, compared to
that used in the previous study|[67].
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Figure 9: Number density of lipid tail particles along lateral radial distance.

3.83. Line tension

We evaluated how melittin peptides effectively reduce the line tension
of POPC bilayer using Systems IV. All melittin peptides were entrapped at
the bilayer edge, which should contribute to reduce the line tension to some
extent. Table 4 lists the line tension values as a function of the number of
melittin peptides introduced in the system. In the pure POPC membrane,
the line tension was estimated to be 35 pN, which is in good agreement with
the experimental values (8 — 42 pN) [68]. A previous CG-MD simulation
predicts a line tension of 25 pN for a DMPC membrane [69]. This could
be explained by the difference in the thickness of the membranes; namely,
the thicker POPC membrane shows a higher line tension than the thinner
DMPC membrane. Line tension values decreased significantly when melittin
is present at the bilayer rim. However, even if the number of melittin peptides
is large enough to fully cover the bilayer edge, the line tension is not zero,
but shows a value of about 20 pN. When we place 6 melittin peptides along
the bilayer rim (System IV-6), the local concentration of melittin peptides at
the bilayer rim is higher than that needed to form the stable pore in System
[-6. Thus, melittin peptides seem not fully stabilize the “straight” bilayer
edge, as in the ribbon system, in terms of line tension. This reflects the
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fact that melittin has much smaller hydrophilic face of the helix compared
to hydrophobic one; which suggests the melittin has preferred curvature of
bilayer edge to stabilize. This is an obvious indication that melittin is a
pore-forming peptide in lipid membranes.

Table 4: Calculated line tension of the ribbon-like POPC bilayer for each system.

System  Line tension (pN)

IV-0 35.1
Iv-4 23.2
IV-6 20.5

3.4. Free energy barrier for the insertion of an adsorbed melittin peptide into
the lipid membrane

In the previous sections, we described the cooperative insertion of multiple
melittin peptides into the membrane to form a pore. An alternative process
that could in principle take place is a one-by-one insertion. This motivated
us to investigate the free energy barrier for this process.

First, we ran a long-time (1 ps) unbiased MD simulation of a single melit-
tin peptide on a POPC membrane. Although a few different melittin orienta-
tions were tried as initial configurations, all of them ended up with melittin
adsorbed on the POPC membrane and always adopting a similar config-
uration. No spontaneous melittin penetration through the membrane was
observed during the simulation. Figure 10 shows the distance between each
residue of the adsorbed melittin peptide and the bilayer center along the
bilayer normal z. The melittin C-terminus (res. no. 21 — 26) resides near
the membrane surface, at which the distance between the membrane center
and the lipid headgroups is ~ 1.9 nm, because of the interaction formed
between the three charged Lys residues present in this region with the lipid
headgroups, while its N-terminal part (residues 1-14) penetrates deeply into
the membrane, disturbing the hydrophobic core of the lipid bilayer (note
that the z-coordinate of the esters linked to the glycerol groups is around 1
nm). However, these residues do not translocate to the opposite leaflet; no
bridging state was spontaneously attained during the MD simulation.

To quantify the energy that a melittin peptide needs to penetrate through
the membrane, we calculated the free energy as a function of the z-projected
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Figure 10: Membrane normal distance between each residue of melittin and the center
of a POPC membrane. The first residue is the N-terminal of melittin (glycine). The last
terminal is the C-terminal of melittin (glutamine). The ninth residue, leucine, is the most
deeply embedded during the simulation.
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Figure 11: Free energy profile for the insertion of one melittin peptide. The horizontal
axis shows the distance between the center of mass of the first three residues of the N-
terminal part of one melittin and the center of the POPC membrane core. The local
minima at d = —0.6 and 1.0 nm show that the melittin peptide is in a transmembrane
state and membrane surface state, respectively.
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distance between the COM of the first three residues of the N-terminal group
and the bilayer center (d). As seen from Fig. 10, in a stable adsorbed state of
the melittin, the COM of the first three residues is found at d ~ 1 nm. This
is confirmed in the free energy profile shown in Fig. 11 (System II). Figure
S5 shows the snapshots of System II during the free energy calculation at the
transmembrane, transition, and surface adsorbed states. We observe a rapid
increase in the free energy as the controlled melittin segments move deeper
(d ~ 0 nm) into the membrane. Another free energy minimum is found
at d ~ —0.6 nm. This one corresponds to the bridging state of melittin
across the membrane, where the charged N-terminal segments penetrated
through the membrane and contacted to the lipid headgroups in the other
leaflet. A large free energy barrier of 50 kJ/mol is observed at d ~ 0 nm. As
shown in Fig. S5(b), at this state, the penetration of the charged N-terminal
region into the bilayer center causes water penetration into the bilayer. This
explains the large energy barrier found for this process. The free energy
barrier is similar to that observed in an earlier work, where a different united
atom force field (GROMOS) was adopted instead [33]. The bridged state of
melittin is supposed to be attained first in the one-by-one insertion process.
However, the estimated free energy barrier suggests that the event quite
rarely happens.

4. Discussion

4.1. Mechanism of pore formation

The free energy analysis presented in this paper basically compares the
free energy barrier required to create a pore in a membrane in the presence of
multiple melittin peptides with that needed in their absence. In the presence
of multiple melittin peptides (4 to 7), two free energy minima are detected
along the collective variable, £. They correspond to a pre-pore state, where
adsorbed melittins are assembled on the membrane, and a pore state. The
free energy barrier that must be overcome to form a pore is high in case
of four melittins; however, this barrier is significantly smaller (of the order
of a few kgT) in the presence of more than five melittin peptides. From
the free energy profiles,; it can also be suggested that once the pore state is
attained, the pores show high stability. In the free energy calculations, we
assumed that the multiple melittin peptides disposed initially on the mem-
brane surface are radially aligned and with their N-termini facing each other;
this structure is supposed to be beneficial for a pore formation. Since we did
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not include melittin positions as collective variables, the obtained free en-
ergy profile is supposed to depend on the initial configuration of melittin.
We examined how high/low the free energy barrier for a pore formation in
a POPC membrane with an ideal melittin configuration is. Ideally, we had
to compute the free energy required to have the aforementioned melittin
disposition on the membrane. In fact, we have also conducted free energy
calculations for System I-6 with different orientations of melittin peptides on
the membrane surface; (1) all melittin C-termini facing each other, and (2)
six melittins alternatively orient C- or N-termini toward the pore center. In
case of (1), some melittin peptides were easily escaped from the pore region
during the free energy simulation, thus, those melittins cannot contribute to
the pore formation free energy (Fig. S6(a)). Since melittin has net charges
of +1 and +4 in its N- and C-termini, respectively, the strong repulsive elec-
trostatic interaction among C-termini destabilized this peptide arrangement.
Furthermore, the C-terminus is not deeply inserted into the bilayer as shown
in Fig. 10, which suggests that the peptide alignment in (1) is not preferred
to contribute to a pore formation. Thus, since the melittin peptide point-
ing the C-terminal toward the pore center does not show attraction to the
pore, the motions of melittin peptides to the biased membrane are out of
control with the present collective variable defined by lipid tails. This gives
rise to a significant statistical error in the free energy estimation. We have
also attempted the free energy simulation with a wall potential to prevent
the melittin escape, though this guiding potential costed additional free en-
ergy, which was also difficult to be estimated accurately due to a significant
statistical noise. Even in case of (2), a similar problem was observed; the
peptides pointing the C-terminus to the pore center was often escaped from
the pore region (Fig. S6(b)). Therefore, the pore formation free energy by
the specified number of melittin can be successfully estimated in the case
of melittin N-termini facing each other in an initial configuration so as to
contribute all the melittin to the pore formation. Although the star-like con-
figuration is entropically unfavorable, the probability of occurrence of the
configuration could be larger as increasing concentration of the melittin pep-
tides. The configuration in that melittin N-termini facing each other has
the smallest electrostatic repulsion among the star-like configurations. The
electrostatic energy cost that is required to orient one melittin C-terminus
toward the pore center in the configuration is roughly estimated to be ~50
kJ/mol with a simple peptide model. In addition, the adsorption of melittin
causes a deformation of the lipid bilayer with deeply inserted N-terminus.
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From the viewpoint of membrane deformation energy, assembly of N-termini
should be more beneficial. This also encourages the star-like assembly of
melittin peptides with N-termini around the pore center. Free energy es-
timation for peptide assemblying process is not straightforward because we
should consider the complex effects of membrane deformation by melittin and
screening effect by water and lipid headgroups. Although this task could be
investigated in the future using coarse-grained MD simulations [70-72], it is
prohibitively expensive for all-atom MD simulations.

Despite this issue, a clear result is that the free energy barrier for pore
formation via the cooperative insertion of six or seven melittins into the
membrane is significantly smaller than that required for a melittin to pene-
trate through the membrane and form a bridging state. It is also clear that a
single melittin at the surface points the N terminus into the membrane core
deeply, lowering the local density of lipids in the membrane. In addition,
melittin clustering causes a greater influence on the local lipid density, which
changes the location of stable state to a larger value of the collective variable,
&. Water channel formation is a key event that takes place in the transition
state region and leads to pore formation; pore formation is induced along
the free energy gradient once the water channel is established. A small free
energy barrier was still detected even in the presence of six or seven melittin
peptides initially placed following the previously described radial alignment
on the membrane. This explains the difficulty of directly observing pore
formation during the simulation time.

Figure 12: Top view of System III at the initial and final (0.6 us later) configurations.

We have carried out a large-scale trial MD simulation of a bilayer com-
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posed by 512 POPC lipids with a concentration of melittin high enough to
expect pore formation. In the initial configuration, six melittin peptides
were placed randomly on a POPC bilayer form by 128 lipids, which was then
duplicated along both x and y directions to lead to four similar peptide ar-
rangements. Nevertheless, only a pore out of the four was generated in a
relatively early time (~30 ns), as shown in Fig. 12. The presence of multiple
melittins in sufficiently high concentration is not the only condition leading
to pore formation. This could be partly because a free energy barrier was still
detected even with an ideally arrangement of melittin peptides (e.g., System
I-6). After 200 ns of the trial MD simulation, the pore was completely formed
with six melittin peptides that were adsorbed on the edge of the pore and
perpendicular to the lipid bilayer, and then stable for 600 ns. It is notable
that the observed pore formation process was a collective one. In fact, when
the pore formation was initiated, the N-termini of the six melittin peptides
around the formed pore center were cooperatively inserted into the lipid bi-
layer as we obserbed in the free energy calculation (Fig. 5). No melittin
peptides were inserted alone into the bilayer before the pore formation.

The free energy calculations demonstrated that the pore formation pro-
cess most likely takes place because of the presence of multiple melittin pep-
tides as a collective phenomenon. Thus, it was suggested that the one-by-one
melittin insertion process might not be an effective way to initiate pore for-
mation. However, once a pore is opened by multiple melittins, the free energy
barrier for another melittin to join the bridge (pore) state should be much
lower than that for initial (before pore formation) melittin insertion [40].
Thus, after attaining pore formation, the free energy barriers for the exchange
between melittin members to support the pore might be lower. However, ac-
cording to the free energy profile in Fig. 3, if the number of melittin peptides
in the pore edge is reduced to five or four, the pre-pore state is preferred to
the pore state, The present MD results demonstrate that pore formation is
considerably advantageous if six melittin peptides are present. Even though
the free energy profile computed in the presence of seven melittins was similar
to that in the presence of six melittins, a long MD simulation suggested that
the seven-membered pore is already a little overcrowded, and one melittin
left the pore during the simulation. A pore formation free energy calcula-
tion in the presence of 8 melittin peptides was also attempted in this work.
In this case, it was very difficult for the eight molecules to remain aligned
radially, and one or two melittin peptides diffused away immediately during
the simulations. This is mainly due to the existence of significant repulsive
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electrostatic interactions among the charged residues of melittin peptides at
this overcrowded situation. On the other hand, in the case of 4 melittins, the
opened pore is too narrow to stabilize a water channel, and the stability of
the pore state is reduced. A trial free energy simulation including 3 melittin
peptides (not shown in the result section) shows that the stability of pore
state is further reduced and the free energy minimum at £ > 0.4 is vanished.
From these observations, stable pore formation is found to be encouraged
by the aggregation of about 6 melittin peptides on the membrane surface.
In addition, the radius of the pore made by about 6 melittin molecules is
plausibly the most suitable one so that the melittin molecules at the bridge
state can support the bilayer edge. Line tension calculations also evidence
the importance of effectively stabilizing pore curvature by the adsorption of
melittin onto the bilayer rim.

Finally, it is worth mentioning that, according to experimental study
on the mechanism of membrane permeabilizing peptides [24], pores formed
by melittin are supposed to be transient. Pores formed by 5—7 melittin
peptides, however, are apparently stable in the obtained free energy profiles
(Fig. 3). This is just because we explore the free energy landscape with
a restriction of the number of melittin peptides contributing to the pore
formation. As shown in Fig. 1, there might be an alternative pathway to
make a pore by one-by-one melittin insertion. Free energy difference for
variation of the number of the melittin peptides forming a pore has been
studied by Lyu et al.[40]. The research work showed that free energy barrier
for translocation of a melittin from the bilayer edge to the membrane surface
was highly dependent on the number of inserted melittin peptides, and the
barrier can be less than 4 kJ/mol when 5—7 melittins form a pore. This
suggested that, once a membrane pore induced by multiple (5—7) peptides,
the exchange of a single melittin peptide between pore and surface states is
relatively easy. Our free energy results suggest, on the other hand, that the
stability of pore is dependent on the number of peptides associated with the
pore. Thus, by loosing a few melittin peptides around the bilayer edge, the
pore can be destabilized. In this way, the melittin pore could be transient
(especially in the experimental time frame).

5. Conclusions

We have performed a series of MD simulations to estimate the free energy
barrier required to form a membrane pore in the presence/absence of multiple
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melittin peptides. In the case of a pure lipid membrane, the free energy
minimum only appeared at & = 0, which demonstrates that the unperturbed
membrane (without pores) is the only stable state. On the other hand, in the
free energy profiles reconstructed in the presence of 4, 5, 6, and 7 melittin
peptides, the free energy minima at stable pore states were observed. The
free energy barrier for pore formation is only a few kg7’ in the presence of
6 or 7 melittin peptides. In these cases, the pore state was found at the
free energy minimum. The stable pore radii were changed depending on
the number of melittin peptides. The radius of 2.2 nm computed when six
melittin peptides are present was in good agreement with the experimental
pore radius obtained in a dehydrated DSPC membrane [48]. The line tension
of the ribbon membrane was not equal to zero even if the local concentration
of melittin peptides at the bilayer rim is higher than that of the stable pore.
This is because melittin peptides have preferred the curvature of the bilayer
rim to stabilize the pore. The free energy analysis for the insertion of a
melittin peptide into the bilayer shows that a large free energy barrier must
be overcome by a melittin peptide to bridge across the lipid membrane by
the melittin peptide. This result suggests that a pore formation process most
likely takes place in the presence of 6 or 7 melittin peptides in comparison to
one-by-one melittin insertion. It should be noted that the present analyses
have been performed starting from an initial configuration in which melittin
peptides were ideally aligned on the membrane surface to encourage the pore
formation. However, the series of analyses conducted here are quite useful to
quantitatively evaluate the process of toroidal pore formation process driven
by antimicrobial peptides, and will be helpful in determining the effect caused
by different types of lipids and antimicrobial peptides on this process.
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