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Chapter 3
Membrane Poration by Antimicrobial
Peptides Combining Atomistic and
Coarse-Grained Descriptions

This chapter is based on the manuscript:
Membrane Poration by Antimicrobial Peptides Combining Atomistic and

Coarse-Grained Descriptions by Andrzej J. Rzepiela, Durba Sengupta, Nicolae
Goga and Siewert J. Marrink. Faraday Discussions, 2010, 144, 431.

Otóż przekonałem się - ciągnął niskim głosem - przekonałem się, że nie istnieje i
nie może istnieć żaden taki system etyczny, żaden uniwersalny, spójny wzorzec
zachowania, mniej lub bardziej rozwinięty zbiór przykazań... których stosowanie
gwarantowałoby człowiekowi pewność słusznego wyboru. Zawsze, prędzej czy
później, ale zazwyczaj naprawdę szybko - zawsze stajesz w sytuacji, do której
system się nie stosuje albo też daje sprzeczne zalecenia.

Well, I realized - he continued in a low voice - I realized that there does not exist
and there can not be such an ethical system, universal, consistent pattern of
behavior, or collection of commandments the use of which would guarantee to man
a comfort of a right choice. Always, sooner or later, but usually really fast - you find
yourself in a situation to which the system does not apply or give contradicting
recommendations.

Perfekcyjna niedoskonałość, Jacek Dukaj
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3.1 Abstract

Antimicrobial peptides (AMPs) comprise a large family of peptides that in-
clude small cationic peptides, such as magainins, which permeabilize lipid mem-
branes. Previous atomistic level simulations of magainin-H2 peptides show that
they act by forming toroidal transmembrane pores. However, due to the atom-
istic level of description, these simulations were necessarily limited to small sys-
tem sizes and sub-microsecond time scales. Here, we study the long-time relax-
ation properties of these pores by evolving the systems using a coarse-grain (CG)
description. The disordered nature and the topology of the atomistic pores are
maintained at the CG level. The peptides sample different orientations but at any
given time, only a few peptides insert into the pore. Key states observed at the CG
level are subsequently back-transformed to the atomistic level using a resolution-
exchange protocol. The configurations sampled at the CG level are stable in the
atomistic simulation. The effect of helicity on pore stability is investigated at the
CG level and we find that partial helicity is required to form stable pores. We
also show that the current CG scheme can be used to study spontaneous poration
by magainin-H2 peptides. Over-all, our simulations provide a multi-scale view
of a fundamental biophysical membrane process involving a complex interplay
between peptides and lipids.

3.2 Introduction

Antimicrobial peptides (AMPs) exhibit a wide range of antimicrobial
and antifungal activity and have attracted significant interest as potential
antibiotics.92,93,94 Although the details of the many modes of action of AMPs are
still unclear, a large number of AMPs function by inducing transmembrane pores
that lead to cell death.95,96,97 The peptides bind to phospholipid bilayers and
above a threshold concentration induce local defects in the bilayer.98,99,100,101

A well studied example of an antimicrobial peptide is magainin, found in the
skin of the African clawed frog Xenopus laevis.102,99 The peptide is cationic
and unstructured in solution but adopts a predominantly α-helical structure
when bound to lipid bilayers.103 At peptide lipid ratios of about 1/40, magainin
peptides have been suggested to permeabilize the lipid matrix, forming
water-filled, nanometer-sized toroidal-shaped pores.102,98 Poration is associated
with an increase in lipid flip-flops and the translocation of peptide across the
membrane.104

The main characteristic of a toroidal pore is that it is hydrophilic and the
peptides are believed to stabilize the pore by interacting strongly with the lipid
headgroups that line the pore.95,96,97 However, the exact structure of the pore,
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in particular the arrangement of the peptides and lipid molecules in the pore is
still debated. The classical model of the toroidal pore postulates a regular struc-
ture lined with lipid head-groups and peptides.96,97 All peptides associated with
the pore are thought to remain α-helical and line the pore in a transmembrane
orientation. This model of the toroidal pore assumes that peptides are orien-
tated along the membrane surface before poration and perpendicular to the mem-
brane in the porated state. The model does not include pore-formation by pep-
tides with low helicity or beta-strand peptides. Alternative models such as the
micelle-like aggregate model,94 disordered-toroidal pore model105 and chaotic
pore model106,107 have been proposed. These models have helped to interpret
recent NMR108 and fluorescence data109 and are compatible with kinetic stud-
ies.106 These models all propose that there exists a higher degree of disorder in
the pore state than had been previously assumed.

Atomistic simulations of magainin had provided the first direct evidence
on the disordered nature of the toroidal pore model.105 The simulation results,
though compatible with previous experimental data, pointed to only a few
peptides inserting into the toroidal-shaped pore and the other peptides lining
the pore edge. Similar pores were also observed in extensive simulations of
melittin interaction with DPPC bilayers.110 The term disordered toroidal pore
was coined to describe such pores. In both studies, pores were observed only
above a critical peptide to lipid ratio and required local aggregation of peptides.
In the two sets of simulations, the peptides showed significant loss of α-helicity
and pore formation does not appear to require that the peptides remain helical.
However, whether the peptides remain partially unfolded or refold in the
pore state can only be addressed by longer simulations. The simulations also
shed light on the possible mechanisms and driving forces of pore formation.
Removing the positive charges on the AMPs blocked pore formation,110 pointing
to a mechanism similar to electroporation events. The role of electrostatic
interactions in AMP action has also been studied in other simulation studies,111

see review.112 However, a framework allowing a comprehensive study of related
peptides and lipids to analyze the driving forces of this process is difficult to
achieve with atomistic simulations.

Coarse-grain (CG) force-fields allow sampling larger systems at longer time
scales and thereby allow faster analyses of different systems (see75 and Chapter
1). CG simulations are still in their early stages but have already been success-
fully applied to analyze lipid-peptide interactions. A simple solvent-free CG sim-
ulation technique was used to study interactions between amphipathic peptides
and bilayers and to explore the different conditions leading to desorbed, adsorbed
and inserted configurations of the peptide.113 The action of other AMPs have
been studied using force-fields based on the MARTINI force-field.36 A study on
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the interaction of maculatin on large vesicles concluded that the peptides disrupt
the lamellar structures but do not form water-filled channels.114 Alamethicin, im-
plicated to form regular barrel-stave shaped pores, has been studied in a combined
atomistic/CG simulations.115 The authors used CG simulations to equilibrate the
distribution of alamethicin within the membrane and then converted the coarse-
grained simulation to atomistic to investigate the details of water permeation.
The simulations observed quite irregular structures, contrary to the current mod-
els in literature that postulate a highly ordered protein channel. Simulations of
a synthetic peptide, LS3 have shown that it assembles in a dehydrated barrel-
stave pore.116 Spontaneous poration and water permeation has been observed in
coarse-grain studies for related pore-forming molecules such as dendrimers.117

These studies show that CG models can be used to study the interplay between
peptides and lipids over larger length and time scales; however, at the same time
atomistic detail is lost and it remains questionable how realistic the configura-
tions sampled at the CG level are. To fully understand the driving forces of this
process, a multi-scale approach is required.

Here, we study the pore-forming propensity of AMPs at multiple scales com-
bining coarse-grain and atomistic simulations. We focus on a member of the mag-
ainin family of antimicrobial peptides, magainin-H2 interacting with zwitterionic
phosphatidylcholine membranes. The long-time relaxation properties of AMP-
pores are studied by evolving pores formed in atomistic descriptions105,110 with
a CG representation using the MARTINI model.33,36 To test the predictions, key
states observed in the CG simulations are subsequently back transformed to an
atomistic description using the resolution-exchange protocol described in Chap-
ter 2. Similar approaches have been used recently by a number of other groups
to study membrane-protein interactions.57,115,55,118,58 Over-all, our simulations
provide a multi-scale view of a fundamental biophysical membrane process in-
volving a complex interplay between lipids and proteins.

3.3 Methods

3.3.1 Simulation protocol and force field

The molecular dynamics simulations were performed using the GROMACS
program package119 under periodic boundary conditions. The temperature was
weakly coupled (coupling time 0.1 ps) to T = 323 K using a Berendsen thermo-
stat.120 The pressure was weakly coupled (coupling time 1.0 ps, compressibility
5X10−5 bar−1) using a semi-isotropic coupling scheme in which the lateral (P|)
and perpendicular (Pz) pressures are coupled independently at 1 bar,120 corre-
sponding to a tension-free state of the membrane.

The atomistic system was described using the GROMOS 43a2 force field121



3.3. METHODS 41

for the peptide interactions and the Berger parameters from a previous study122

for the lipid interactions, identical to our previous work.105,110 A group-based
twin range cutoff scheme (using cutoffs of 1.0/1.4 nm and a pair-list update fre-
quency of once per 10 steps) including a reaction field (RF) correction123 with a
dielectric correction of 78 to account for the truncation of long-range electrostatic
interactions was used. We also tested an alternative model where the electrostatic
interactions were treated using particle mesh ewald (PME) summation and found
that the pores formed using RF were also stable with PME. The water was de-
scribed using the SPC model.85 A time step of 2 fs was used. Bond lengths were
constrained using the LINCS algorithm.124

The MARTINI lipid force-field33,36 was used to describe the coarse-grain
system. The forcefield is based on a four-to-one mapping, i.e. on average four
non-hydrogen atoms are represented by a single interaction center. The forcefield
has been parametrized based on the reproduction of partitioning free energies be-
tween polar and apolar phases and allows an accurate representation of the chem-
ical nature of the underlying atomistic structure. In this force-field, the backbone
parameters (backbone bonded terms) are dependent on the secondary structure of
the beads but independent of the amino acid. Four different systems with vary-
ing helicity - 100%, 65%, 40% and 0% were modelled. Secondary structure was
imposed by including a dihedral potential between backbone atoms. The force
constant used in the system with 100% and 40% helicity was the standard MAR-
TINI parameter of 400 kJ/mol. The force constant used in the system with 65%
helicity was reduced to 70 kJ/mol. The value was chosen to to allow greater
conformational flexibility as dictated by our previous results from atomistic sim-
ulation105,110. In line with the decreased helicity, the polarity of the backbone
bead was increased to a P5-particle, similar to the the polarity of the fully-coil
system. The back-bone bead (in the helical stretch) of the fully-helical and 40%-
helical peptides was of type N0. The LJ interactions were treated with a switch
function from 0.9 to 1.2 nm (pair-list update frequency of once per 10 steps) and
PME was used to treat long-range electrostatics. The use of PME is non-standard
in the MARTINI forcefield since it was parametrized using a shifted potential.
However, in simulations of membrane poration events by dendrimers, it has been
shown that the use of a PME scheme117 is required. Test simulations performed
for our systems also indicated that membrane pores are more stable and more
similar to the pores observed with atomistic models when long range electrostatic
interactions are taken into account. Importantly, we found that the use of PME
does not significantly affect the equilibrium properties of pure lipid bilayers, in-
cluding the area per lipid. In all CG simulations, a time step of 30 fs was used.
The simulation times reported in the remainder of this manuscript are effective
times obtained by the multiplication of the actual simulation time by a factor of



42 CHAPTER 3. MEMBRANE PORATION BY ACTIVE PEPTIDES

four based on the speed-up achieved for diffusion of water and lipids.33,36

3.3.2 Resolution-exchange

Two types of exchange were used, either increasing or decreasing the resolu-
tion. The latter case is more trivial; here the CG lipids and peptides were mapped
from the atomistic structure using the center of mass to define the CG bead posi-
tions. CG water beads were reintroduced to the system afterwards and the system
was equilibrated. The case of introducing atomistic detail into a CG system is
more demanding. Here we used the resolution-exchange protocol which is de-
scribed in Chapter 2.

3.3.3 System setup

Two different setups studying the interaction of magainin-H2 (IIKKFLHSIW
KFGKAFVGEI MNI) peptides with a phosphatidylcholine lipid bilayer were
simulated. The first set focused on the properties of the pore at a multi-scale
level in which the resolution of the atomistic and CG structures was exchanged
using the above described protocol. The starting atomistic simulations containing
4 magainin-H2 peptides and 128 DPPC lipid molecules were taken from Ref..105

The CG representation of the porated state was then mapped from the atomistic
system. We mapped the 50-atom DPPC molecule to a 10-bead CG representation
with 3 beads in each tail. Note that the standard MARTINI model maps DPPC to
four bead tails. The precise mapping is somewhat arbitrary, however. We found
that the thickness of the bilayer with three tail beads is more similar to the atom-
istic representation of DPPC bilayer at the relatively high hydration level used in
the atomistic studies. The second set of simulations studied poration propensity
of the peptides in a CG representation. To study poration after association within
the bilayer, 4 magainin-H2 peptides were placed in a transmembrane orientation
inside a pre-equilibrated bilayer containing 122 lipids. To study spontaneous pore
formation mimicking a biological system, 14 peptides were placed in the aqueous
phase close to a bilayer consisting of 304 lipids. Two lipid types were tested - the
three tail-bead lipid as described above and a two tail-bead lipid molecule, repre-
senting a short-tail lipid. Multiple simulations were performed for each system,
starting from different initial random velocity distributions.
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Figure 3.1: The structure of the toroidal pore formed by magainin-H2 peptides
in DPPC bilayers at multiple scales.A: The toroidal pore in an atomistic repre-
sentation taken from Ref..105 B: A snapshot of the CG representation mapped
from A. C: The CG pore after evolving the system from B for 24µs. D: Snapshot
of the atomistic representation mapped from C by using the resolution exchange
protocol. E: The toroidal pore after evolving with atomistic resolution for 50 ns.
All figures are prepared using VMD.125
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3.4 Results and Discussion

3.4.1 Comparing the atomistic and coarse-grain pores

To explore the possibilities of the CG model to study pores formed by AMPs,
CG representations of the starting atomistic pore configuration were obtained
and evolved with the MARTINI forcefield. We focus on the pores formed by
four magainin-H2 peptides in a 128 lipid DPPC bilayer. Snapshots of the starting
atomistic structure (taken from the simulations reported in Ref.105), the mapped
CG system, and the system evolved for 24µs are shown in Fig 3.1 A,B and C. Dur-
ing the CG simulations, a water channel was maintained through the membrane
in contrast to previous CG studies on the action of AMPs.114,115,116 The topology
of the porated state, in particular its disordered nature was also preserved. In the
CG representation, lipid molecules and a few peptides continued to line the wa-
ter channel. The remaining peptides associated with the membrane at the mouth
of the pore and did not insert into the pore. The size of the pore, however, was
somewhat reduced at the CG level compared to the original atomistic simulation.
Toward the end of the CG simulation, after 24µs, we increased the resolution
of the system back to the atomistic level. During the subsequent 50 ns simula-
tion at the atomistic level, the pore remained similar to the transformed atomistic
structure (snapshots shown in Fig 3.1D,E).

In general, comparing the atomistic to CG pore structure, a number of impor-
tant points become apparent from our multi-scale approach. The first is that the
MARTINI model predicts similar type of pore as seen by the atomistic model, i.e.
a fully hydrated, toroidally shaped, pore lined by lipids and peptides. Second, as
expected, the two models are not fully compatible; quantitative differences exist,
evidenced for instance by the size of the pore. The third point which becomes
apparent is the limited sampling which can be obtained with the atomistic model.
Based on our inverse transformation from the CG level back to the atomistic
level we find that the configuration sampled in the CG model, being different
from the starting atomistic structure, is also stable at the atomistic level. It sug-
gests that these configurations are either meta-stable states requiring much longer
relaxation times or are equilibrium states not sampled in previous atomistic sim-
ulations. On the accessible nanosecond time scale the peptide/lipid complex is
almost frozen, pointing to the importance of a multi-scale approach.

3.4.2 Characteristics of the CG pore

At the longer time scales probed in this multi-scale study, the disordered
toroidal pore maintained its structure and topology. The main feature of the dis-
ordered toroidal pore, a term coined from our atomistic simulations,105,110 is the
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Figure 3.2: A: The density of water and the phosphate bead of the lipids in CG
simulations of a pure DPPC bilayer (4 and - - - respectively) and in a porated
membrane with 4 magainin-H2 peptides (◦ and —, respectively). B: Zoomed
central region of Figure A clearly shows the higher water density in the bilayer
in the presence of the peptides.

presence of some surface-aligned peptides as opposed to only transmembrane
orientations. We observe that the peptides did not all insert into the pore and con-
tinued to line the mouth of the pore stabilizing the membrane curvature. This pore
structure varies considerably from the classical model of a toroidal pore in which
the peptides all align along the membrane normal inside the pore and maintain
their helicity. Our multi-scale simulations reconfirm that the disordered nature of
the pore may be a more realistic model than the classical toroidal pore.

The extended simulation time reached with the CG model allows for a more
quantitative analysis of the structure of the pore. Fig 3.2 shows the density profile
of water and the phosphate bead of the lipid during the simulation in the porated
state, compared to a pure bilayer. From the inset, it is clearly seen that water
is present within the membrane in the porated state. The toroidal pores formed
in the CG study are therefore hydrated, and a water flux through the pore was
observed. Though a water channel is maintained through the bilayer, the flux
through the pore is not constant. Large fluctuations were also seen in the position
of the lipid head-groups. At a given time, only a few lipid molecules inserted
into the pore. The lipid molecules flip flop through the pore from one leaflet to
another as observed in other simulations.126,127,74 Twelve flip-flop events were
counted over the 30µs trajectory. At the microsecond time scale, the peptides
sampled different orientations and transitions between the transmembrane and
surface aligned states are observed (Fig 3.3). It is seen that one out of the four
peptide remains surface-bound on the same leaflet. Another peptide translocates
through the pore from an inserted state to the other leaflet. The remaining two
peptides insert into the pore from a surface-aligned orientation. Although sig-
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Figure 3.3: The center of mass of the four peptides (dashed and dotted lines) in a
toroidal pore evolved with a CG representation. The bold line shows the density
profile of the phosphate beads of the lipid head-groups during the simulation.

nificant peptide movement is observed, especially compared to motions probed
in the atomistic simulations, it appears that a microsecond time scale is still not
sufficient to sample equilibrium orientations of the peptides.

3.4.3 Effect of helicity on pore stability

In the CG peptide model, secondary structure is imposed on the peptides and
the choice of defining the helicity in the peptides was somewhat arbitrary. In the
atomistic simulations, widely differing helicity was observed ranging between
30% and 70%. In the first scenario we imposed 65% helicity on all peptides
which is slightly higher than the average helicity observed in the atomistic sim-
ulations. The pore was stable in this case and the pore state was maintained as
described above. Increasing the helicity to full helicity, decreased the stability
of the pore. Fewer lipid molecules inserted into the pore and the water flux also
decreased substantially. In four independent simulations (starting from differ-
ent random velocities), the pore closed on a microsecond time scale. Similarly,
decreasing helicity completely (fully coil state) or to 40% decreased the stabil-
ity of the pore, although the pore remained open in these cases. Fig 3.4 shows
the density of water inside the pores, for different peptide helicity. The water
contained within the pore was the highest for the first peptide model (65% helic-
ity) and decreased in the other peptide models. Thus, partial helicity is required
for stabilizing pores formed by magainin-H2 peptides in membranes. This is in
line with experimental data showing that increasing helicity in synthetic peptides
decreased antimicrobial activity.128 Note that even for the fully unstructured pep-
tides, amphipathicity is maintained and they bind to the membrane.
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Figure 3.4: The density profile of the water beads in the center of the bilayer in
the CG simulations at varying peptide helicity: fully helical (dot-dashed), 65%he-
licity(solid line), 40%helicity (dotted) and fully flexible(dashed). The data was
fitted with a Bezier curve.

The release of secondary structure allows the peptides to sample a broader
range of conformations. This is reflected by the radius of gyration, Rg shown in
Fig 3.5. The radius of gyration for the fully helical peptide is the largest, with
lowest fluctuations, and that of the fully coiled and 40% helical peptides are the
lowest with the largest fluctuations. The peptides with 65% helicity have a ra-
dius of gyration and fluctuations intermediate to the two. Note that the dihedral
potentials applied in this scenario were lower than the standard MARTINI po-
tential applied to the fully helical and 40% helical peptides. It appears that this
level of flexibility of the peptide is ideal i.e. it can span the membrane in an
extended configuration and at the same time favorably interact with the curved
membrane, stabilizing a porated state. The current simulations provide evidence
that an optimum helicity is required for membrane poration by AMPs.

3.4.4 Spontaneous pore formation in CG models

The CG models in the previous sections were biased towards the starting
atomistic structures and we carried out further tests to determine the equilibrium
structures predicted by the CG model. Two sets of simulations were performed,
either with the peptides pre-inserted into the membrane or with the peptides ini-
tially placed randomly in the aqueous phase. In the first set-up, four magainin-
H2 peptides, constrained at 65% helicity, were inserted into the membrane in a
transmembrane orientation as shown in Fig. 3.6A. The peptides were observed
to diffuse laterally in the membrane to assemble into aggregates of three or more
peptides, in four independent simulations. A snapshot of the simulation at the
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Figure 3.5: Radius of gyration, Rg of the four peptides in CG simulations with
peptide helicity A: 100% B: 65% C: 40% and D: 0%.

beginning of the aggregation is shown in Fig. 3.6B. The peptide aggregates per-
turbed the lamellar state considerably and large fluctuations in the lipid head-
group positions were seen.

The peptides along with the fluctuations in the bilayer eventually initiated a
water channel and opened a pore (Fig. 3.6C). In the pore, a few peptides lined
the pore and the remaining peptides were surface-aligned. Clear transitions were
seen between the transmembrane and surface aligned orientations. The structure
of the pore is essentially the same as obtained from the resolution transformation
(section 3.4.1). We also tested cases with peptides constrained at 0%, 40% and
100% helicity. The fully helical structures assembled in the bilayer and opened
a water channel with very low water density in the membrane core, reminiscent
of the dehydrated barrel-stave pore observed in the simulations of synthetic pep-
tides.116 No lipid head-groups were inserted into the core of the membrane and
lipid flip flop did not occur. The peptides with 40% helicity and fully coiled pep-
tides induced a fluctuating toroidal-shaped water channel through the membrane.
However, the flux through the membrane was lower than in the case of the 65%
helical peptides. Partial helicity appears to be a criterion to initiate and stabilize
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Figure 3.6: The time course of events when four magainin-H2 peptides are in-
serted into a DPPC bilayer modeled at the CG level. A: Top view of the starting
structure. Note that the peptides are inserted in a transmembrane orientation. B:
Top view of the system after 20ns. C: Snapshot of the toroidal pore after 5µs. The
phosphate beads of the lipids are shown in red and the four peptides in purple,
yellow, orange and blue. The tails of the lipid molecules and the water is not
shown for clarity.

pore formation in the coarse-grain model, in agreement with our results for the
resolution transformation simulation (section 3.4.3).

In the second set-up, simulations were performed with the peptides initially
placed in water close to one leaflet of the bilayer. This setup is similar to the
atomistic simulations and mimics the actual biological process of spontaneous
pore formation by the AMPs. The setup comprised of 304 lipids and 14 magainin-
H2 peptides (modeled with 65% helicity). The peptides remained membrane
bound at the 4 µs simulation period and did not insert into the membrane. Large
fluctuations were seen in the head-groups of the lipids but no pore formation
occurred. It appears that the barrier associated with opening of a water channel is
relatively high in the CG model preventing pore formation even at the high P/L
ratio. Therefore, a two tail-bead lipid model was also tested representative of a
short tail lipid. The time course of the simulation is depicted in Fig 3.7. The
peptides adsorbed at the surface of the membrane within 10 ns. The peptides
associated only after adsorption to the membrane surface. After association, they
once again induced fluctuations in the head-groups of the lipid molecules and in
contrast to the thicker three tail-bead membrane, spontaneous opening of a water
pore was observed. In fact two pores were formed, a larger one containing nine
peptides and a smaller one with five peptides (see Fig 3.7D). The structure of the
pores was similar to the pores described above. The pores remained stable over
the 3 µs simulation. Note that a pure two tail-bead CG bilayer is stable, so the
poration is caused by the peptides. The results in this section point out that, even
with a CG description, one may easily end up in meta-stable states and sampling
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remains incomplete on the microsecond time scale.

D

Figure 3.7: The time course of events when fourteen magainin-H2 peptides are
placed initially in water close to the surface of a short tail PC bilayer. A: Side
view of the starting structure, B: The system after 200ns, C: The toroidal pore
after 3µs. The phosphate beads of the lipids are shown in red and the peptides in
yellow. The tails of the lipid molecules and the water are not shown for clarity.
D: The toroidal pore in C shown in more detail. The lipid chains are shown in
green and the water in blue.

3.5 Summary and Conclusions

The work presented here is one of the first examples of using a multi-scale
simulation framework to study membrane poration by antimicrobial peptides.
Using a CG model we are able to approach time-scales compatible with experi-
mental studies of pore formation, whereas a model with atomistic resolution pro-
vides a useful check to the accuracy of the CG model. We find that the pore struc-
ture obtained with the CG model is similar to the disordered pore seen in atomistic
simulations. The pore retains its disordered character and lipid flip flop as well
as water permeation through the pore is observed. At a µsecond time scale, pep-
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tides translocate via the pore to the other bilayer leaflet and both surface aligned
and transmembrane orientations are seen in the porated state. Subsequent back-
transformation of the newly generated CG structures reveal their stability also
at the atomistic level of resolution. From our multi-scale simulations it appears
that the disordered nature of the pore is a more realistic model than the classical
toroidal pore. However, there remain some problematic sampling issues. Even
the microsecond range probed by the CG model is not sufficient to sample the
possible peptide orientations inside the pore. Despite these limitations, the CG
model opens the way to explore the structure/activity relationship in a systematic
way. Here we tested the effect of different peptide helicities on pore stability. We
conclude that partial helicity is required to form and stabilize pores. Spontaneous
poration events can also be studied at a CG level. Starting from a well separated,
transmembrane orientation the peptides associate and induce disordered toroidal
pores. A few peptides translocate to either leaflet pointing towards the impor-
tance of surface aligned peptides in stabilizing membrane curvature. Mimicking
the biological situation, we simulated the attack of magainin-H2 peptides from
water. Poration in this case is observed only when the energy barrier is lowered
by decreasing the thickness of the bilayer. The high energy barriers to sponta-
neous pore formation in the CG model is presumably due to the lack of electro-
static screening and polarization effects in the current MARTINI water model.
Nevertheless, the sequence of events leading to pore formation, as well as the
structure and size of the pore are similar to those observed in atomistic studies.
The current work on the action of magainin-H2 peptides on membranes provides
a multi-scale view of a fundamental biophysical membrane process involving a
complex interplay between peptides and lipids.




