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Antimicrobial peptides (AMPs) are alternatives to conventional antibiotics against multi-drug resistant
bacteria with low potential for developing microbial resistance. The design of such molecules requires
understanding of the mechanisms of action, particularly the interaction with bacteria cell membranes.
In this work, we determine the mechanism responsible for the higher activity against Escherichia coli of
the C-terminal lysine dimer of magainin 2, (MG2),K, in comparison to the monomeric peptide magainin
2 (MG2). Langmuir monolayers and vesicles made with the E. coli lipid extract were used to address the
two possible states for the peptide-membrane interaction, namely the “binding state” and “pore state”,
respectively. The incorporation of MG2 and (MG2),K in lipid monolayers at the air-water interface caused
slight differences in surface pressure isotherms and polarization-modulated infrared reflection absorp-
tion (PM-IRRAS) spectra, and therefore the difference in activity is not associated with the binding state. In
contrast, large differences were observed in the leakage experiments where (MG2),K was shown to dis-
rupt the large unilamellar vesicles to a much higher extent owing to efficient pore formation. The binding
and penetration of MG2 and (MG2),;K were also probed with molecular dynamics (MD) simulations for
bilayers made with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine:1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPE:POPG). (MG2),K forms disordered toroidal pores at a significant lower
concentration than for MG2. In summary, the combination of experimental and computational simula-
tion results indicated that the “pre-assembling state” of (MG2),K dimer leads to a reduced number of
molecules and shorter time being required to kill E. coli.
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1. Introduction by binding to specific targets, most AMPs act by destabilizing the

cell membrane [5]. The majority of these peptides have features in

The spread of pathogenic microorganisms resistant to antibi-
otics has increased beyond the pace with which new antibiotics are
approved for commercialization [1], and this represents a global
health problem with social and economic impact [2]. There is
thus an urgent need for new molecules to control diseases caused
by resistant microorganisms, such as the antimicrobial peptides
(AMPs) that are promising because they act through mechanisms
against which pathogens rarely develop resistance [3,4]. In con-
trast to conventional antibiotics, which exert their toxic activity
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common such as cationic character, high percentage of hydropho-
bic amino acids, amphipathic nature and tendency to adopt helical
structures in membranes [6-8].

Magainin 2 (MG2) is a host-defense AMP discovered on the
skin of Xenopus laevis that acts on the lipid matrix of membranes
of microorganisms, killing Gram-negative and Gram-positive bac-
teria, fungi and protozoa [9,10]. The interaction of MG2 with
the phospholipids comprising cell membranes has been studied
via a variety of biophysical methods and computational simula-
tions from which it has been inferred that MG2 forms toroidal
pores in lipid bilayers [11-13]. However, the detailed molecu-
lar mechanism of action is not fully understood [14]. So far, it
seems that aggregation of AMPs on the membrane surface is a
prerequisite [15] regardless of the kind of mechanism of action
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(pore or solubilization). Enhanced antimicrobial activity has been
obtained for dimerized peptides, which are also advantageous for
their increased solubility and resistance against proteases [16-19].
However, the relation between AMP dimerization and increased
biological activity is not a general rule since some dimeric peptides
lose their activity, or are very toxic to mammalian cells [20-23]. In
a recent study, we showed that C-terminal dimerization of MG2
affects considerably its antimicrobial activity. The dimeric ver-
sion (MG2),K was up to 16 times more efficient than MG2 to kill
Escherichia coli, and required a fourth of the time of the monomer
to exert its antimicrobial activity [24].

In this study, we aim at explaining those differencesby using
model membranes. Towards this end, Langmuir monolayers and
large unilamellar vesicles (LUVs) were prepared with the total lipid
extract from E. coli and made to interact with MG2 and its deriva-
tive (MG2),K. The use of membrane models composed of total
lipid extract obtained from E. coli, rather than traditional models
composed of only two lipids, allowed us to correlate with results
obtained with living cells. We also performed molecular dynamics
(MD) simulations to characterize at the molecular level the effects
of the “pre-assembling state” of (MG2),K.

2. Experimental section
2.1. Peptide synthesis

MG2 and (MG2),K were manually synthesized by solid-phase
peptide synthesis using standard 9-fluorenylmethyloxycarbonyl
(Fmoc) protocols [25].

2.2. Langmuir monolayers experiments

Langmuir monolayers were prepared with E. coli total lipid
extract (Avanti Polar Lipids, Inc.). A stock solution was prepared
in chloroform:methanol (4:1 v/:v). Adsorption kinetics and surface
pressure isotherms experiments were performed in a mini-KSV
Langmuir trough (KSV Instruments Ltd, Helsinki, Finland) equipped
with a Wilhelmy plate made of filter paper. The isotherms were
obtained by spreading 15 pL of the lipid from a stock solution
at 2mgmL-! on an aqueous subphase consisting of phosphate
buffered saline (PBS) solution at pH 7.4. The spreading phospho-
lipid solvents were allowed to evaporate for 15 min, after which
adsorption kinetics were obtained for different concentrations of
the peptide by monitoring the surface pressure with time. After
equilibrium, compression of the air-water interface was carried out
using two movable barriers at 10 cm? min~!. The Langmuir mono-
layers were also studied using polarization-modulated infrared
reflection-absorption spectroscopy (PM-IRRAS) [26,27] with a KSV
PMI 550 instrument (KSV Instruments Ltd, Helsinki, Finland) in a
mini KSV Langmuir trough according to protocols described previ-
ously [28]. The experimental setup for isotherms was the same used
above in Langmuir monolayers. Data was acquired at 30 mNm~'.
The Langmuir trough was assembled so that the infrared light beam
reached the monolayer at a fixed incidence angle of 80°. The incom-
ing light was modulated at a frequency of 50 kHz between s- and p-
polarizations, which allowed simultaneous measurements for both
polarizations. All Langmuir monolayer experiments were carried
out in a clean room at 21.0+0.1°C.

2.3. Large unilamellar vesicles (LUVs) experiments

LUVs made of total lipids from E. coli were prepared by mixing
10mg of the lipid in a 4:1 (v/v) chloroform:methanol mixture in a
round-bottom flask. The solvents were evaporated using nitrogen
gas and placed under vacuum overnight. The dried lipid film was

hydrated with a PBS solution containing 50 mmol L~! of carboxyflu-
orescein (CF). The suspension was subjected to 5 cycles of vortexing,
sonication and heating at 60°C. The resulting cloudy suspension
was extruded 31 times through two stacked nucleopore polycar-
bonate filters (100 nm pore size) using an extruder system from
Avanti Polar Lipids (Alabaster, AL, USA). The vesicles were sepa-
rated from the non-encapsulated CF by gel filtration on a Sephadex
G-50 column using PBS for elution. The release of CF from LUVs
was calculated from the measured fluorescence intensity at 517 nm
(492 nm excitation wavelength) after addition of different concen-
trations of peptides. At the end of each experiment (9 min), Triton
X-100 (1%) was added to promote full CF leakage. All experiments
were carried out at 25.0 °C. The percentage of CF leakage was given
by Eq. (1):

%leakage = 100(Ft — Fo)/(Fmax — Fo) (M

where Ft is the fluorescence at 9 min, Fo is the initial fluorescence
(before peptide addition), and Fmax is the maximum fluorescence
after addition of Triton X-100 (1%). Data were acquired using a flu-
orescence spectrophotometer (Cary Eclipse, Varian, Inc., Palo Alto,
CA, USA). The experiments were performed at room temperature.

Circular dichroism (CD) spectra were obtained between 195 and
250 nm with a JASCO J-815 CD spectrophotometer (Japan) on nitro-
gen flush in 1-mm path-length quartz cuvettes at 25 °C. The peptide
concentration was 50 wmol L~1. To investigate the conformational
changes induced by membrane interaction, LUVs (500 wmolL~1)
made with the total lipid extract from E. coli were used. CD spectra
were recorded as an average of six scans.

2.4. Computational simulations

Molecular dynamics (MD) simulations were performed for the
magainin-2 peptide (MG2) and the lysine-linked magainin-2 dimer
(MG2);K in solution and in membrane bilayers composed of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG). A
coarse-grained (CG) representation of atoms as described by the
MARTINI force field [29,30] was used in conjunction with the GRO-
MACS v4.6.7 software package [31]. The structure of the dimer
(MG2),K was built from the atomic coordinates of the monomer
MG2 obtained via NMR spectroscopy in micelles (PDB ID: 2MAG)
[32]. The dimer (MG2),K comprised 47 residues with a net charge
of +8 e. The (MG2),K sequence was converted from an atomistic
to a coarse-grained representation with generation of the corre-
sponding topology through the Martinize 2.5 python script (http://
www.cgmartini.nl/index.php). A distance constraint was applied
between the amine bead of the LYS24 side chain and the carbon
bead of the SER47 backbone to mimic the isopeptide bond con-
necting the two MG2 to form (MG2),K. The constraint distance
was set to have the same length of the lysine linker. Two initial
configurations were built for (MG2),K: the folded configuration in
which the two helices are folded and parallel to each other, and
the stretched configuration in which the two helices are disposed
at an angle of 180° with regard to each other (Fig. S2 in Supple-
mentary material). MD simulations were performed for (MG2),K
placed on lipid bilayers containing 520 lipid units in a 3:1 ratio
of POPE:POPG, respectively. The CG membrane bilayer was built
with the INSANE script [33]. The systems were energy-minimized
and solvated with CG water molecules and 150 mM of NaCl, fol-
lowed by a second round of energy minimization and equilibration
for 2 ws under NpT conditions. The simulated systems consisted of
six or twelve copies of either the folded or stretched initial con-
formations (see Table S1 in Supplementary material). The choice
of the number of peptide copies relied on previous coarse-grained
simulations of MG2 in DPPC bilayers [13]. Periodic boundary condi-
tions were applied in all directions on each rectangular simulation
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Fig. 1. Adsorption kinetics of MG2 at 10 nmol L-! (black circles), 20 nmol L' (black squares) and (MG2),K at 10 nmol L' (red) injected in the PBS subphase of a pre-formed
monolayer of E. coli total lipid extract at zero surface pressure. Lines were fitted using Eq. (2) for MG2 at 10nmol L-! and Eq. (3) for MG2 at 20nmolL~! and (MG2),K at
10nmol L1 (a). Surface pressure-area isotherms of E. coli total lipids monolayer before (blue) and after addition of MG2 10 nmol L' (black circles) and 20 nmol L~ (black
square) and (MG2),K 10 nmol L' (red). The area per molecule was calculated using 771 g/mol as the molecular weight of the lipid extract, which is close to 766 g/mol that
corresponds to the average molecular weight of the lipids in the extract, since there is some portion of unknown compounds in the E. coli extract (b). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

box. The systems were simulated using constant number of par-
ticles, pressure and temperature (NpT ensemble). The pressure
was maintained at 1 bar using the Parrinello-Rahman scheme [34],
semi-isotropically coupling the particles with a relaxation time
of 0.1ps and a compressibility of 4.5 x 103 (kJmol~! nm—3)-1,
Isotropic coupling with the same relaxation time was applied to
simulations of the peptides in solution. The temperature was kept
at 300 K by separately coupling the temperatures of the membrane
bilayer, peptides and the solvent (with a time constant of 14.0 ps)
using velocity rescaling with a stochastic term [35]. Non-bonded
interactions were cut off at 1.2 nm as suitable for the use of MARTINI
force field. All the MD simulations were performed using a time-
step of 0.02 ps. Time-dependent distribution of peptide and water
molecules across the axis normal to the bilayer and partial density
number of lipid functional groups were analyzed also using the
GROMACS software package. The trajectories snapshots and coor-
dinates were visualized using the software VMD v. 1.9.3 [36] with
the cg_bond and cg_helix scripts from the MARTINI website.

3. Results and discussion

MG2 is one of the first AMP described [9] and might be the
most studied, whose bactericidal activity arises from leakage of
cell contents via pores formed by the peptides [37-39]. Attempts
to increase antimicrobial activity have been made with MG2 ana-
logues [40-43], especially dimers [24,44,45]. The dimeric peptide
(MG2),K with a lysine residue as a linker, for instance, showed the
highest antimicrobial activity among disulfide linked analogues,
with faster killing of E. coli and 16-fold decrease in the minimum
inhibitory concentration (MIC) [24]. Here we aim at comparing
MG2 and (MG2),K in the light of prevailing models for their bac-
tericidal activity, according to which the peptides form pores in
the bacteria membrane with a two-step mechanims of peptide-
membrane interaction: the “binding state” and the formation of
a “pore state” [46]. Binding was simulated with Langmuir mono-
layers because we could have access to the adsorption kinetics and
changes induced in the monolayer by the peptides, whereas the for-
mation of pores was interrogated with vesicles (i.e. bilayer models)
and MD simulations. We used the total lipid extract from E. coli to
mimic the bacteria membrane, since working with living bacteria

is presently not feasible for the type of molecular-level information
we wish to obtain.

3.1. Langmuir monolayers

The action of AMPs on membranes is believed to start with
their adsorption on the membrane owing to electrostatic forces
[15,47], and this may be probed by using tensiometry and vibra-
tional spectroscopy on Langmuir monolayers [48-51].Fig. 1a shows
the adsorption kinetics for MG2 or (MG2),K injected into the PBS
subphase of a pre-formed monolayer of E. coli total lipid extract
at zero surface pressure. At 10nmolL~!, adsorption of MG2 can
be fitted with a single exponential function (Eq. (2)), whereas the
adsorption kinetics was better represented by a double exponential
function (Eq. (3)) as the concentration increased to 20 nmol L. Eq.
(3) also applied to (MG2),K, at the concentration of 10 nmol L1,

The equations used are as follows [52]:

It = Ale /1 L TIf (2)
It = Ale™/t 4+ A2e /2 L TIf (3)

where A; and t; provide information on the amplitude and rate
constant for peptide diffusion, rearrangement and folding and its
adsorption onto the monolayer, while A, and t;, are related to a
slow increase in surface pressure with a plateau corresponding to
equilibrium. ¢ is the final surface pressure [52,53]. The parameters
used to fit the data are given in Table 1.

A; for MG2 at 10nmolL-! is half the value for the dimeric
peptide at the same molar concentration. It means that the level
of peptide adsorption is essentially constant for the number of
monomeric units. In contrast, the time involved in peptide adsorp-
tion, ty, is shorter for (MG2),K even when compared to MG2 at
the same number of monomeric units (20 nmolL-1). This behav-
ior could be associated with the more hydrophobic character of
the dimeric peptide [24], leading to faster diffusion to the inter-
face. In addition, the time to reach equilibrium (t;) is also shorter
for the dimeric peptide while the relative contribution, in terms of
surface pressure, is basically the same as that of MG2. These data
show that the pre-assembled state of two peptide chains via cova-
lent dimerization could increase the adsorption kinetics of peptides
onto monolayers, probably owing to the increased hydrophobicity
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Table 1
Fitting parameters for peptide adsorption kinetics using Eqs. (2) and (3).
Peptide/Conc (nmolL-1) Ay (mNm-1) t1 (s) Ay (mNm-1) ty (s) Order of fitting R?
MG2/10 7.01+£0.01 693.87+1.94 1 0.999
MG2/20 11.51+0.02 39.36+0.16 2.84+0.01 536.26 +£5.54 2 0.998
(MG2),K/10 14.22+0.07 13.70+£0.13 2.59+0.04 185.84 +£3.28 2 0.988
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Fig. 2. PM-IRRAS spectra for monolayers of E. coli total lipid extract before and after addition of MG2 20 nmol L~! and (MG2),K 10 nmol L-! as indicated in the inset. Spectra

were taken at a surface pressure of 30mNm~'.

and size of the dimeric peptide with the presence of the linker unit
(lysine at the C-terminus).

The surface pressure isotherms for the Langmuir monolayers,
obtained after adsorption of the peptides had reached equilibrium,
are shown in Fig. 1b. With regard to the peptide concentra-
tion dependence, the results mirror those obtained in adsorption
kinetics experiments. That is to say, for 10nmolL~! of MG2 the
effect on the monolayer is considerably lower than for the higher
(20 nmol L-1) concentration and for 10 nmol L~ of (MG2),K. In all
cases, the peptides are incorporated into the monolayer at large
areas per molecule, causing an expected shift to larger areas in
the surface pressure isotherms since the peptides are amphiphilic
[54]. Upon compression, the isotherms for the peptide-containing
monolayers intersect the isotherm for the pure lipid extract, which
probably means that non-monomolecular structures could be
formed in the more condensed states. This is especially the case for
20nmol L-! of MG2 and 10 nmol L1 of (MG2),;K, whose isotherms
exhibit clear plateaus typical of phase transitions, and lead to much
higher monolayer compressibility than for the neat lipid extract at
the surface pressure believed to correspond to the packing of a real
membrane (ca. 30 mNm~1). Also significant is that the isotherms
for 20nmolL~! of MG2 and 10nmol L~ of (MG2),K, i.e. with the
same number of monomeric units, are similar. One could perhaps
interpret this as the monolayer packing being affected to the same
extent by either MG2 or (MG2),K.

Molecular-level information on the interaction between the
peptides and the lipid extract was obtained by taking the PM-IRRAS
spectra of monolayers at 30mNm~!. The spectrum for the neat
E. coli lipid extract in Fig. 2A displays the expected C=0 stretch-
ing bands owing to lipid headgroups at 1738 cm~!. The band at
1675 cm~! may be attributed to residual proteins in the lipid extract
(amide I band) or to O—H bending vibration of reoriented water
molecules resulting from the differencial spectra of the convered
surface in relation to the uncovered one (subtracted background
spectra). The band at 1561 cm™! is assigned to C—N bending mode
(amide II band) and those at 1617 and 1641 cm~! are assigned to
C=O0 stretching modes (amide I band). The bands related to amide
vibrations were not expected and are probably associated with pro-
tein residues in the extract which contained ~17% of unknown

material, according to the manufacturer. We could not identify
bands specific for the peptides in the spectra of Fig. 2A, either
because at a high pressure the peptides may not be exposed at the
air/aqueous interface or because (most probably) their bands could
have been masked by those of protein residues in the E. coli extract.
Incorporation of MG2 caused changes in the relative intensity of
C=0 bands assigned to the lipids, possibly related to reorientation
of the C=0 group since the PM-IRRAS signal is highly dependent on
dipolar orientation. The only significant band shift induced by MG2
occurred in the C=0 amide I band, which shifted from 1641 cm™!
to 1647 cm~1, pointing to a change in the polypeptide secondary
structure from parallel-chain sheets to a-helices [55]. The effects
from (MG2),K were considerably greater, with disappearance of
the band at 1675 cm~! and considerable shifts for the amide I and
amide Il bands. This reveals a more significant change in molecular
structure for the dimer.

Fig. 2B shows the spectra for the hydrophobic region of the
lipids, where the stretching modes of C—H appear. For the E. coli
lipid extract, the bands at 2916 and 2823 cm~! are attributed to
CH, groups, for asymmetric and symmetric stretching respectively,
whereas the bands at 2958 and 2860cm~! are assigned to CHj3
groups, for asymmetric and symmetric stretching, respectively.
The bands are remarkably changed by insertion of the peptides,
pointing to their effect on the hydrophobic structure of the lipid
monolayer. For (MG2),K, some bands are shifted to lower energies:
2947, 2907 cm~! attributed respectively to CHz asymmetric and
CH; asymmetric stretching. A wide band at 2854 cm~! appears pos-
sibly due to coupling of the bands related to symmetric stretching
of CH3 and CH; groups. For MG2, the bands assigned to asymmet-
ric stretching are also shifted to lower wavenumbers (2941 and
2910cm~!, the latter one as a shoulder), but the bands assigned
to symmetric stretching appear split at 2871 and 2840 cm~". The
shifts to lower energies, the loss of band definition and the changes
in relative intensity induced by the peptides indicate that the pack-
ing order has diminished to a more random-like nature [56]. These
findings are consistent with our MD simulations (see below) of
(MG2),K in membrane bilayers which show the formation of dis-
ordered toroidal pores. These would be a kind of pore in which the
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Fig. 3. Carboxyfluorescein (CF) release promoted by MG2 (a) and (MG2),K (b) from LUVs of E. coli total lipid extract as a function of time and peptide concentration. The
peptide was added after 1 min and Triton X-100 (1% v/v) was added after 9 min to obtain 100% leakage.

orientations of the peptides are not well defined, as in an interme-
diate situation between the carpet and toroidal pathways [57].

From the data of Langmuir monolayers experiments, particu-
larly the PM-IRRAS, we noted that peptides induced stronger effects
on the alkyl chains than in the hydrophilic region. These results
are consistent with the mechanism of action of these peptides,
believed to be related to formation of pores through the membrane.
However, no significant differences were found between MG2 and
(MG2),K.

3.2. Large unilamellar vesicles

Further information on the interaction of the peptides with
membranes was sought using LUVs of E. coli total lipid extract
as a bilayer model, with which permeabilization and CD experi-
ments were performed. LUVs encapsulating CF have been proven
excellent for studying AMP activity without using living bacteria
[58,59]. Fig. 3 shows the CF-release profile for different peptide
concentrations, featuring a higher activity of the dimeric pep-
tide. MG2 was not able to reach 100% of permeabilization even at
100 wmol L-1, while (MG2),K was already active at 0.01 pmol L~!
and produced 100% of permeabilization at 1 wmolL~!. Further-
more, leakage increased linearly with MG2 concentration (which
is in agreement with a previous work of Zerweck [60]), while for
(MG2),K the increase was exponential (Fig. S1 in Supplementary
material).

CD studies were performed to investigate the secondary struc-
ture of the peptides in the presence of LUVs at a 10 lipid to peptide

(L/P) molar ratio. This ratio was chosen because a low peptide
concentration produce weak signal, while higher lipid concentra-
tions increase sample turbidity. At L/P ratio of 10, the amount of
peptide is sufficient to saturate the vesicles. (LUVs contain approx-
imately 100,000 lipids each. With a L/P ratio of 10, there are about
10,000 peptides bound to each vesicle, capable of complete satura-
tion). Fig. 4 shows that both peptides have a random coil structure
in PBS. However, in contact with LUVs, MG2 changed to a well-
defined helicoidal structure with the typical double minima at
209 and 222 nm and a maximum at around 195 nm. This result is
consistent with our previous study where we used the secondary
structure-inducing solvent trifluoroethanol and lysophosphatidyl-
choline micelles [24]. In contrast, (MG2), K interacted strongly with
the LUVs generating a cloudy dispersion that leads to an undefined
spectrum.

In the experiments with vesicles, interaction of (MG2),K with
the E. coli membrane model was considerably stronger than for
MG2, according to vesicle permeabilization and CD data. Most sig-
nificantly, leakage experiments revealed differences in terms of
peptide concentration dependence. Dye release increased expo-
nential and resulted in full lysis of the membrane at very low
concentrations for (MG2);K. In contrast, MG2 caused a linear
increase of leakage and was not able to induce full leakage at
concentrations tested. The change from a linear to an exponen-
tial increase could be related to a change in the mechanism of
action of the peptides, from classical toroidal pores to disordered
toroidal pores. In previous work with the AMP aurein 1.2, we have
also shown that dimerization led to a distinct mechanism of action
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Fig. 4. CD spectra of the monomeric and dimeric peptide (50 wmol L-) in PBS and LUVs (500 pwmol L~') made from the total lipid extract from E. coli.

[61]. The differences between (MG2),;K and MG2 were so large that
it was not possible to compare effects using the same number of
monomeric units as we did for the Langmuir monolayers. There-
fore, the main difference between monomer and dimer occurs with
bilayers rather than in monolayers.

3.3. Computational simulations

MD simulations were performed for a single copy of (MG2),K
in solution, and for multiple copies of MG2 and (MG2);K in
POPE:POPG bilayers. MG2 has been shown to occur in a helical con-
formation both in solvent and DPPC micelles [32]. Simulations of
(MG2),Kinsolvent started either from a stretched or a folded confor-
mation with both systems converging to the same compact, folded
conformation (Fig. S2 in Supplementary material). These results
indicate that (MG2),K adopts a folded conformation prior to bilayer
adsorption. Nevertheless, for the sake of completeness, we con-
sidered both (MG2),K conformations, stretched and folded, in the
MD simulations of the dimer in presence of the membrane bilayer.
Furthermore, we considered different concentrations and arrange-
ments of MG2 and (MG2),K in the bilayer. A detailed description
of the simulated systems is given in Table S1 (Supplementary
material). It has been shown via MD simulations using the MAR-
TINI coarse grained model that MG2 forms large-sized, disordered
toroidal pores in DPPC bilayers [ 13]. These simulations have further
shown that neither six or twelve copies of the MG2 monomer were
sufficient to induce pore formation in a membrane composed of
512 lipid molecules. Instead, at least twenty-four MG2 copies were
required to induce the formation of pores in the membrane. We
have also run simulations of systems containing six or twelve copies
of MG2 in a POPE:POPG bilayer containing 520 lipid molecules (Fig.
S3 in Supplementary material). Consistent with the previous simu-
lations for MG2 in DPPC bilayers, there was no pore formation at the
simulated concentration conditions regardless of the distribution of
MG2 monomers on one or both sides of the bilayer. However, these
simulations provided a concentration threshold for pore formation
by MG2 in POPE:POPG bilayers. The monomer threshold values
were then used for simulations of (MG2),K which preserved the
same peptide:lipid ratio as in the simulations of the MG2 monomer.
MD simulations of (MG2),K revealed a lower concentration thresh-
old for pore formation compared with the monomeric peptide, as

shown in Fig. S4 in the Supplementary material. Pore formation
was observed for all systems containing twelve copies of (MG2),K
regardless of the intial conformation or bilayer distribution of the
peptide (Fig. 5). Our simulations suggest that (MG2),K promotes
the formation of disordered toroidal pores which can allow the
flow of solvent molecules (Fig. 5). These pores appear much alike
the pores formed by MG2 [13] but they can be formed at lower
concentrations of the peptide in the dimeric form.

Vesicle experiments and MD simulations revealed a lower
concentration threshold for pore formation compared with the
monomeric peptide. Taken together, the results may be rational-
ized as indicating that (MG2),K is expected to be much more
disruptive for E. coli membranes than MG2, which may actually
explain the increased bactericidal activity of (MG2),K.

The interpretation of our results as explanation of the higher
activity for the dimer is consistent with proposals according to
which the formation of peptide dimers/oligomers seems essen-
tial to trigger peptide reorientation and pore formation [60,62].
In addition, the rate-limiting step is pore formation via peptide
self-assembly within the membrane [63,64]. In the specific case
of MG2 dimers, Dempsey et al. [45], Mukai et al. [44] and Arnusch
et al. [65] found an increased membrane permeability for different
dimeric versions. In a recent study, Zerweck and co-workers have
demonstrated for MG2 and PLGA that a stronger peptide—peptide
interaction (measured as free energy of dimerization) appears to be
directly correlated with a higher membrane leakage rate [60]. Based
on these collections of data, we propose a model for the mecha-
nism of action of MG2 and (MG2),K in the schematic diagram of
Fig. 6. In this model, after the “binding state” the monomeric pep-
tides need to self-assemble toreach the so-called “assembled state”.
Only then would the peptide molecules be able to form a toroidal
pore. In contrast, the “pre-assembled state” of the dimeric peptides
leads to a fast pore formation, without the need of an aggregation
process. Unlike peptide adsorption, peptides assembling is a slow
process (the rate-limiting step), which would be favored for the
dimer, leading to a faster pore formation.

In the model of Fig. 6, we assume that MG2 form “toroidal pores”,
as proposed in the literature [11,12], with peptides tightly bound
to the polar lipid groups and promoting bilayer bending [47,66,67].
However, we cannot discard the possibility of MG2 forming “dis-
ordered toroidal pores” [57]. For (MG2),K, our results support the
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Fig. 5. Time evolution of pore formation process for the system containing twelve copies of (MG2),K. Peptides are represented in orange, water molecules as blue dots or
blue spheres, and the ions as pink spheres. The lipid headgroups NHs, GLO and PO4 are represented as dark blue, light blue and gold, respectively. Lipid acyl chains were
excluded for clarity. In the lower-right panel water molecules rendered as spheres are shown inside the pore. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. Proposed “three-step” mechanism for the monomeric peptide and a “two-step” mechanism of pore formation by the dimeric peptide. Helical chains (after contact
with the membrane) are represented by cylinders with polar face in blue and hydrophobic face in red. We show only four MG2 and two (MG2),K molecules for simplicity.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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formation of disordered toroidal pores which can allow the flow
of solvent molecules, and thus cause leakage of the bacteria cell
content.

4. Conclusions

We have combined two experimental approaches, Langmuir
monolayers and large unilamellar vesicles, and computational
simulations to elucidate the molecular mechanism by which the
“pre-assembling state” of the magainin dimer exerts its disrup-
tive activity on E. coli cell membranes. We have shown that the
“pre-assembling state” of (MG2),K enhances pore formation with
a reduced number of molecules required to kill E. coli. In summary,
pore formation is favored by dimerization, with the proximity
and orientation of peptide chains imposed by dimerization being
responsible for the reduced MIC value and fast antimicrobial activ-
ity. Overall, this study contributes useful information for the design
of new dimeric AMPs.
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