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Abstract

In the present work we investigated the differential interactions of the antimicrobial peptides (AMPs) aurein 1.2 and
maculatin 1.1 with a bilayer composed of a mixture of the lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glyc-
erol) (POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE). We carried out molecular dynamics
(MD) simulations using a coarse-grained approach within the MARTINI force field. The POPE/POPG mixture was used as a
simple model of a bacterial (prokaryotic cell) membrane. The results were compared with our previous findings for struc-
tures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), a representative lipid of mammalian cells. We started
the simulations of the peptide—lipid system from two different initial conditions: peptides in water and peptides inside the
hydrophobic core of the membrane, employing a pre-assembled lipid bilayer in both cases. Our results show similarities and
differences regarding the molecular behavior of the peptides in POPE/POPG in comparison to their behavior in a POPC
membrane. For instance, aurein 1.2 molecules can adopt similar pore-like structures on both POPG/POPE and POPC
membranes, but the peptides are found deeper in the hydrophobic core in the former. Maculatin 1.1 molecules, in turn,
achieve very similar structures in both kinds of bilayers: they have a strong tendency to form clusters and induce curvature.
Therefore, the results of this study provide insight into the mechanisms of action of these two peptides in membrane leakage,
which allows organisms to protect themselves against potentially harmful bacteria.
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Introduction

Antimicrobial peptides (AMPs) can be found in all life forms.
This paper belongs to Topical Collection XIX - Brazilian Symposium of ~ For instance, they are a part of the innate immune system, being
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«-helical peptides [10, 11, 14, 15]. It has been suggested that
these peptides could form amphipathic structures when
interacting with bilayers [16]. Their amphipathic character,
combined with their cationic charge, allows these molecules
to affect membrane properties such as permeability, curvature,
or thickness [15, 17].

Two main modes of action for the lytic activity of AMPs
have been proposed [18]: pore formation and a “carpet-like”
mechanism, whereby the AMPs disintegrate the membrane,
leading to micellization. Likewise, two types of pores have
been described for AMPs: a “barrel-stave” structure, with
the lipid headgroups remaining in the same interfacial loca-
tion; and a “toroidal” structure [19], where the headgroups of
the lipids are bent, connecting both leaflets of the membrane
along the pore (as illustrated in Fig. 1).

In general, eukaryotic cell membranes are less affected
by the actions of this type of peptide. Such membranes
are composed of zwitterionic lipids such as phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), and
sphingomyelin (SM) or neutral sterols such as cholesterol
or ergosterol [20]. On the other hand, prokaryotic cells are
more vulnerable to the action of AMPs, probably due to
their membrane composition. Lipids such as

Fig. 1 Schematic representation
of the mechanisms of action of
AMPs

phosphatidylglycerol (PG), cardiolipin (CL), and
phosphatidylserine (PS) are among the most abundant
phospholipids in bacteria [20-22]. Thus, lipids bearing a
negative net charge are more abundant in prokaryotic than
in eukaryotic cell membranes. This is the case for PG,
which can induce the formation of cubic phases in lipid
extracts from bacteria [23]. Considering the cationic char-
acter of AMPs, it is a reasonable to expect strong electro-
static interactions between these peptides and membranes.
This is why the different compositions of eukaryotic and
prokaryotic cell bilayers are often used to explain the
bacterial selectivity of AMPs. Other factors have been
identified in this selectivity in addition to electrostatic
interactions, such as entropic effects [24].

In the work reported in the present paper, we focused on two
cationic, amphipathic, x-helical peptides found in the skins of
Australian tree frogs: aurein 1.2 (GLFDIIKKIAESF-NH2) [4]
and maculatin 1.1 (GLFGVLAKVAAHVVPAIAEHF-NH2)
[25]. The pairwise alignment of both sequences [26] revealed
remarkable similarity at the ends along with a wide gap at the
center. This gap corresponded mostly to the hydrophobic res-
idues of maculatin 1.1 located at the center of the helix (—
VAAHVVPA-). The net charge is +1 for aurein and + 1.2 for
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maculatin, and their average hydrophilicities on Hopp and
Wood’s scale [27] are 0.0 and — 0.7, respectively. In addition,
the percentage of hydrophilic residues is 38% in the aurein
sequence but only 10% in the maculatin one. Despite the fact
that the hydrophobic moment pH (a quantitative expression of
the amphipathic character) is practically the same for aurein
(uH = 6.77) and maculatin (uH = 6.8), and that both peptides
possess polar and nonpolar surfaces, the polar surface of
maculatin is smaller than its nonpolar one, whereas both sur-
faces are similar in size for aurein [26].

These peptides show remarkable differences in their lyt-
ic mechanisms as well as in the peptide concentration re-
quired for maximum lytic effect, as reported in the litera-
ture [28]. On the one hand, when POPC and POPC/POPG
giant unillamellar vesicles (GUVs) were exposed to
maculatin 1.1, experimental evidence of pore-forming ac-
tivity was reported. On the other hand, when the same ves-
icles were exposed to aurein 1.2, it was suggested that the
“carpet” lytic mechanism acted against those liposomes.
Other experimental works have provided insights into the
molecular interactions of the peptides with both anionic
membranes via surface plasmon resonance (SPR) spectros-
copy and solid-state nuclear magnetic resonance (NMR)
spectroscopy [29], or they have evaluated the insertion of
peptides into PC membranes using solid-state NMR and
circular dichorism (CD) [30].

In addition, molecular dynamics (MD) simulations were used
to unveil details of the molecular mechanisms of action of both
peptides. In MD simulations carried out with different POPC
structures, aurein exhibited well-defined amphipathic behavior,
forming structures compatible with pore formation (i.e., permit-
ting water flow) [26], while maculatin induced highly curved
bilayers and could form structures inside the membrane that dif-
ficult water permeation [26, 31]. The ability to induce membrane
curvature could be an important effect of certain types of AMPs
[32-34]. Other authors have revealed that both amidated and
non-amidated forms of aurein 1.2 bind DMPC bilayers by an-
choring to phenyalanine residues [35]. Moreover, atomistic sim-
ulations combined with experimental techniques suggest that the
dimerization of this peptide increases its activity, changing the
molecular mechanism in PC/PG membrane mixtures [36, 37].

Since the main targets of these peptides are prokaryotic cells, a
difference in behavior is expected compared to bacterial mem-
brane models. In this regard, we carried out MD simulations
within the MARTINI force field in which we aimed to shed light
on the mechanisms of action of these peptides. To emulate a
bacterial membrane, we considered a mixture of POPG and
POPE lipids. In order to identify differences between the inter-
actions of these peptides with eukaryotic membranes and their
interactions with prokaryotic membranes, we compared the re-
sults obtained here for the interactions of the peptides with a
mixed POPG/POPE lipid structure to our previous results for
the interactions of the peptides with POPC lipid structures.

Methods
Molecular dynamics system setup

MD simulations were performed with the GROMACS
5.0.7 [38—42] software package. CG parameters were taken
from the MARTINI force field for lipids [43, 44] and ami-
no acids (using MARTINI v.2.2p) [45], and a polarizable
water (PW) model was applied [46]. The tridimensional
structures of aurein 1.2 and maculatin 1.1 were taken from
the Protein Data Bank [47] (codes 1VMS5 [48] and 2MMJ
[49], respectively). The 1VMS5 structure was used unal-
tered for aurein 1.2, while the 2MMJ structure was modi-
fied with two point mutations (GLY to PRO and I4G to
ALA) in order to obtain the wild-type maculatin 1.1 mol-
ecule. 14G corresponds to n-(2-methylpropyl)glycine,
which is present in the NMR structure. The proline residue
is an important influence on the molecular mechanism of
melittin [16], a peptide which has similar structural char-
acteristics to maculatin. Both residue modifications were
achieved by editing the 3D structure directly with PyMOL
[50], followed by some molecular sculpting. To generate
each peptide topology, the martinize (v.2.6) script was
used. The peptide structures were also used for secondary
structure assignment, employing the Define Secondary
Structure of Proteins (DSSP) program [51, 52].

Taking into account that POPG and POPE are the major
anionic and zwitterionic phospholipid species found in bacte-
ria [20], we followed the generic Gram-positive model pro-
posed by Lee et al. [53] within the MARTINI force field.
According to their model, a Gram-positive bacterium such
as Bacillus subtilis can be represented by a membrane com-
posed of a PG/PE (3:1) lipid mixture. Considering that exper-
iments indicate that full vesicle leakage occurs for
peptide:lipid ratios in the range 1:10 to 1:100 [28], we chose
a ratio of 1:32 for our systems (see Table 1).

The membrane was built using the insane script [54] and
carefully equilibrated by increasing the temperature from 10
to 310 K. Simulations were then carried out under the desired
conditions. The properties were analyzed after ensuring that
the energy, the pressure, the area per lipid, and the thickness
of the bilayer had all converged. Two types of systems were
considered: an —inside system with peptides placed inside
the hydrophobic core of the membrane, and an -outside sys-
tem with peptides placed in the aqueous phase, 3 nm away
from the bilayer. The simulated systems, summarized in
Table 1, were pre-equilibrated by slowly increasing the tem-
perature and time step to the production-run conditions.
Finally, MD simulations were performed with a time step
of 20 fs and Coulomb/van der Waals distance cutoffs of
1.2 nm in an NP\P;T ensemble using periodic boundary
conditions (PBCs). The temperature was maintained at
310 K with a V-rescale thermostat [55] at a time constant of
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Table 1 Simulation summary
Case Description System configuration Time
Bilayer Bilayer in water 384 POPG/128 POPE/13,110 PW/416 NA/32 CL 1 us
Inside 32 Peptides inside the bilayer 32 PP/384 POPG/128 POPE/13,119 PW/384 NA/32 CL 2x1 us
2 us (aurein)
Outside 32 Peptides outside the bilayer 32 PP/384 POPG/128 POPE/13,119 PW/384 NA/32 CL 2x1 us

1.0 ps. The pressure was coupled with a semi-isotropic
Parrinello-Rahman barostat [56] (xy and z pressures were
coupled independently at 1 bar) using a compressibility of
4.5 x 107> bar ' with a time constant of 1.0 ps in a rectangu-
lar simulation box. The molecular visualization program
VMD [57] was used for the snapshots. Angle distributions
and mass density profiles (MDPs) were calculated with the
gmx gangle and gmx density tools from the GROMACS
suite. Grace [58] was used to plot all of the data obtained.

Results and discussion

We started the simulations from two different initial condi-
tions, as discussed in the “Methods” section. By putting the
peptides in water, we were able to explore their adsorption,
their interactions with the lipid heads, and their indirect
effects in the bilayer structure. However, as already report-
ed in the literature, it is difficult to observe pore formation
under these conditions [59]. When simulations were carried
out, the peptides usually became trapped at the interface.
Depending on the peptide structure, they aggregated in
clusters or were adsorbed at the interface in isolation, as
shown in Fig. 2. We called these cases “-outside” simula-
tions (with the peptide name as a prefix). In order to inves-
tigate the possible peptide structures inside the bilayer, we

Fig.2 Representative snapshot of
the maculatin-outside system
during the production run. The
maculatin molecules are depicted
in blue, and form two clusters
adsorbed on the bilayer surface.
Head groups of the membrane are
shown in violet (glycerol), ocher
(phosphate), and blue (amino);
lipid tails are shown in turquoise.
Simulation time of the snapshot:
512 ns
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also performed a series of simulations with the peptides
initially inside the bilayer, thus bypassing the mechanism
they used to get there. We called these systems “-inside”
systems, with the peptide name used as a prefix.

Peptides outside the bilayer (—outside systems)

‘We ran simulations with 32 peptides placed in the water phase
in the presence of a pre-assembled lipid bilayer. We observed
that both peptides were adsorbed onto the surface comprising
lipid heads; they could not access the hydrophobic region.
While maculatin molecules formed clusters that were
adsorbed by the membrane, aurein molecules were observed
to participate in clusters or as single molecules. When simu-
lations were started from the —outside conditions, the peptides
did not penetrate any deeper than the glycerol beads.

Figure 2 shows a snapshot of the maculatin-outside system.
Two aggregates formed at the surface of the bilayer and remained
adsorbed over the course of the simulation. Small effects on the
bilayer structure were observed, such as soft ripples.

For the aurein-outside case, all of the molecules penetrated
through the interface, and peptide aggregates as well as single
peptide molecules were observed. The single peptides orient-
ed at the bilayer such that the nonpolar aminoacids faced the
membrane and the polar residues faced the water (see the
snapshots in Fig. S1 of the “Electronic supplementary
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material,” ESM). This behavior was also observed previously
in simulations of aurein with pure POPC membranes [26].

Peptides inside the bilayer (—inside systems)

We carried out two replicate simulations of maculatin 1.1 in-
side the mixed POPG/POPE bilayer. The solid lines in Fig. 3a
show the average MDP relative to the POPG/POPE bilayer
normal (z) for the last 400 ns of the simulation. It is clear that
the peptides were evenly distributed inside the POPG/POPE
bilayer, but the mass density of peptides dropped markedly at
the interface. For comparison, the MDP obtained during a
simulation of 20 peptide molecules in a bilayer comprising
1000 POPC molecules under similar initial conditions to those
used for the maculatin-inside case is also shown (dashed lines
in Fig. 3a). In both the POPG/POPE and the POPC cases,
maculatin 1.1 formed an aggregate inside the bilayer that
remained stable during the simulation. In both bilayers, the
MDP for the peptides was asymmetric, with a higher concen-
tration observed at one of the interfaces with the water phase.
This asymmetry was obtained regardless of the system size
(either 1000 and 500 POPC lipids, with the same lipid:peptide
ratio). In addition to this profile asymmetry, the C and N ter-
mini of the peptides showed no evidence of a preferred orien-
tation, as can be seen in the CT/NT EDP (shown in the ESM).
The absence of a preferred maculatin orientation in the POPC
bilayer was also noted previously [26]. Visual inspection of the
maculatin-inside simulations revealed the presence of two pep-
tide clusters inside the POPG/POPE bilayer. Figure 3b illus-
trates this by displaying a representative snapshot of these
peptide clusters inside the bilayer. The clusters obtained inside
a POPC membrane were found to be very similar. Even
though, at first glance, the POPG/POPE bilayer appeared to
be very well organized (the lipid headgroups remained aligned
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Fig.3 a Mass density profile of the components in the maculatin-inside case
(solid lines). Profiles for the water, lipids (POPG/POPE), and peptides are
depicted in black, red, and blue, respectively. The dashed lines are the MDP
obtained from a simulation of maculatin in a pure POPC bilayer. Peptide
densities have been magnified 1.6-fold to improve visualization. b
Representative snapshot of the POPG/POPE system with peptide clusters

with the xy plane), there were two or three head groups of
POPG that carried water molecules and penetrated the hydro-
phobic core; these head groups interacted with the peptide
clusters. A representative snapshot of this situation is available
in Fig. S2 of the ESM.

Since AMPs are amphipathic molecules, we studied the
positions of the polar and nonpolar amino acids of maculatin
during the simulation trajectories. The goal was to check if the
amphipathic maculatin molecules form a hydrophilic channel
by orientating their nonpolar residues towards the lipid tails
and their polar residues towards the interior of the cluster. As
already discussed in our previous work, maculatin 1.1 has a
smaller polar surface than nonpolar surface. Looking at the
organization of the polar and nonpolar residues during the
simulations, we observed an unstructured aggregate inside
the bilayer that did not resemble a pore-like structure. A snap-
shot of the system taken from the top is shown in Fig. S3 of the
ESM; note the lack of organization of the polar (green) and
nonpolar (red) residues.

For the aurein-inside case, the MDP shows that the POPG/
POPE bilayer structure was preserved during the simulation
(solid lines in Fig. 4a). Peptide molecules were present all
along the membrane, leading to a more symmetrical peptide
distribution than seen for the maculatin-inside case.
Furthermore, the density of aurein 1.2 was found to be higher
at the center of the POPG/POPE bilayer than at the center of
the POPC bilayer (dashed lines in Fig. 4a) [26].

Further examination of the peptides during the simulation
trajectory for aurein in a POPG/POPE bilayer showed the
formation of pore-like structures inside the membrane.
Representative snapshots that illustrate one of these structures
are shown in Fig. 4b (xz plane) and Fig. 5 (from the top of the
bilayer). As we can see in Fig. 4b, the aurein molecules
formed an aggregate across the membrane, connecting both

depicted in blue and red. Both of the clusters remained stable inside the
POPG/POPE bilayer. Water molecules are colored cyan. The head groups
of the membrane are shown in violet (glycerol), ocher (phosphate), and blue
(amino); the lipid tails are depicted in furquoise. A more detailed view of the
lipid headgroups in this snapshot is available in the ESM. Simulation time of
the snapshot: 815.5 ns
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Fig. 4 a Mass density profile of the components in the aurein-inside case
(solid lines). Profiles for the water, lipids, and peptides are depicted in black,
red, and blue, respectively. The dashed lines are the MDP obtained from a
simulation of aurein in a pure POPC bilayer. Peptide densities have been
magnified 1.6-fold to improve visualization. b Representative snapshot of
the POPG/POPE system with peptide clusters depicted in blue and red. An

leaflets. The peptides adopted a pore structure that allowed
small amounts of water to permeate through it. Figure 5 shows
that the polar residues (in green) oriented towards the interior
of the pore, while the nonpolar ones (in red) oriented towards
the lipid tails. Thus, the pore-like peptide structures inside the
bilayer showed considerable organization. In order to explore

Fig. 5 Snapshot of the aurein-inside system seen from the top (xy bilayer
plane). Green balls represent polar amino acids, while the red balls
represent the nonpolar ones. Head groups of the membrane are shown
in violet (glycerol), ocher (phosphate), and blue (amino); the lipid tails are
depicted in turquoise. Simulation time of the snapshot: 562.5 ns

@ Springer

isolated aurein molecule is shown in yellow (this molecule is shown in more
detail in the ESM). Both clusters remained stable inside the POPG/POPE
bilayer during the simulation. It is clear that water (cyan) was present inside
the hydrophobic core. The head groups of the membrane are shown in
violet (glycerol), ocher (phosphate), and blue (amino); the lipid tails are
depicted in turquoise. Simulation time of the snapshot: 550.5 ns

the organization of the terminal groups of the peptides, we
calculated the MDPs of the amino-terminal (NT) and
carboxy-terminal amidated (CT) groups. Figure 6a shows that
the amide-terminal groups (red) were located in the hydropho-
bic core of the bilayer while the NT beads (blue) were posi-
tioned near to the lipid—water interfaces.

In order to garner further insight into the preferred peptide
orientation with respect to the bilayer normal, we defined the
vector from the NT to the CT group in a particular peptide
molecule as v, and we measured the angle between v and the
xy plane of the membrane. Note that we only considered the
absolute value of this angle (for instance, 90° and —90° were
considered to be equivalent because they actually represented
the same relative orientation). Figure 6b shows a histogram of
average orientation angles during the simulation. For aurein,
there were two preferred orientations with respect to the plane
of the bilayer: ~20° and ~55°. Simulations of aurein in a POPC
bilayer indicated that the aurein molecules aggregated inside the
bilayer with a specific tilt angle (~20° [26]), thus forming an
organized pore structure. Figure 6b also shows the results for
the maculatin-inside case.

These characteristics of aurein 1.2 may be key molecular
aspects of the mechanism of action of aurein. The orientation
of the polar surface of aurein allows the creation of a hydro-
philic channel inside a pore structure, and the preferred loca-
tions of the NT and CT groups may help aurein to span the
bilayer, which therefore acts as a lipid-mimicking peptide (by
contrast, maculatin does not show a preferred NT/CT orienta-
tion; see Fig. S4 in the ESM). While this behavior of aurein
1.2 is also observed to some extent in pure POPC membranes
[26], when aurein molecules interact with PG/PE mixtures,
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Fig. 6 a MDP for the components in the aurein-inside case. Amino-
terminal (blue) and carboxy-terminal (green) group densities are
magnified one hundredfold. Water and lipid (POPG/POPE) molecules

this behavior is reinforced by the proximity of the peptides to
the hydrophobic core, as seen in the MDP (Fig. 4a), and the
more vertical alignment of aurein molecules inside the mem-
brane. Many molecules of water are observed inside the pore
structure (Fig. 4b) even though MARTINI maps four water
molecules to one bead, and despite how difficult it is to estab-
lish this kind of structure using this force field [59, 60].

Conclusions

In the work reported here, we investigated the interactions of
the peptides aurein 1.2 and maculatin 1.1 with a POPG/POPE
mixed lipid bilayer using coarse-grained molecular dynamics
simulations. This lipid mixture was employed to emulate a
bacterial membrane. We can summarize the main results ob-
tained in this work as follows:

— Maculatin 1.1 showed a strong tendency to aggregate in
water and in the membrane environment. Nevertheless,
the aggregates were unstructured and preventing water
permeation.

— Aurein 1.2 localized deep inside the hydrophobic region
of the bacterial membrane model, adopting two possible
orientations. This contrasts with the behavior of aurein in
a pure POPC bilayer, where the peptide density was ob-
served to be higher among the lipid polar headgroups, and
the peptides were all oriented in the same direction.

—  Although both peptides (aurein 1.2 and maculatin 1.1)
formed aggregates when they were positioned inside
the bilayer, only aurein 1.2 formed hydrophilic chan-
nels. The pore-like structures created by aurein show
specific polar/nonpolar residue orientations and de-
fined NT/CT-vector angles.

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Angle (degrees)
are depicted in black and red, respectively. b Cumulative distribution

functions for the orientations (in degrees) of aurein (green) and
maculatin (red) molecules with respect to the xy plane

Our results highlighted differences between the two AMPs
when they interact with a lipid mixture used as a very simple
bacterial model. It should be noted, however, that bacterial
membranes are very complex systems that include a wide
variety of lipids and proteins. In order to construct a more
realistic bacterial membrane model, our next step will be to
include glycolipids in the simulations. Glycolipids play a key
role in the resistance of some bacterial membranes to AMPs,
as discussed by Hugo et al. [61]. Studying the link between
AMP resistance and membrane composition should help to
considerably boost our knowledge of the behaviors of differ-
ent types of AMPs at different types of membranes, and thus
the potential therapeutic effects of AMPs.
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