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Introduction to This Thesis 

1.1   Membrane active peptides  

1.1.1 Peptide-membrane interactions are diverse in nature 

Peptide–membrane interactions play a critical role in a series of important biological 
processes, such as antimicrobial defense mechanisms, membrane remodelling, 
membrane fusion, ion channel formation, membrane protein insertion and folding, 
hormone-receptor interactions, and membrane-mediated amyloid aggregation.  

The interplay between peptides and membranes gives rise to a rich and diverse 
behavior which is affected by the properties of the peptide, membrane, as well as 
external environment. Different kinds of peptides will trigger different membrane 
responses. Some peptides lead to local membrane defects, such as membrane pores (1, 
2), membrane disorder (3, 4), lipid segregation (5, 6), and lipid protrusion (7). Other 
peptides alter the preferential curvature of membranes, and are able to induce shape 
transformations such as buckling or tubulation (8, 9). However, understanding the 
mechanisms of peptides interacting with membranes at the molecular level is still 
challenging. 

In this thesis, the interplay between two classes of membrane active peptides and 
membranes are investigated, namely the antimicrobial peptides Magainin 2, BP100, 
MSI-103, and MSI-78 involved in membrane rupture, and the amphipathic peptide 
Pex11-Amph involved in membrane remodelling during peroxisomal fission.    

1.1.2 Antimicrobial peptides in action 

Antimicrobial peptides (AMPs) typically are short cationic peptides with broad 
spectrum antimicrobial activity against bacteria, viruses, and fungi. They can be used 
as a promising substitute for conventional antibiotics that suffer from decreasing 
efficiency because of the rapid emergence of antibiotic-resistant bacterial strains (10, 
11). Characteristics such as peptide charge (cationic or anionic), size, primary 
sequence, conformation, hydrophobicity, and amphipathicity are essential for 
antimicrobial activity and the mechanism of action (12, 13). However, up to now the 
mechanism of AMPs in action is not so clear yet. Several models have been proposed 
to explain membrane disruptions by AMPs, such as barrel-stave, toroidal, and carpet 
models, see Figure 1.1.  

The “barrel-stave” model suggests that peptides bind to the membrane surface as  
monomers, followed by their oligomerization and the formation of transmembrane 
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pores by their direct insertion into the lipidic core of the target membrane (14). In the 
“toroidal-pore” model, insertion of peptides into the membrane eventually induces a 
self-connection between the two leaflets. The lipid monolayer bends continuously 
through the pore so that the water core is lined by both the peptides and the lipid head 
groups (15). In the “carpet model” the peptides accumulate at the membrane surface 
until a threshold concentration is reached. The adsorbed peptides then disintegrate the 
membrane into micelles in a detergent-like manner (16-18). 

 

Figure 1.1 Schematic description for proposed models of the mechanism of 

antimicrobial peptides (AMPs) in action. (Top, left) Many AMPs fold into amphipathic 
α-helices with hydrophilic and hydrophobic sides when adsorbed to a lipid membrane. 
This conformation is here schematically represented as an amphiphilic cylinder, with 
hydrophobic (red) and hydrophilic (blue) halves. (Center) AMPs bind to the 
membrane surface with the hydrophobic side groups anchored in the hydrophobic 
lipidic core of the bilayer, leading to different outcomes. (Bottom, left) The toroidal 
pore model. (Bottom, center) The barrel-stave model. (Bottom, right) The carpet 
model. The figure is reproduced from reference (19). 

Although these models of AMP action have been proposed, as well as a number of 
different ways to sub-classify these peptides (20), an increasing number of studies (21) 
show that these models might be too simplistic, and that instead several concurrent 
factors—not necessarily the same across the AMP spectrum—might be responsible 
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for antimicrobial action. The AMP-mediated lateral segregation of anionic lipids in a 
membrane is one of the aforementioned disruptive factors. It has been observed for 
different peptides (22, 23) and, although probably not a lethal event by itself, it is a 
destabilizing feature of AMP behavior that might act in synergy with other 
mechanisms (24). 

Real cellular membranes comprise hundreds of different lipid types and are distinctly 
heterogeneous in lateral organization as expressed by the 'raft' concept (25). Yet, in 
studying AMPs interacting with lipid bilayer, pure phase lipid membranes have been 
used more commonly. A more realistic model system would consist of ternary 
mixtures of cholesterol, saturated lipids and unsaturated lipids. Lipid membranes 
formed by these components exhibit coexisting fluid lipid phases: the liquid ordered 
(Lo) and liquid disordered (Ld) phases (26-28) as a model for lipid rafts. 
Understanding how lipid phase separated membranes might affect the behavior of 
AMPs is an important step to provide a better understanding of the action of AMPs in 
vivo. 

1.1.3 The role of PEX11 in peroxisomal fission  

Peroxisomes are found in all eukaryotes. Failures in peroxisome formation in human 
cells result in biogenesis disorders such as the Zellweger syndrome (29). Peroxisome 
proliferation is a multistep process including elongation, constriction and scission (30), 
see Figure 1.2. The Pex11 protein is the most abundant peroxisomal membrane 
protein, known as the key player in peroxisome elongation. However, the molecular 
mechanism of Pex11 function in peroxisome proliferations is poorly understood. It is 
difficult to observe the dynamic process of the elongation in molecular detail, because 
in experiment, the maintenance of the shape of organelles is usually performed by 
regulating the membrane’s properties.  

 

 

Figure 1.2 Schematic representation of the peroxisomal fission process. 
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Opaliński et al. found that the N-terminus of Pex11 contains a conserved amphipathic 
helix, termed Pex11-Amph, that can bind to membranes and alter the shape of 
liposomes, leading to tubulation (9). They discovered that amphipathic properties of 
Pex11-Amph are crucial for the function of Pex11 in peroxisome proliferation by 
employing mutants in experiments.  

There are some commonly-used models to explain protein-induced membrane 
curvature: protein scaffolding (8), protein-protein crowding (31), and protein insertion. 
Both models of protein scaffolding and protein-protein crowding have the membrane 
asymmetry caused by binding of proteins on the surface of one membrane monolayer. 
Scaffolding proteins deform a membrane by bracing it like a scaffold, such as some 
BAR domain proteins (32, 33). Protein-protein crowding model suggests lateral 
pressure generated by collisions between bound proteins drives membrane bending. 
The insertion of hydrophobic or amphipathic protein domains into the membrane 
matrix can generate membrane curvature if membrane asymmetry appeared by the 
insertion. Some studies (34-36) showed shallow protein insertions are much more 
powerful in generating membrane curvatures than integral insertions. 

In case of most peptides, including the Pex11-Amph peptides, the mechanism of 
inducing curvature in membranes is not clear due to the resolution limitations of 
experimental methods. Therefore, in studying the interplay of peptides with 
membranes, no matter AMPs or Pex11-Amph, it is important and necessary to employ 
computational modelling techniques. Computer simulations are able to provide the 
crucial/important information at the molecular level. In particular, the method of 
molecular dynamics (MD) is widely applied in the field of biomembranes, providing 
both structural details at atomistic resolution and dynamic behavior of molecules at 
the relevant time and length scales (37). In this thesis we use MD to unravel the 
interactions of various AMPs and Pex11-Amph with multi-component lipid 
membranes. 

1.2   Computational Modelling 

1.2.1 Molecular Dynamics 

Molecular dynamics (MD) simulation has become an important and widely used 
theoretical tool which allows researchers in chemistry, physics, and biology to study 
the detailed microscopic dynamical behavior of various systems. A large number of 
MD simulations have been employed successfully to investigate the interactions of 
peptides with lipids, including many different AMPs (38-40) as well as a variety of 
membrane peptides and proteins causing tubulation (41, 42).  
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The MD methodology is founded upon the basic principles of classical mechanics. In 
a MD simulation, Newton’s laws of motion are applied to each atom to determine the 
net force and acceleration experienced by each atom. MD generates the dynamical 
trajectories of a system of a fixed number of particles by integrating Newton’s 
equations of motion, with suitable initial and boundary conditions, and proper 
interatomic potentials, while satisfying thermodynamic (macroscopic) constraints. 
Analyzing the trajectory gives molecular information that experiments often cannot 
provide.  

The interactions between particles in a system are described by force fields. There are 
different levels of resolution to describe the interactions. When electronic degrees of 
freedom are important (e.g., to model chemical reactions) quantum methods are used. 
In quantum mechanics/molecular mechanics (QM/MM), the region of the system in 
which the chemical process takes place is treated at an appropriate level of quantum 
chemistry theory, while the remainder is described by a molecular mechanics classical 
force field. When electronic degrees of freedom are unimportant, classical MD 
simulations can be used, either using the atoms as primary interactions centers 
(atomistic, or all-atom MD) or by grouping several atoms together in clusters, or 
beads (coarse-grain MD). In this thesis we used classical MD simulations, both at all-
atom and coarse-grain level of resolution. As coarse-grained models group a few 
atoms to one bead, the total number of particles in simulations decreases, thus 
speeding up computations drastically comparing with atomistic simulations (43).  

At the heart of classical MD is the force field, which defines the interaction strength 
between all of the interaction centers. Commonly used all-atom force fields in the 
biomolecular area are OPLS-AA (44), AMBER (45), CHARMM (46), and GROMOS 
(47). Guvench et al. (48) performed a brief overview for these force fields, with 
respect to the modelling of lipid, proteins and other compounds. At the CG level of 
resolution, the most popular force field is the Martini model, explained in more detail 
in the following section. 

1.2.2 MARTINI  Force Field 

The MARTINI force field is a widely used coarse grained model in the biomolecular 
field which was developed by Marrink et al. (49, 50) in Groningen. It maps on 
average 4 heavy non-hydrogen atoms to one CG bead as the interaction center. The 
mapping concept consists of dividing a molecule into several small chemical building 
blocks. The parameterization of MARTINI force field has the target to reproduce 
thermodynamic data. There are in total 18 different types of beads including 4 main 
types: polar (P), non-polar (N), apolar (C), and charged (Q). Each main type bead has 
its own subtypes: polar and non-polar types were divided into 5 different types based 
on the degree of polarity, apolar and charged types have 4 subtypes by describing 



Chapter 1 

7 
 

denoting the hydrogen-bonding capabilities (d =donor, a =acceptor, da = both, 0= 
none). 

The strength of interaction between beads is central in a force field. Similar to other 
force fields, MARTINI has two types of interactions: bonded and non-bonded. The 
bonded interactions were optimized by taking atomistic simulations as references. The 
non-bonded interactions between the beads were described by 10 levels of Lennard-
Jones (LJ) 12-6 potentials. The 10 different strengths of interactions, which are 
defined by the value of the LJ well depth ε, were obtained by reproducing 
experimental partitioning free energies of solutes between polar and non-polar 
solvents, and also the densities of liquids. In addition, charged beads bear charges and 
interact through a Coulomb potential with a relative dielectric screening constant ε𝑟 
=15. 

The applications of the MARTINI force field have dramatically increased during the 
last 10 years, although this force field was originally developed for simulating lipids. 
One big advantage of the MARTINI model is its transferability that stems from the 
building block philosophy. This building block principle helps building MARTINI 
models of different classes of molecules that are compatible with each other. Apart 
from the original lipid membrane applications, the MARTINI model has been 
extended to polymers (51-53), DNA (54), carbohydrates (55), and carbon 
nanoparticles (56), see mapping examples in Figure 1.3. Plenty of studies (57-59) 
have shown that the MARTINI force field is a useful tool to investigate the interplay 
of protein/peptides-membranes, thus we applied this model to study interplay of 
AMPs and Pex11-Amph with lipid membranes.  

Like other models, MARTINI model has its own shortcomings. It is important to 
know these drawbacks before one applies it to their systems. Firstly, due to the nature 
of coarse grain models, the MARTINI force field has a loss in chemical resolution. 
Whenever it needs to capture these details, such as receptor-ligand binding and 
ligand-induced conformational changes, which strictly require an accurate description 
with atomistic detail, an all-atom model would be preferred. Using a hybrid 
atomistic/coarse-grained model might be a solution, which is under development.  
Secondly, MARTINI proteins have their secondary structure constrained as the 
MARTINI model cannot account for the directionality of hydrogen bonds. Thirdly, 
MARTINI water (which maps 4 water molecules into one bead) is too much ordered 
(60). One consequence is that the formation of a water pore in a lipid bilayer is too 
unfavourable, which makes this mode of action of AMPs more difficult to study (61). 
However, this might be improved by applying a softer interaction potential to water 
beads in the future, which makes water interact less strongly and allow them to more 
easily permeate into the membrane and form pores.  
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Figure 1.3 MARTINI mapping examples of selected molecules. (A) Standard water 
particle representing four water molecules. (B) Polarizable water molecule with 
embedded charges. (C) DMPC lipid. (D) Polysaccharide fragment. (E) Peptide. (F) DNA 
fragment. (G) Polystyrene fragment. (H) Fullerene molecule. In all cases Martini CG 
beads are shown as cyan transparent beads overlaying the atomistic structure. The 
figure is reproduced from reference (60). 

1.3   Overview 
In this thesis, we study the interplay of peptides with membrane lipids using large 
scale and high-throughput MD simulations. We mostly use CG models as the work 
horse, and refine our results using more detailed all-atom models. The mechanism of 
AMPs in killing bacteria is not clear yet, especially in molecular detail. MD 
simulations step into this field to offer a view on the dynamic behavior of interactions 
of AMPs with lipids. In Chapter 2 we focus on the AMP-mediated lateral segregation 
of anionic lipids in a membrane, one of the aforementioned disruptive factors in the 
mode of action of AMPs. We present a multiscale MD study of peptide binding and 
segregation, using the AMPs Magainin 2, BP100, and MSI-103 in interaction with a 
POPE/cardiolipin bilayer. In Chapter 3 we study the partitioning of AMPs on Ld/Lo 
phase separated membranes. We address the question whether AMPs have a 
preferential binding mode to either Ld or Lo domains, and to what extent the AMPs 
can disrupt the phase segregation. In Chapter 4 we investigated the interplay of 
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Pex11-Amph with peroxisomal model membranes. The simulations reveal how 
Pex11-Amph interacts with the membrane, and which residues are responsible for 
inducing membrane curvature. An outlook and summary conclude this thesis. 
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Abstract  

Antimicrobial peptides (AMPs), typically cationic in nature, have been proposed to 
preferentially interact with anionic lipids. Supporting this different AMPs have been 
shown to induce anionic lipid segregation in mixed bilayers, in a charge-dependent 
fashion. We present a multiscale molecular dynamics (MD) study of this binding and 
segregation mechanism, using the AMPs Magainin 2, BP100, and MSI-103 in 
interaction with a POPE/cardiolipin bilayer. In agreement with experimental 
observations, the more cationic peptides caused a higher segregation of anionic lipids 
from zwitterionic ones. The detail afforded by MD simulations allowed us to confirm 
that this action is indeed mediated mainly by electrostatic interactions whereby the 
first lipid shell around the peptides becomes enriched in cardiolipin. We found no 
indication that AMP-mediated anionic lipid segregation extended further than this 
annular shell, i.e., no higher order organization into cardiolipin domains was 
observed. Consistent with experimental observations, BP100 falls outside the charge–
segregation relationship. Contacts between cardiolipins and charged BP100 side 
chains did follow the same charge trend as for Magainin 2 and MSI-103. From these 
observations we were able to assign the outlying behavior of BP100 to its higher-
than-average cationic density, which prevents maximal contact with cardiolipins.  

2.1 Introduction 
In recent years antimicrobial peptides (AMPs) have attracted much attention as 
promising natural antibiotics with potential to overcome the increasing threat of 
bacterial antibiotic resistance (1, 2). AMPs are relatively short (typically up to 30 
residues long), positively charged (+6 charges are common), amphiphilic, and display 
a broad-spectrum of antifungal and antimicrobial activities. These short and cationic 
peptides have been shown to disrupt or permeabilize bacterial membrane via non-
specific interactions leading to cell death.  

In spite of their promising characteristics, the mechanism of AMP action is diverse, 
complex, and not yet fully understood. Several models of AMP action have been 
proposed (3-6), as well as a number of different ways to sub-classify these peptides 
(7). However, an increasing number of studies (8) show that these 
compartimentalizations might be too simplistic, and that instead several concurrent 



Chapter 2 

15 
 

factors—not necessarily the same across the AMP spectrum—might be responsible 
for antimicrobial action. 

The AMP-mediated lateral segregation of anionic lipids in a membrane is one of the 
aforementioned disruptive factors. It has been observed for different peptides (9, 10) 
and, although probably not a lethal event by itself, it is a certainly destabilizing 
feature of AMP behavior that might act in synergy with other mechanisms (11). 
Wadhwani et al. have published experimental work on AMP binding to membranes 
containing anionic lipids and showed a correlation between the net charge of peptides 
and extent of anionic lipid segregation, regardless of the secondary structure of the 
peptides (12). Earlier work by Epand et al. (13) corroborates this conclusion. These 
observations were based on the changes in lipid phase transition temperature brought 
about by the demixing effect of the peptides, and therefore only provide a 
macroscopic and averaged view into the process. In particular, no hypothesis can be 
put forth regarding the topology of the anionic lipid clustering. Do peptides and 
anionic lipids cluster into larger-scale domains, phase-separated from the rest of the 
membrane? Or do they remain only locally clustered, dissolved in the bulk membrane 
lipids?  

In this work we employ MD simulations to observe the precise molecular aspects of 
lipid binding and segregation by AMPs, in order to both explain the charge correlation 
and characterize the topology of peptide-lipid clusters. MD simulations constitute a 
powerful tool to observe the detailed mechanism of AMPs in action and have 
provided groundbreaking information in the field (14-23). Still, to the best of our 
knowledge, only a limited number of MD studies have focused on the mechanism of 
AMPs specific binding to anionic lipids (21, 24, 25). In these, coarse grained MD 
simulations were used to identify the driving force of AMPs to reorganize the lateral 
organization of lipid bilayers. 

From the peptides experimentally studied by Wadhwani et al. three were chosen for 
our simulations: Magainin 2 for lying at the low end of the charge-segregation 
correlation, MSI-103 for lying at the high end, and BP100 for being an exception to 
this correlation with an observed induced segregation of cardiolipin lipids lower than 
that predicted by its high net charge. We performed MD simulations at both atomistic 
and coarse-grained (CG) levels: atomistic simulations were used to cross validate CG 
ones at shorter time and length scales, and CG ones were used to access longer 
equilibration times and sizes that might be relevant for the segregation event. 
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2.2 Methods 

2.2.1 System setup 

This work follows the lipid interactions of the peptides Magainin 2 
(GIGKFLHSAKKFGKAFVGEIMNS, +3e), BP100 (KKLFKKILKYL-amide, +6e). 
and MSI-103 (KIAGKIAKIAGKIAKIAGKIA-amide, +7e). The histidine in 
Magainin 2 was considered to be deprotonated at all times. Peptides were added to 
both sides of the membrane at a lipid-to-peptide (L/P) ratio of 20. 

A CG bilayer was built up with the same lipid composition as for the experimental 
observation of the charge-segregation relationship (12): a 3:1 mixture of 1-palmitoyl-
2-oleoyl-phosphatidylethanolamine (POPE) and tetraoleoyl cardiolipin. The 
cardiolipin headgroup carries a double negative charge. In our smaller systems the 
membrane was composed of 58 cardiolipins and 172 POPE lipids; the system was 
solvated with water and enough Na+ ions for global charge neutrality, and equilibrated 
under NPT conditions to yield a box of dimensions 9.7×9.7×9.3 nm. Peptides were 
placed in contact with the bilayer. Atomistic systems were obtained via back-mapping 
(26) of these equilibrated CG structures. 

Larger systems, generated by repeating the smaller ones 9 times in a 3×3 
arrangement, were simulated only with the CG model. In the larger system Magainin 
2 induced membrane buckling upon dimerization; extra water was added to this 
system to prevent the buckled membrane to interact with its periodic images in the z-
dimension. 

2.2.2 Simulation parameters 

All the MD simulations were performed using the GROMACS 4.6 software (27) 
under periodic boundary conditions. The temperature was weakly coupled (coupling 
time 0.1 ps) to T=320 K, using the Berendsen thermostat (28). The pressure was 
coupled (coupling time of 1.0 ps and compressibility of 3.0×10-5), using a 
semiisotropic coupling scheme in which the lateral and perpendicular pressures were 
coupled independently at 1 bar, corresponding to a tension-free state of the 
membrane. 

The GROMOS 54a7 (29) force field was used to describe the atomistic system. A 
group-based twin range cut-off scheme was employed, using cut-offs of 1.0/1.4 nm 
and a pair-list update frequency of once per 5 steps. The time step was 2 fs. Particle 
mesh ewald (PME) (30) was used for long-range electrostatic interactions. The water 
was simulated using the SPC model (31), with bonds and angles constrained using the 
SETTLE algorithm (32). The length of all remaining covalent bonds was constrained 
using the LINCS algorithm (33). 
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The MARTINI force field version 2.2 was used to describe the lipids (34) and 
peptides (35, 36) in CG systems. This force field simplifies the system description by 
representing, as a rule, four heavy atoms as a single particle (37). Parameters for 
cardiolipin were taken from the work of Dahlberg et al. (38) and have been 
successfully used in a number of other protein-lipid binding studies (39, 40). The 
polarizable MARTINI water model (41) was used since both MARTINI 
representations of peptides and lipids carry explicit charges, and electrostatics can be 
expected to play an important role in their interactions. The properties of the polarized 
MARTINI water model were tested by Vögele et al (42) where it has been shown that 
this model is able to satisfactorily reproduce electrostatic properties of ionic solutions. 
The starting CG structures were equillibrated using the standard MARTINI water 
model. Non-bonded interactions were described by Lennard-Jones potentials, 
switched to zero between 0.9 to 1.2 nm as is common practice in MARTINI 
simulations; long-range electrostatics were treated with PME. A time step of 20 fs was 
used, with a pair-list update frequency of once per 10 steps. 

2.2.3 Analysis 

Lipid binding to peptides was quantified by counting peptide-lipid contacts for all the 
simulations. A contact was defined whenever lipid and peptide reference points lay 
within 0.7 nm of each other in the xy plane—this distance was chosen to include 
essentially first neighbors (see the radial distribution functions in Figure 2.S3 and 
Figure 2.S4 in the Supporting Material). For CG simulations the reference points were 
the cardiolipin phosphates and the tip bead of the side chain of each peptide residue 
(or the backbone bead, in the absence of a side chain). To be directly comparable to 
the CG counting, in atomistic simulations the reference positions were the centers-of-
mass of the atoms that map to the beads used as CG references. Contacts were only 
considered within the same leaflet. Only one contact per peptide-phosphate pair was 
counted (the closest), even if multiple reference centers lay within contact range. 
Counts were averaged per peptide and over time. Contacts were also calculated in the 
same fashion between lipid phosphate groups, within a 1.3 nm cutoff (this larger 
range encompassing the typical PO4-PO4 xy-distance between neighboring lipids—
see Figure 2.S5 and Figure 2.S6 in the Supporting Material). When assigning 
cardiolipin contacts the following criterion was followed: if only one phosphate group 
of a cardiolipin was in contact with a peptide residue, then both phosphates were 
considered in contact with that residue, counting as a full cardiolipin contact. If each 
of a cardiolipin's phosphates were in contact with a different residue, then each 
residue was assigned a half cardiolipin contact; if both residues belong to the same 
peptide that cardiolipin was considered to be shared. When monitoring cardiolipin 
interaction with the peptides’ cationic charges contacts were considered only with Lys 
tip beads or N-terminus backbone beads. 



Segregation Effect of Antimicrobial Peptides on Anionic Lipids 

18 
 

2.3 Results and Discussion  
The phenomenon of AMP-induced cardiolipin clustering and segregation was 
simulated at the AA and CG levels of detail. AA systems comprised 10×10 nm 
membrane patches with peptide added to both leaflets, and were simulated for at least 
973 ns. CG systems, which can sample much longer time and length scales, were 9-
fold larger than AA ones and were simulated for at least 1.5 µs. The representations of 
the systems, peptides, and lipids in both atomistic and CG models are shown in Figure 
2.1. 

 

 

Figure 2.1. AA and CG representations of the lipids and peptides used in this work. 

Magainin 2 is shown in AA and CG bilayer systems at the actual relative sizes and 
compositions at which they were simulated. POPE tails and phosphate group are 
colored gray. Cardiolipin tails are colored blue and phosphate group red. Peptide 
backbone is colored green, cationic side-chains blue, anionic side-chains red, and 
apolar side-chains gray. 
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A concern in this study was to ensure the CG model yields reliable information 
compatible with that of the atomistic model. For this reason the results are presented 
also in a CG/atomistic comparative fashion. The two models do overlap on most 
results. Specific discussions are presented below for the cases where they do not 
agree. 

2.3.1 Peptide organization 

In the short time scale of the AA simulations peptides diffuse only a very short range. 
Oligomerization, when it happens, generally involves first encountered neighbors and 
lasts for the remainder of the simulated time. The CG systems are, conversely, much 
more dynamic, with peptide-peptide interactions forming and breaking up along the 
simulation. In spite of these differences the peptide organization in both models is 
largely in agreement—in particular oligomerization propensities (Figure 2.S1 and 
Figure 2.S2)—validating the use of CG in this respect. Snapshots of the peptide 
organization are presented in Figure 2.2 and Figure 2.3. 
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Figure 2.2. Top view of atomistic systems after at least 850 ns simulation time. A) 

Bilayer without peptides. B) Bilayer with Magainin 2. C) Bilayer with BP100. D) 
Bilayer with MSI-103. The phosphorus atoms of cardiolipin are depicted in red, 
peptide backbones in green and, cationic sidechains in blue. Sodium ions within 1 nm 
of cardiolipin phosphorus atoms are depicted in cyan. PE lipids were omitted for 
clarity. 

 

Figure 2.3. Top view of CG systems after at least 1 µs simulation time. A) Bilayer 

without peptides. B) Bilayer with Magainin 2. C) Bilayer with BP100. D) Bilayer with 
MSI-103. The color scheme is the same as in Figure 2.2, with the difference that the 
red beads now represent a full phosphate group. 
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Magainin 2 dimerized in the two models, in further agreement with experimental 
work that reported the dimerization behavior of Magainin 2 in phospholipid bilayers 
(43, 44). During the atomistic simulation, peptides aggregated into mostly dimers and 
trimers. Occasional interactions between these aggregates led to temporary formation 
of larger-order aggregates (Figure 2.S1, Figure 2.2). In the CG simulations dimers and 
trimers could also be observed. In this case, the long simulation timescales also 
allowed the observation of subsequent dissociation events. Magainin 2 dimerization 
occurred essentially via its exposed nonpolar patches, leaving its charged residues free 
to interact with lipids. 

BP100 peptides did not dimerize in either model. To the best of our knowledge no 
studies on BP100 oligomerization have been reported; nonetheless, the behavior 
observed in both CG and atomistic models is expected given the very high charge 
density on these short peptides. 

In AA simulations of MSI-103 a single dimer was observed to form, while the rest of 
the peptides remained unassociated. In CG simulations, sporadic peptide association 
was also observed, but not as long-lived. MSI-103 dimerization in phospholipid 
bilayers has been studied experimentally, and monomers and dimers were shown to 
coexist in membranes, although this can be affected by subtle changes in peptide 
concentration, sample hydration, and lipid composition (45, 46). 

2.3.2 Peptide – lipid contacts 

In contrast with the limited peptide diffusion in AA systems, lipids exhibit enough 
freedom to move around the system, often exchanging with one another in preferred 
interaction regions. 

A clear preference for cardiolipin to locate in the vicinity of the peptides is visible in 
both models (Figure 2.2 and Figure 2.3). This interaction is essentially electrostatic in 
nature, arising from the high cationic content of the peptides, and the anionic charges 
on cardiolipin. This can be inferred from the cardiolipin association behavior in the 
presence and absence of peptides: in Figure 2.2A and Figure 2.3A, where a bilayer 
without peptides is shown, small clusters of cardiolipin form, in spite of the strong 
anionic repulsion. Clustering happens mostly due to cationic counterions coordinating 
multiple cardiolipin headgroups. This is in line with other reports (47) on cardiolipin-
counterion binding. Upon addition of peptides to these membranes cardiolipin 
headgroups interact preferentially with the cationic sidechains resulting in cation 
displacement. 

Figure 2.4 shows the average number of contacts per peptide with lipid phosphate 
groups, for atomistic and CG simulations. The contact plots clearly show a preference 
for the peptides to bind cardiolipin over POPE. This preference is such that in all 
cases there are more cardiolipin phosphates than POPE ones bound to peptides, even 
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though in our simulated systems POPE phosphates outnumber cardiolipin ones 3-to-2 
(taking into account that each cardiolipin carries two such groups). 

It should be noted that cardiolipin binding was restricted to the immediate shells 
around the peptides. No large-scale clustering or domain formation was observed with 
either model. In this case AMP action on the membrane is limited to the modulation 
of bulk lipid composition, rather than phase miscibility/separation behavior. 

It is also visible from Figure 2.4 that, while for the most part in very good agreement, 
CG results indicate a larger number of contacts between PE and MSI-103 than 
atomistic ones. We ascribe this difference to the dimer that formed in atomistic 
simulations where the entire dimerization interface of the involved peptides became 
screened from lipid interactions—particularly interactions with PE since the cationic 
sidechains were still free to interact with cardiolipins. The small number of peptides 
in the atomistic system and relatively shorter simulation time caused this single long-
lived dimerization to take a disproportionate weight on the contact counts. The exact 
same type of peptide-PE screening happens, in a larger scale, with Magainin 2. In this 
case atomistic and CG contact counts agree because the dimerization behavior is 
similarly described by both models. 

 

 
Figure 2.4. The number of lipid phosphate contacts with peptides after AA and CG 
simulations, averaged over time and the number of peptides. Error bars represent the 
standard deviations over simulation frames. Green: PE-peptide neighbors. Red: 
Cardiolipin-peptide neighbors. 

 

Interestingly, peptide-PE contacts also seem to increase with peptide charge, 
especially in the CG results. This, however, reflects more the organization of the 
peptides than a direct effect of charge: Magainin 2 is the least cationic of the peptides, 
and while also the largest (23 residues) it is mostly dimerized in the membrane. The 
number of its sidechains exposed to interaction with lipid headgroups is, therefore, 
roughly halved. MSI-103, which has a size similar to that of Magainin 2 (21 residues) 
but the most cationicity and a lower propensity for dimerization binds a significantly 
larger amount of lipids. Furthermore and as discussed in section 3.1 Magainin 2 
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dimerization occurs through its nonpolar patches and does not hinder the preferential 
interaction of basic sidechains with cardiolipin. As a result, Magainin 2–PE contacts 
become selectively decreased. 

2.3.3 Lipid – lipid contacts 

Preferential binding of cardiolipin to peptides is the likely mechanism behind the 
observed changes in phase-transition temperature reported by Wadhwani et al (12). As 
can be seen from Figure 2.5, peptide sequestering of cardiolipin indirectly causes a 
decrease of PE-cardiolipin contacts. The resulting bulk bilayer composition is thus 
cardiolipin-depleted and its phase transition behavior can be expected to be closer to 
that of pure POPE, just as hypothesized and observed by Epand et al. and Wadhwani 
et al (9, 10, 12). 

 

 

 

Figure 2.5. The average number of phosphate neighbors of PE heads after AA and 
CG simulations with the three peptides, normalized by the counts in the absence of 
peptides. Error bars represent the standard deviations over simulation frames. Green: 
PE-PE neighbors. Red: PE-cardiolipin neighbors. 

 

Figure 2.6B shows the ratio of PE-to-cardiolipin lipids in the membrane bulk (i.e. of 
lipids not in contact with any peptide). The dependence of this ratio on peptide charge 
ultimately explains the trend reported by Wadhwani et al (12) (reproduced in Figure 
2.6A) in which more cationic peptides yield a bulk phase behavior closest to pure PE. 
A somewhat discrepant behavior between AA and CG bulk ratios can be seen for 
MSI-103. While this can be partly attributable to the aforementioned increased MSI-
103–PE binding in the CG simulations, the AA model of MSI-103 was indeed able to 
deplete cardiolipin from the bulk more efficiently than the CG model. This is evident 
when comparing Figure 2.2D and Figure 2.3D, and may reflect the simplified 
treatment of electrostatic interactions by the CG model. 
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Figure 2.6. A) Reproduction, from Ref. 12, of the relationship between peptide 

charge and melting temperature shift—indicative of lipid demixing—obtained 
experimentally with 3:1 POPE:cardiolipin mixtures. B) The bulk ratio of POPE-to-
cardiolipin lipids averaged over time (atomistic simulations after 500 ns, CG after 800 
ns) as a function of peptide charge. Error bars indicate distribution standard 
deviations. In both AA and CG models the bulk ratio in the presence of BP100 is below 
the Magainin 2–MSI-103 trend (an effect smaller in the CG case, and rendered less 
visible due to the long y-axis scale imposed by the AA results). C) Number of specific 
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cardiolipin contacts with peptide charges (empty bars), and the fraction 
corresponding to lipid contacts shared by residues of the same peptide (shaded bars). 
Blue: AA, red: CG. 

2.3.4 Outlying behavior of BP100 

The reason to include BP100 in this study was its outlying behavior regarding anionic 
lipid clustering. Experimentally, BP100 was observed to promote a weaker cardiolipin 
clustering than predicted by its charge (12) (Figure 2.6A). Wadhwani et al. suggest 
that this observation arises from the short size of the peptide: either due to its inability 
to penetrate deeply into the membrane, or due to the entropic penalty of gathering 
many cardiolipins within its small immediate solvation area. In our results (Figure 
2.6B) the same weaker cardiolipin segregation was observed for both AA and CG 
systems—the former yielding a more prominent outlying BP100 behavior. Our results 
show that the lower BP100–cardiolipin contacts result from a crowding effect that 
forces both phosphates of cardiolipins to coordinate different peptide charges. This is 
clear in Figure 2.6C, which plots the number of cardiolipin contacts with charged 
peptide groups and the fraction of those cardiolipins that is shared among same-
peptide residues. The number of shared BP100–cardiolipin contacts is the highest 
among the three peptides, both in relative and absolute terms, and for both AA and 
CG models (see the Methods section for details on the assignment of shared contacts). 

The increase in cardiolipin sharing by BP100 residues is a consequence of its high 
cationic density: sharing cardiolipin contacts satisfies the peptide's anionic 
interactions while avoiding the enthalpic and entropic penalties involved in 
maintaining a locally dense cluster of anionic cardiolipins. Figure 2.7 schematizes this 
view. In agreement with our explanation, the other obvious outlier in the charge-
clustering trend reported by Wadhwani et al. (12) is the also highly charge-dense HIV-
TAT peptide (a 13-mer with +8e total charge).  
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Figure 2.7.  Schematic depiction of cardiolipin contact sharing at high peptide 

cationic densities. Yellow: peptide.  Blue: cationic peptide charges.  Red: pairs of 
cardiolipin phosphate groups. 

2.4 Conclusion 
In this work we observed, using MD simulations at atomistic and CG scales of detail, 
how anionic lipids bind to AMPs. Both atomistic and CG simulations reproduced the 
experimentally observed trend of increased lipid segregation by more cationic AMPs. 
Lipid binding was also observed shown to be local to each peptide, not extending 
further into formation of domains. 

Our observations are valuable in interpreting the consequences of AMP action at the 
lipid-segregation level: it can now be hypothesized how the depletion of anionic lipids 
from the bulk membrane phase, rather than a phase separation, can affect bacterial 
processes and contribute towards cell death. 

We were also able to observe and explain the outlying behavior of BP100, which 
clusters fewer anionic lipids than predicted by its charge. These observations 
ultimately led to the precise understanding of how peptide charge density affects 
anionic lipid clustering. 
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2.6 Supporting Material 
This section contains peptide aggregation analyses and a set of xy-plane radial 
distribution functions (RDFs) for both atomistic and coarse grained systems. 

 

Figure 2.S1. Peptide oligomerization along atomistic simulations after 500 ns. 

 

Figure 2.S2. Peptide oligomerization along coarse grain simulations after 800 ns.  
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Figure 2.S3. xy-plane RDF of cardiolipin phosphorus atoms around peptides after 
atomistic simulations. Reference atom groups in the peptides were the same as used for 
contact counting (see the main text). 

Figure 2.S4. xy-plane RDF of cardiolipin phosphate groups around peptides after CG 
simulations. Reference beads in the peptides were the same as used for contact counting (see 
the main text). 

 

Figure 2.S5. xy-plane RDF of cardiolipin phosphorus atoms around PE ones, after 

atomistic simulations. 

 

Figure 2.S6. xy-plane RDF of cardiolipin phosphates atoms around PE ones, after 

CG simulations. 
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Localization Preference of Antimicrobial Peptides on 
Liquid-Disordered Membrane Domains 

J. Su, S.J. Marrink, M.N. Melo, to be submitted 
 

Abstract  

We performed coarse-grained simulations of four antimicrobial peptides (Magainin 2, 
BP100, MSI-103 and MSI-78) on a phase-separated membrane to study their 
preference for different domains. All the peptides displayed a clear preference for the 
liquid disordered (Ld) phase over the liquid ordered (Lo) one. For all peptides but 
Magainin 2 there was a further preference for the domain interface over the 
disordered phase bulk. Two peptide concentrations were tested, at peptide-to-lipid 
ratios of 1/200 and 1/20. Similar results were observed at both concentrations, 
although Ld phase saturation at the higher concentration drove some of the peptide 
excess to the Lo phase. Interestingly, at high concentrations of Magainin 2, toroidal 
pores spontaneously formed in the Ld phase. We performed a series of additional 
simulations to characterize this phenomenon.  

3.1 Introduction 
Membrane lipid heterogeneity is crucial for various processes in living cells. 
Functions attributed to the membrane lipidome range from specific integral protein 
solvation (1) to signaling (2, 3) to formation of spatial domains of different local 
composition (4). Commonly used model systems are bilayers composed of ternary 
mixtures of cholesterol, saturated, and unsaturated lipids, which yield a rich phase 
behavior (5) at physiological temperatures. Over a range of component concentrations 
these ternary mixtures laterally separate into a liquid-ordered (Lo) phase, enriched in 
the saturated lipid and cholesterol, and a liquid-disordered (Ld) one, enriched in the 
unsaturated lipid (6-8). While such lipid segregation has not been observed at large 
scales in cellular membranes, the phase-separated ternary mixture model is still 
relevant, as there is plenty evidence of heterogeneity in lipid distribution, both in 
physiological membranes (9, 10) and in complex models thereof (11). Understanding 
the interplay between membrane proteins and such heterogeneous surroundings is 
central to shedding light on the function of both proteins and the associated lipids. 

An important class of proteins interacting with lipid membranes is formed by 
antimicrobial peptides (AMPs). AMPs are typically short cationic peptides and 
diverse both in sequence and structure (12, 13). The amphipathic α-helical structured 
AMPs are particularly abundant and widespread in nature (14). The net cationicity 
and the amphipathic character facilitates their incorporation into the negatively 
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charged microbial membranes. The activity of antimicrobial peptides (AMPs) has 
been observed to depend critically on the composition of target cell membranes. Many 
studies focus on model membranes containing negatively charged lipids, mimicking 
the bacterial membrane composition and allowing the characterization of the 
electrostatic component of the interactions between the cationic peptides and the 
host’s membranes (15-17). At the same time, the disruptions of AMPs on cholesterol-
containing homogeneous membranes have attracted some interest since many AMPs 
are able to kill fungi, protozoa, and  enveloped viruses, which have sterol-rich 
membranes (18-20). However, only a limited number of experimental studies (21, 22) 
have looked at AMPs interacting with phase-separated heterogeneous membranes. 

In this work, we use molecular dynamics (MD) simulations to study the interactions 
of four AMPs — Magainin 2, BP100,  MSI-103, and MSI-78 — with phase-separated 
model membranes composed of cholesterol, a saturated lipid (di-palmitoyl 
phosphatidylcholine; DPPC), and an unsaturated lipid (di-linoleyl 
phosphatidylcholine; DLiPC). The aim to select the four peptides is to have a little 
diversity in sizes, charges and sequences, although all four share the same α-helical 
secondary structure.  Magainin 2 has a big size (23 residues) but low net charge (+3), 
while MSI-103 (21 residues) is highly positively charged (+7) but similar size as 
Magainin 2. BP100 is also rich in charge density (+6), but very short (11 residues). 
MSI-78 (+9, 22 residues) serves as a control; it has been investigated by McHenry et 
al. (22) experimentally on phase separated lipid membranes.  

We use the MARTINI coarse-grained force field (23), widely used in simulations of 
phase-separating bilayers (24). Previous simulation studies using this model have 
shown a typical preference for other compounds (e.g., transmembrane proteins (25, 
26), sugars (27), aliphatics (28, 29), drugs (30) to partition into the Ld phase, or 
adsorb at the domain boundaries, and sometimes leading to domain remodeling. Here, 
our aim is to ascertain the phase preference of AMPs, and establish any effect it might 
have on the phase separation itself.  

3.2 Methods 

3.2.1 Force field and simulated systems 

In this work, we employed MARTINI version 2.2 for our lipids, cholesterol, and 
peptide parameters (31-34). The representation of the simulation box, peptides and 
lipids are shown in Figure 3.1. We used the Avogadro software (35) to build the initial 
atomistic structures of each peptide, assuming an entirely α-helical secondary 
structure. The coarse grained MARTINI structures were obtained by using the 
Martinize script. The simulated bilayers were composed of DPPC, DLiPC, and 
cholesterol at a 42:28:30 ratio, and a total of 3628 lipids. A membrane patch was first 
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equilibrated in water for 2.3 µs until equilibrium Lo/Ld phase separation was reached, 
following the pioneering work of Risselada et al. (36). A rectangular patch shape of 
large aspect ratio was chosen so that phase domains could easily become continuous 
with themselves across the periodicity in the y direction, thus reducing the phase 
interface line tension. Each AMP was added to a separate copy of this patch, placed at 
the surface of the membrane. Two peptide:lipid (P/L) ratios were employed: 1:200 
and 1:20. All systems were made charge neutral by addition of the appropriate amount 
of chloride ions. At the highest concentration case, peptides were added to both sides 
of the membrane, in equal numbers, to prevent bilayer disruption due to sheer tension 
mismatch and make sure the peptides have enough space on the surface of 
membranes. Prior to production runs, peptide orientation and depth were equilibrated 
for at least 200 ns under the following restraints: first and last backbone beads of each 
peptide were position-restrained in the xy plane to prevent lateral diffusion and 
untimely peptide-peptide association; a weak force in z was applied on the peptides, 
pulling them towards the bilayer and preventing dissociation into the aqueous phase. 
This setup allowed the peptides to rotate parallel to the bilayer plane to optimally face 
the bilayer, without getting trapped in pre-equilibrium aggregates. Production runs 
proceeded without any restraint on the peptides, for at least 60 µs. 
 

 
Figure 3.1. System setup. Coarse-grained representation of simulation box, 
peptides, and lipids.  

 

3.2.2 Simulation parameters 

All the simulations were performed using the GROMACS 4.6.7 (37) software or 
version 5.1 when the use of flat-bottom restraining potentials was needed. Periodic 
boundary conditions were used. The temperature was coupled (coupling time 1.0 ps) 
to T=295 K, using the Berendsen thermostat (38). The pressure was coupled using the 
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Berendsen barostat (coupling time of 0.5 ps and compressibility of 4.5×10-5), using a 
semi-isotropic coupling scheme in which the lateral and perpendicular pressures were 
coupled independently at 1 bar, corresponding to a tension-free state of the 
membrane. Non-bonded interactions were computed as Lennard-Jones (LJ) potentials, 
switched to zero from 0.9 to 1.2 nm (pair-list update frequency of once per 10 steps). 
Electrostatics were calculated as Coulombic interactions shifted to zero from 0 nm to 
the same 1.2 nm cutoff. A time step of 30 fs was used. 

3.2.3 Buckling restraints 

To prevent membrane buckling, one glycerol bead of each lipid was position-
restrained in the z direction with a weak quadratic potential. This strategy, also 
successfully applied to more complex membranes (11), allows the use of a box size of 
smaller height, without the risk of direct interaction between peptides and lipids of 
adjacent periodic images in z. In a reference simulation, we used as alternative a flat-
bottomed potential restraint, confining headgroup particles to a xy slab of defined 
vertical thickness. This potential, available in the recently published GROMACS 5.1 
package, restrains the glycerol moieties to a slab 4 nm thick, and is harmonic at the 
slab edges but zero throughout. It therefore only acts on particles leaving the slab 
region, allowing the headgroups to move freely towards the bilayer core and even 
flip-flop. 

3.2.4 Analysis 

To identify different domains, a simple phase-assignment algorithm (39) was 
implemented using the NumPy (40), scikit-learn (41), scikit-image (42) and 
MDAnalysis Python packages (43). In this algorithm lipid positions were flattened in 
z and smoothed using a Gaussian kernel with a 1.0 nm standard deviation. The first 
lipid tail beads (particles C1A and C1B) of DPPC and DLiPC were used to represent 
each species. The smoothed signal was sampled on a grid of cell dimensions 1 × 1 Å. 
The phase domain interfaces were determined by subtracting the DPPC signal from 
the DLiPC signal, and running the result through the scikit-image Canny edge-
detection filter. The phase boundary perimeters were calculated as well by summing 
the pixels of edges, then normalized to a flat interface. Edge effects were avoided by 
extending the phase assignment area by 2 nm in each direction to include beads of the 
neighboring periodic images. Figure 3.2 schematizes the analysis of a system in the 
presence of low concentrations of BP100. 
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Figure 3.2. Interface analysis. Left: schematic figure for contour of the interface 

(gray) between Lo (blue) and Ld domains (red). Right: molecular view of the system 
(BP100 at low concentration). In both panels peptide backbone is shown in pink. 

To quantify the domain preference of the AMPs, peptide backbone beads were 
assigned to each of three possible regions: Ld, Lo, or interface, based on their z-
flattened position. Backbone beads in the Ld and Lo regions were the ones closest to a 
cell of the respective type. Interfacial beads were those within 1.5 nm of an interface 
cell, irrespective of Ld/Lo proximity. The counts of assigned backbone beads were 
normalized by the expected counts in each respective region were the peptides 
randomly distributed. The random expected counts were obtained by multiplying the 
total number of peptides by the area fraction of each region. The resulting value 
represents the ratio of enrichment of each region relative to a random peptide 
distribution. The reported averages were calculated over the last 20 µs of each 
production simulation, and the confidence intervals of 95% estimated using a 
bootstrap procedure with 1000 resamplings. The depth of peptides inserted into the 
membrane was measured by counting the distances of backbones of peptides with the 
PO4s of lipids in z direction. 

3.3 Results and Discussion 

3.3.1 Peptide oligomerization  

Figure 3.3 shows the lateral organization of the peptides after 60 µs simulation time, 
at 1:200 and 1:20 P/L ratios. Focusing at the level of peptide-peptide interactions, the 
oligomerization behavior clearly differs between Magainin 2 — mostly a dimer — 
and the other AMPs — mostly monomers. The oligomerization state is quantified in 
Figure 3.4, showing a much broader size distribution for Magainin 2, with a peak for 
the dimeric state. This is in good agreement with observed experimental behavior: 
Mukai et al. (44) and Wakamatsu et al. (45) found  Magainin 2 formed dimers when 
bound to phospholipid membranes. We observed that MSI-103 does dimerize — 
transiently and to a low extent — at high concentrations (Figures 3.3F, 3.4B), in 
agreement with experimental evidence of environment-dependent MSI-103 
aggregation (46). BP100 and MSI-78 remain as monomers independently of 
concentration. Although there is no direct experimental evidence that this is indeed 
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their preferred oligomerization state, these two peptides have cationic charge densities 
higher than those of either Magainin 2 or the weakly-dimerizing MSI-103. BP100 or 
MSI-78 aggregation is therefore an unlikely event, consistent with our observations. 

 
Figure 3.3.  Partitioning behavior of antimicrobial peptides. Snapshots of 
simulations at 60 µs at low (L:P 200, left column) and high (L:P 20, right column) 
peptide concentrations. DPPC, DUPC, and cholesterol are colored in blue, red, and 
yellow respectively. Backbones of each peptide are shown in a variety of colors: 
Magainin 2 in white, BP100 in pink, MSI-103 in cyan and MSI-78 in green. Two star-
shaped aggregates can be seen for Magainin 2 in the Ld phase, where pores were 
observed to form (indicated by arrows). 
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Figure 3.4. Oligomerization analysis. Peptide oligomer size distributions over the 
last 20 µs simulations for different AMPs. A) low (L:P 200) and B) high (L:P 20) 
peptide concentration.  

3.3.2 Peptide phase localization 

According to the experimental data of McHenry et al. (22), MSI-78 has a preference 
for the Ld phase. Our simulations reveal the same behavior, as can be inferred from 
Figure 3.3. In fact, one can observe that all four AMPs prefer the Ld phase. The 
affinity for the disordered domain does not seem to be the same for all peptides, 
however, Magainin 2 is virtually absent from the ordered phase at low concentrations, 
whereas MSI-103 seems to distribute more homogeneously. Figure 3.5 shows the 
quantification of these observations over the last 20 µs of each trajectory. Indeed, 
there is a preference of all peptides for the Ld phase over the Lo one. It is the 
interfacial region, however, that is the most enriched, for all peptides but Magainin 2. 
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Figure 3.5. Ratio of peptide enrichment in each region relative to a random 

distribution. A) At low peptide concentration. B) At high peptide concentration.  

At high concentrations, and for all peptides, the enrichment ratio of each region is 
brought closer to 1 (Figure 3.5B). This seems to indicate that the preferred regions 
(interface and/or Ld) get saturated and the excess peptide is forced into the remaining 
phases. In the particular case of MSI-103 this effect was such that a preference for the 
interface region over the Ld phase is no longer discernible. 

3.3.3 Driving forces 

In case of transmembrane helices, we previously showed (25) that the main driving 
force for sorting of the peptides to the Ld phase is caused by changes in lipid 
enthalpy. The peptides are essential incompatible with the ordered nature of the Lo 
phase, disturbing the tight packing of saturated lipids and cholesterol. This leads to an 
enthalpic driving force for sorting into the Ld domains. In case of the surface 
adsorbed AMPs, one might expect little difference in the enthalpy of interaction of 
AMPs with either phase because the MARTINI models for DPPC and DLiPC have 
identical headgroups. A direct inspection of the peptide interaction enthalpies does 
however show a difference between Ld-adsorbed and Lo-adsorbed peptide potential 
energy (Figure 3.6A). Unexpectedly from the observed peptide localization, it is the 
Lo-adsorbed state that is the most energetically favorable — even if the peptides 
interact with shallower adsorptions (Figure 3.6B). To make sense of this enthalpic 
preference, which likely stems from the increased density of peptide–lipid interactions 
in the more compact Lo-phase, the peptide induced disturbance of lipid–lipid 
interactions is presumably the dominant factor also in case of AMPs. In agreement 
with this view that peptide-associated Lo-lipids are less packed, small islands of 
unsaturated lipids often accompany the few peptides that diffuse into the Lo phase 
(Figure 3.6). 
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Figure 3.6. Peptide interaction energies and penetration depths across domains. 
Only data for the less concentrated systems (L:P 200) is shown. A) Total nonbonded 
interaction potential energy in each region, averaged by the number of peptide 
particles in that region (intrapeptide nonbonded contributions were not included). B) 
Peptide backbone in-depth position, expressed as the z-position difference to the 
average of nearby phosphate beads, for each region. C) Magainin 2 peptide–peptide 
nonbonded interaction potential energy, averaged separately for each region (which 
is a component of the Magainin 2 energies depicted in A). Magainin 2 Peptide–
peptide association is more energetically favorable in the Ld phase, somewhat less in 
the interface region, and energetically neutral in the Lo region (self-interaction 
energies were not plotted for the other AMPs, which do not dimerize and for which 
the involved energies are negligible). 

The above argument of enthalpic competition between the Lo-lipid packing and 
peptide adsorption explains why the peptides display a further preference for the 
phase interface over even the Ld phase: at the interface the energetic cost of 
disrupting Lo-lipid packing is already partly paid for; peptides can then interact with 
Lo-lipids to some extent, and therefore have a lower global interaction energy, 
without incurring in the energetic penalty that drives them away from the Lo phase. 
Magainin 2 is an exception to the preference of the interface over the Ld phase. 
Magainin 2 peptides still become enriched at the interface, but clearly less than in the 
Ld phase (Figure 3.5). This seems to be a consequence of their preference for a 
dimerized state, which none of the other peptides share. Figure 3.6 shows that the 
peptide–peptide interaction energy of Magainin 2 is higher when at the interface or Lo 
phases, which suggests that these environments destabilize the dimers — perhaps due 
to a less compatible interaction depth profile. 

3.3.4 Magainin 2 pore formation at high concentrations 

At high P/L ratio, two Magainin 2 pores spontaneously formed in the Ld phase 
(Figure 3.3B). From the peptide’s mechanistic point of view, this is an expected event. 
However, it is a remarkable observation because simulation of spontaneous AMP 
membrane insertion and pore formation has remained elusive for coarse-grain models, 
and descriptions of the process are only available from atomistic simulations (47, 48). 



Chapter 3 

43 
 

For the MARTINI coarse-grain model the reasons behind the difficulty in simulating 
pore phenomena are not entirely clear, although it has been pointed out that MARTINI 
membranes often present an excessively high energy barrier to lipid flip-flop or 
crossing by polar moieties (49). Indeed, MARTINI membranes covered with 
Magainin 2 will sooner buckle and bud than form pores (50). In our simulations at 
high peptide densities membrane buckling was prevented by the application of a 
restraining potential in the z direction on the lipid headgroups. Tension was further 
balanced by having equal amounts of peptide on each leaflet. Under this light, and 
given the reluctance of the MARTINI model for pore formation (49), we believe that 
the extreme buckling observed by others (50) is probably not the foremost 
mechanism. In reality pore formation will likely occur earlier, the more so as the 
presence of membrane proteins and actin filaments will prevent buckling.  

Figure 3.7A depicts a step-by-step formation of one of the Magainin 2 pores. 
Preceding pore formation Magainin 2 dimers — mostly antiparallel — assemble in 
one of the leaflets in a roughly radial fashion (Figure 3.7B). For both pores formation 
involved the incursion of top leaflet peptides into the bottom leaflet. Two-to-three 
peptides, of mixed orientation and of different dimers, penetrate simultaneously end-
first into the bilayer core (the mixed N- and C-terminal orientations presumably 
stabilizing the terminal charges), dragging water beads along. Peptides from the 
bottom leaflet then tilt inward to meet the incoming top-leaflet peptides, after which 
the pore is established. In both cases, after initial radial aggregation, the process was 
quite fast, with the first peptide becoming transmembrane within 300 ns. Once 
inserted, peptide organization is tilted and no longer dimeric. The pore structure is 
also dynamic, with peptides frequently exchanging between the adsorbed and 
internalized states. However, no peptides were observed to fully translocate and adopt 
the adsorbed configuration in the opposing leaflet; there were, at most, cases where 
transmembrane peptides cross the membrane all the way and become anchored closer 
to the opposing leaflet than the starting leaflet. Regardless of peptide dynamics, once 
formed the pores themselves were stable for the remainder of the run (over 60 µs). 
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Figure 3.7. Process of Magainin 2 pore formation. A) Three side-view snapshots 
depicting peptide internalization from the top leaflet, contact with the bottom leaflet, 
and establishment of a stable pore (see the main text for more detail). Label times 
are relative to the beginning of internalization, with t=0 corresponding to 7.8 µs 
simulation time; for this system buckling was prevented by restraining vertical 
headgroup movement; the view at t=300 is rotated by 180º relative to the other two 
panels. B) Top and bottom leaflet views of the peptide organization at t=0, for the 
same system as in A. C) Pore structure obtained in a membrane held flat by a flat-
bottomed potential, as opposed to the headgroup restraints in A and B. Peptide 
backbones are depicted in gray, with blue and red N and C termini, respectively; lipids 
are shown only as their PO4 bead, in orange (these are mostly, but not entirely, DLiPC 
lipids, since the pores formed in the Ld phase); the water beads closest to the pore 
core are shown in cyan; for clarity, all other system components were hidden, and in 
B the PO4 beads were also not shown. 

As stated, the observation of Magainin 2 pore formation was facilitated by the 
restriction of lipid headgroup movement in the out-of-membrane-plane direction. 
Naturally, this raises concern about the significance of the pore structure since such 
potentials prevent the lipid headgroups from accompanying the internalizing peptides, 
as is expected to occur for toroidal pore models (47, 48). To test the influence of this 
bias we employed a different method to restrict membrane buckling, namely a flat-
bottomed potential (see Methods). Under the less biasing flat-bottomed potential two 
Magainin 2 pores were also observed to form (Figure 3.7C), confirming that it is 
indeed the prevention of buckling — and not the specific restriction of headgroup 
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movement — that promotes pore formation. The final structure of these pores is quite 
similar to the pores obtained with the headgroup restraints, with peptides inserted in a 
tilted, monomeric fashion. Incidentally, though the membrane can become somewhat 
distorted near the pores when using the flat-bottomed potential, headgroups still do 
not completely follow the peptides into the bilayer core. This behavior may be 
connected to the high flip-flop energies under the MARTINI model (49).  

3.4 Conclusion 
In this work we were able to observe and assign the molecular bases for AMP 
preference for disordered phases. This extends and complements available 
experimental studies, in which a preference of AMPs for the Ld phase could be 
inferred, but only from indirect evidence (22). Contrary to what might have been 
intuitively expected, it is the favorable energy of the Lo lipid–lipid packing that 
diminishes the peptide affinity to that phase, since energetically the AMPs do prefer 
the high density of interactions in the Lo phase. The observed further preference of 
monomeric AMPs for the phase interface is a corollary of these energetic 
considerations.  

In addition to Ld phase preference, in the case of Magainin 2 pores were also 
observed to spontaneously form there. The definition of the conditions required for 
this observation is a major breakthrough in the simulation of membrane-active 
peptides, and opens the door to a much more detailed characterization of determinants 
of pore formation. 

Our observation of AMP accumulation in the Ld phase supports the view that phase 
preference can potentiate AMP activity by promoting localized high-density peptide 
regions in the membrane (22). Still, extrapolation of these conclusions to the much 
more complex bacterial or eukaryotic membranes, where sharp phase separation 
seems unlikely (11), should be done with caution. 
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Abstract 
Pex11 proteins are crucial in the elongation process of peroxisome proliferation. 
Pex11-Amph, the conserved N-terminal amphipathic helix of Pex11, is able to 
tubulate liposomes in vitro. The molecular level details of the interplay between 
Pex11-Amph and membranes remain unknown due to the limitations of experimental 
methods. To overcome this we performed simulations of P. chrysogenum Pex11-
Amph peptide on different types of membranes using molecular dynamics. 
Interestingly we observed peptides aggregated as a linear pattern on the membrane. 
One mutant of the peptide was successfully designed to break this aggregation pattern; 
the mutant’s in vitro tubulating activity was also abolished, pointing towards a link 
between the two phenomena. By combining experiment and simulations we are able 
to shed light on the action of Pex11-Amph on the peroxisomal membrane.   

4.1 Introduction 
Peroxisomes are membrane-bound cellular organelles that are found in all eukaryotes. 
They perform various metabolic functions, including the fatty acid β-oxidation and 
detoxification of reactive oxygen species, especially H2O2 (1). Failure in peroxisome 
formation in human cells results in biogenesis disorders (PBDs) such as the Zellweger 
syndrome (2). Peroxisomes are remarkably fluid and can change dramatically in 
abundance, size, shape and content in response to numerous cues. The fluid nature of 
peroxisomes is essential for peroxisome proliferation, a multistep process including 
elongation, constriction and fission (3). The Pex11 protein, one of the most abundant 
peroxisomal membrane proteins, is a key player in this process. Pex11 proteins are 
thought to participate in the first two steps, whereas DRP1 (dynamin-related protein) 
and Fis1 (mitochondrial fission protein 1) are essential for fission (4, 5).  

To date, the molecular mechanism of Pex11 function in peroxisome proliferation is 
poorly understood. One of the proposed models for induction and regulation of 
membrane curvature is the insertion of amphipathic α-helices that cause membrane 
asymmetry resulting in bending of the membrane (6). Opaliński et al. found that the 
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N-terminus of Pex11 contains a conserved amphipathic helix, termed Pex11-Amph, 
that binds to membranes and alters the shape of liposomes, leading to tubulation (7). 
Through the use of mutants the amphipathic properties of Pex11-Amph were found to 
be crucial for the function of Pex11 in peroxisome proliferation. However, the 
molecular level details of the interplay between Pex11-Amph and membranes remain 
unknown due to the limitations of experimental methods. 

Molecular dynamics (MD) simulations are able to compensate the shortcomings of 
experiments regarding the molecular level detail. In order to investigate the interplay 
of Pex11-Amph with membranes, we performed molecular dynamics (MD) 
simulations based on the membrane composition from Opaliński et al. and the P. 
chrysogenum Pex11 peptide. We used the MARTINI coarse-grained (CG) force field 
(8), which enabled the use of large system sizes required to observe the collective 
peptide effect on membrane remodeling. The MARTINI model is based on 
reproducing thermodynamic data and has been applied in many biomolecular areas, 
such as characterization of membrane properties (2, 9-11), lipid polymorphism(12), 
protein–lipid interplay (13, 14), and membrane protein oligomerization (15). Our CG 
MD simulations revealed specific aggregation patterns of Pex11 on the 
membrane .With this information we were able to design mutants with modulated 
membrane organization properties.  

4.2 Methods 

4.2.1 Simulation setup 

The lipid compositions of the membranes are the same as used by Opaliński et al.(7). 
Three different lipid composition model membranes were built up: DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine), DOPC:DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) at a ratio of 70:30, and DOPC/DOPE/DOPS (1,2-dioleoyl-sn-
glycero-3-phospho-L-serine) /CL (cardiolipin) /PI (phosphatidylinositol) at a ratio of 
55:30:5:5:5 — the last mixture mimicking the phospholipid composition of the 
peroxisomal membrane from bovine liver. The simulated peptide is the P. 
chrysogenum Pex11-Amph, with sequence 
YNAVKKQFGTTRKIMRIGKFLEHLKAAA. The secondary structure was assumed 
to be entirely α-helical. Membrane patches of the composition described above, 
periodic in the x and y dimensions, were built using the insane tool(16). The lipids 
were described by MARTINI lipid parameters (8, 17-20). For the peptides, the 
improved MARTINI protein parameters (21) were employed. 

4.2.2 Protocol for peptide placement 
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The concentration of peptide in the membrane used in experiments is difficult to 
know exactly, since part of the peptide will remain in the aqueous phase and only a 
fraction will partition to the bilayers. Knowing the global concentrations of liposomes 
and peptides, and assuming a typical partition constant of 104 for this type of peptides, 

one can estimate the bound peptide fraction as:  𝑋𝐿 = 𝐾𝑝[𝐿]

1+𝐾𝑝[𝐿]  in which 𝐾𝑝  is the 

partition constant of the peptide for membrane-water system, and [L] is the global 
phospholipid concentration (22). Using Opaliński’s  et al. (7) experimental lipid 
concentration for [L] which is 0.65 mg/ml this estimate yielded a bound lipid-to-
peptide ratio of 20:1. 

An attempt was made to place peptides on a single leaflet at the 20:1 global lipid-to-
peptide ratio. However, we found the peptides become impractically crowded in the 
latter case. We settled, then, for placing the peptides on a single leaflet at a 40:1 lipid-
to-peptide ratio, which locally corresponds to the 20:1 ratio as long as the peptides 
remain bound to that leaflet. To place the peptides on the membrane surface but allow 
time for an optimal orientation to be reached and prevent untimely aggregation the 
following procedure was followed: the peptides were distributed on a plane in a way 
to have the desired density without peptide–peptide contacts. Each peptide’s center of 
mass was then softly pulled towards the membrane. To prevent lateral diffusion and 
peptide–peptide interactions, each peptide’s N and C terminus was restrained in its x 
and y movement for the duration of this steered adsorption procedure, which lasted 
400 ns. The terminal restraints allow the peptides to rotate around their helical axis, 
and therefore adopt the most favorable orientation to interact with the bilayer. Figure 
4.1 shows the models of lipids, peptides, and a snapshot of one of the initial 
membrane systems — which contain around 4000 lipids and 99 peptides, with an 
initial box size of 38 nm x 38 nm x 16 nm. These flat membrane systems were 
production-run for 2.7 µs. 
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Figure 4.1. Overview of simulation setup. Simulation boxes for the flat (solvent 

omitted for clarity backbones of peptides are in pink and side chains in yellow) and 
ribbon systems (peptides not shown, water is cyan), together with a representation 
of the coarse-grain model for the peptide and lipids, are shown. 

4.2.3 Setup of ribbon systems 

Membrane systems were also set up to study the induction of curvature. In these 
systems an oblong membrane was built, with an x/y aspect ratio of ~4. This membrane 
was then made discontinuous in the x dimension by appending a 10 nm slab of solvent 
to one of the membrane’s box x faces, as done in similar studies (23). By making the 
membrane nonperiodic in x it can now freely bend around the y axis. Due to its aspect 
ratio and possibility to curl we termed this setup a ‘ribbon’ system, as opposed to the 
regular ‘flat’ membrane systems. The used peptide-to-lipid ratio was 40:1, the same as 
for the fully periodic systems, and the same peptide adsorption procedure was used. 
Ribbon systems contained 5348 lipids and 134 peptides, and are also shown in Figure 
4.1; their final box size was 99 nm x 22 nm x 31 nm. Simulations of the ribbon 
membrane systems were production-run for 3.9 µs. 



The Interplay of the Pex11-Amph Peptide with Peroxisomal Membranes 

54 
 

A potential artifact of adding peptides to one leaflet only is that membrane bending 
might be observed solely because of the induced asymmetry in leaflet tension. To 
account for this effect, a flat-bottom semi-harmonic restraining potential was initially 
used with ribbon systems to keep the membrane planar. Such a potential still allows 
the lipids to flip-flop around the membrane edge, which occurs as a response to the 
increased tension brought about by the adsorption of the peptides. Another restraining 
potential was used to keep the peptides from reaching and flipping over the membrane 
edge. Tension equilibration of this set up — which took 2 µs — was monitored by 
counting the evolution of the number of lipids on each leaflet. Production runs ensued 
after removal of the restraining potentials. 

4.2.4 Simulation parameters 

All the MD simulations were performed using the GROMACS software package 
version 4.6 (24). Periodic boundary conditions in all directions were imposed, even 
when simulating the discontinuous bilayers of the ribbon systems. The temperature 
was weakly coupled (coupling time 0.1 ps) to T= 323 K, using the Berendsen 
thermostat (25). The pressure was coupled (coupling time of 1.0 ps and 
compressibility of 3.0×10-4), using a semi-isotropic Berendsen coupling, in which the 
lateral and perpendicular pressures were coupled independently at 1 bar, 
corresponding to a tension-free state of the membrane; for the ribbon systems pressure 
coupling was applied only in z. Non-bonded interactions were computed as Lennard-
Jones (LJ) potentials, switched to zero from 0.9 to 1.2 nm (pair-list update frequency 
of once per 10 steps). Electrostatics were calculated as coulombic interactions shifted 
to zero from 0 nm to the same 1.2 nm cutoff. 

4.2.5 Analysis 

Peptide aggregation was analyzed by counting backbone–backbone contacts at a 0.6 
nm distance cutoff. Two peptides are counted as being in contact whenever each 
contacts at least three backbone beads of the other. The peptides can then be divided 
into clusters, where a peptide contacts at least one peptide of the remaining cluster. 
For each peptide pair in contact a contact map can also be drawn up. We used the 
method described by Fraser et al. (26) to group the contact maps of all the peptide 
pairs, over the entire trajectory time, with the similarity metric of Jarvis et al. (27). 
Since contact map analysis did not yield a clear aggregation mode, focus was then put 
on analyzing the indiscriminate contact counts per residue. This was done by tallying 
all neighboring residues (within 1.0 nm) of each residue, regardless of the peptide 
contact status described above. 
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4.3 Results and Discussion 

4.3.1 Pex11-Amph peptides self-aggregate on membranes 

Pex11-Amph peptides were added onto three flat membrane systems: two model 
membranes composed of either pure DOPC or a DOPC/DOPE mixture, and an 
anionic DOPC/DOPE/DOPS/CL/PI membrane that mimics the lipid composition of 
peroxisomal membranes of bovine liver, according to Opaliński et al. (7). Figure 4.2 
shows the snapshots obtained after 2.7 µs simulation, together with the cluster size 
distributions of the peptides. We find that the Pex11-Amph peptides aggregated on 
each of the three membrane systems. In all cases, aggregates formed roughly in a 
linear fashion. Besides a slightly longer aggregate for the charged membrane case, 
there were no other large differences in the aggregation behavior between the three 
systems. The aggregation patterns were found to be quite stable at the timescale of the 
simulation, and once in touch with each other peptides typically stayed bound.  

 

 

 
Figure 4.2. Pex11-Amph peptides cluster on different membranes. Top panels are 
snapshots (membrane top view) after 2.7 µs; lower panels are the cluster size 
analyses. Lipids follow the same coloring scheme as in Figure 4.1. Backbones of 
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peptide are shown in pink. A) DOPC membrane. B) DOPC/DOPE 70:30 membrane. C) 
DOPC/DOPE/DOPS/CL/PI 55:30:5:5:5 membrane.  

Peptides remained mostly at the surface level, but more crowded aggregates caused 
some peptides to bulge out into the aqueous phase. This bulging away from the 
membrane surface occurred less in the charged membrane than in the other systems, 
presumably due to the more favorable electrostatic interactions between the cationic 
peptides and the anionic membrane. If taken to represent membrane affinity, this 
observation is consistent with the experimental work by Opaliński et al. (7), in which 
a larger amount of peptide was seen to bind the anionic liposomes — which in turn 
might explain the observed difference in tubulation activity for the different 
membrane systems. In addition to a putative higher affinity, we also observed that the 
anionic lipids that compose the charged membrane tend to cluster around the peptide 
aggregates. Again, this is likely a consequence of the peptide–lipid electrostatic 
interactions, with potential relevance for the Pex11-Amph mechanism of action. 
Given the similar behavior of the peptide with the different membrane systems it was 
decided to proceed only with the charged membrane, which is also the most faithful 
peroxisome membrane mimetic. 

4.3.2 Specific peptide residues involved in aggregation 

The apparently regular peptide organization in the aggregate trains prompted a contact 
analysis to determine whether a preferred peptide–peptide binding pattern exists. 
Contact maps were obtained for all the peptide pairs, over the entire trajectory, and 
then clustered by similarity. However, peptide pair binding modes proved to be quite 
diverse, with no clear main aggregation pattern (data not shown). The peptides do 
bind preferably in a parallel fashion, although at several shifts relative to one another. 
A less discriminating approach was then chosen, in which the count of neighboring 
residues was tallied for each residue (see Figure 4.3).  
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Figure 4.3. Preferential peptide-peptide contact analysis. Contact count of residues 

with residues of neighboring peptides, for the Pex11-Amph peptide aggregates on a 
DOPC/DOPE/DOPS/CL/PI charged membrane. 

From Figure 4.3 the C-terminal half of the peptide can be seen to be the most 
interacting part of the peptide. The anionic C terminus itself established the most 
contacts, predominantly with the cationic residues of neighboring peptides. After that 
residues 20F, 23H, and 24L were the most involved in peptide–peptide contacts. 
Interestingly, two of these residues are apolar, suggesting that it is not only charged 
interactions that rule aggregations. 

To gauge the relevance of the binding residues, 20F, 23H, and 24L to the aggregation 
process we mutated them to charged ones: aspartic acid or arginine. Runs were also 
carried out with the C-terminal charge removed — to understand its effect on 
aggregation but also to be closer to the physiological case where this peptide, being 
part of a larger protein, has no negative charge at that particular position.  

Figure 4.4 shows the snapshots for Pex11-Amph and mutants after at least 2 µs 
simulations, and the respective aggregation size analysis. The C-terminus uncharged 
peptide is able to form linear train-like structures, albeit with a higher number of 
monomers or low-order aggregates than the wild type. Nevertheless, the range of 
aggregation sizes still overlaps with that of the wild type peptide. The aspartate 
mutant displays a strong aggregation profile, but clearly with a different and less 
ordered aggregation topology than the linear trains. This increase in self interaction is 
likely due to the introduction of three anionic charges in a peptide that already has 8 
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cationic charges. In the opposite direction, after mutating the three residues to 
arginine the linear train pattern aggregation is abolished, with the aggregation sizes 
becoming much smaller — mostly trimers and dimers. This highlights that the 
aggregation behavior of wide type results from a delicate balance between 
electrostatic attraction/repulsion and apolar interactions. 

 

 

 
Figure 4.4. Aggregation behavior of Pex11-Amph and different mutants on a 
charged membrane (DOPC/DOPE/DOPS/CL/PI). Top panels are top-view snapshots 
(only peptide backbones are shown) from the end of the simulations; lower panels 
represent histograms of oligomer size distribution. A) wild type Pex11-Amph. B) 
Uncharged C-terminus mutant. C) Aspartic mutant. D) Arginine mutant. 

 

4.3.3 Membrane curvature with Pex11-Amph and the Arginine mutant 

The tubulation activity of Pex11-Amph requires the induction of membrane curvature. 
One might envision that the long linear train aggregation pattern might be related to 
such membrane curvature generation. A ribbon system (see Methods) was set up to 
try and verify this hypothesis. Since the linear train structure is abolished in the 
arginine mutant a control ribbon system with this mutant was also simulated. 

Figure 4.5A shows a snapshot of the wild type peptide on the ribbon membrane after 
3.9 µs simulation. In this system the membrane readily begins to bend. From the top 
view, it can be seen that linear train structure aggregations were formed on the 

                                   B                                           C                                         
D 
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membrane, perpendicularly to the curvature direction. Figure 4.5B shows a snapshot 
of the arginine mutant peptides on the ribbon membrane after 3.9 µs. Membrane 
curvature was also observed for this system. The aggregation pattern of the mutant 
peptides remains the same as displayed on the flat membrane: mostly trimers and 
dimers.  

 

Figure 4.5. The curvatures of a charged ribbon membrane with wild type and 
arginine mutant peptides. Only the backbone of the peptides is shown (in pink). The 
lipid coloring scheme is the same as in Figure 4.2 and the different panels represent 
views down the z axis, along the y axis, and from both x ends of the system. A) wild 
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type peptide on membrane after 3.9 µs. B) Arginine mutant on membrane after 3.9 
µs. 

 

Even though we were able to devise a system setup that allows less biased simulations 
of membrane bending, further work is still needed to pinpoint the mechanistic 
determinants of peptide activity: with many more replicates we may be able to 
ascertain whether there is a difference in bending kinetics between the wild type 
peptide and the mutant — if such a difference exists it would partly validate the 
hypothesis that the train-like aggregation plays a role in tubulation. Alternatively, runs 
can be focused on systems with lower peptide concentrations: this may expose clearer 
aggregation patterns and, by potentially slowing down bending kinetics, make 
differences more obvious between wild type and mutant behavior.  

4.3.4 Experimental work  

The hypothesis of the relation between Pex11-Amph aggregation and induction of 
membrane curvature/tubulation was tested by our experimental collaborators. The 
experimental detais can be seen in Supporting Material. Figure 4.6A shows the results 
of a turbidimetric assay that reflects the degree of membrane tubulation after peptide 
addition to liposomes mimicking the peroxisomal lipid composition. A stark contrast 
can be seen between the activities of the wild type peptide and the arginine mutant, 
with the mutant being an order of magnitude less active. This observation, in 
combination with the simulated aggregation behavior of the wild type vs. the mutant 
peptide (Figure 4.4A and 4.4D), further supports the hypothesis that aggregation is 
key to the activity of Pex11-Amph.  

Validation must be carried out on these turbidimetric results. First and foremost it 
must be assessed whether peptide binding was not impaired by the mutation. Were the 
mutant to bind less, it would not be possible to know whether the low activity is a 
consequence of the different aggregation or the lower amount of bound peptide. In 
Figure 4.6B are the results of comparative binding of the wild type and mutant 
peptides to the same peroxisome membrane mimics. Separation between bound and 
unbound peptide was carried out by ultracentrifugation. For both cases binding can be 
seen, but to a lower extent in the case of the mutant (visible as a weaker staining of 
the pellet fraction). It is unclear whether this difference in binding is enough to 
account for the difference in activity, or if indeed the mutant peptide that does bind 
also has a weaker bending-inducing ability. Further work is needed to more accurately 
pinpoint the difference in peptide affinity. It is also important to ascertain whether the 
turbidimetric assay is reporting the same phenomenon for both peptides: the little 
increase in optical density for the addition of the mutant might be a consequence not 
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even of tubulation but rather of liposome aggregation — a possibility when liposomes 
of anionic surface become covered in cationic peptides. 

 
Figure 4.6. Experimental validation of tubulation efficiency of wild type versus 
arginine mutant. A) Turbidimetric measurements, where increased optical density 
indicates tubulation. The blue graph indicates the increase of absorbance when the 
wild type peptide is added to liposomes. A markedly weaker activity by the arginine 
mutant can be seen. B) Peptide binding: after ultracentrifugation, 15 µl of all three 
fractions, namely total (T; whole material before centrifugation), supernatant (S) and 
pellet (P) of both the wild type and arginine mutant were subjected to a tricine PAGE 
and made visible by silver staining.  
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4.4 Conclusion 
In this work coarse-grain MD simulations were employed to shed light on the 
molecular-level processes responsible for the tubulating activity of Pex11-Amph. To 
that end this work establishes a number of protocols for minimal bias approaches to 
simulating high densities of peptides on membranes, and setting up systems for 
studying induced bending.   

The observation of a particular aggregation pattern in simulations prompted a 
hypothesis relating Pex11-Amph aggregation to activity. MD data was then also used 
to successfully design a non-aggregating mutant, with which the aggregation–bending 
hypothesis could be partly validated in vitro. More than just clarifying the activity of 
Pex11-Amph this work illustrates the power — and importance — of combining 
simulations and experiments. 
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4.6 Supporting Material 
This section contains materials and methods of experimental result. 

Synthesis of peptides 

The peptide arrays corresponding to the amino acids Pex11-Amph bearing the point 
mutations Phe20, His23 and Leu24 to Arginine were synthesized on amino-modified 
cellulose membranes (β-alanine membrane) according to SPOT synthesis protocols. 
Peptides were resuspended in lipid rehydration buffer (20mM HEPES, 150mM NaCl, 
pH 7.4) prior to use. 

Preparation of Liposomes 

Small unilamellar vesicles (SUVs) were prepared using chloroform solutions of lipids 
from Avanti Polar Lipids. Liposomes were prepared by mixing the following 
concentrations of lipids together: DOPC-55 mole%, DOPE-30 mole%, DOPS-5 
mole%, CL-5 mole%, PI-5 mole%. A nitrogen stream was used to evaporate the 
chloroform and the lipid film was stored in vacuum overnight. Following rehydration 
in lipid rehydration buffer a final concentration of 0.8 mg/ml was obtained. 
Liposomes of desired diameter was produced by first extruding the SUVs through a 
polycarbon membrane with the pore size of 400 nm, followed by extrusion through a 
polycarbon membrane with a pore size of 50 nm.  

Peptide Binding Assay 

SUVs and peptides were mixed to a final concentration of 0.65 mg/ml lipids and 50 
μM peptides in a volume of 250 µl. After incubating the mix for 20 minutes at room 
temperature, a sample of 50 µl was taken and pelleted by ultracentrifugation (21°C, 
20 min, 100,000x g). The pellet was resuspended in 200 µl of lipid rehydration buffer. 
Equal volumes of the supernatant and pellet fraction were then subjected to a 16% 
Tricine-Gel along with the total fraction. Bands were visualized using silver staining 
(BioRad). 

In vitro peptide-peptide interactions 
 
Wild type and arginine mutant peptides (20, 5 and 1.25 pmoles) were subjected to 
native gel analysis using the NativePAGETM system (Invitrogen). Due to the high pI 
values of the peptides (wild type 10.6; arginine mutant 11.8), gels were run with 
reversed polarity. Peptides on the gel were visualized using coomassie staining. 

Turbimetric Measurements 
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SUV solutions (0.4 mg/ml) were mixed with peptides (0 to 100 uM) in Lipid 
rehydration buffer. Absorbance was recorded at 400nm for 5 minutes at room 
temperature using a Perkin Elmer Lambda 35 spectrophotometer. Changes in 
absorbance were plotted against peptide concentration. 
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Summary and Outlook 
This thesis addresses the interplay between two classes of membrane active peptides 
and membranes, namely the antimicrobial peptides Magainin 2, BP100, MSI-78, and 
MSI-103 and the amphipathic peptide Pex11-Amph, by using molecular dynamics 
(MD) simulations. Understanding the interplay of peptides with membrane lipids is 
important to provide fundamental insight into many biological processes.  
 
Antimicrobial peptides (AMPs), which are typically short and cationic peptides, are 
involved in antimicrobial defense mechanisms. Their broad spectrum of antimicrobial 
activity and potential role as a promising substitute for conventional antibiotics has 
attracted many people to study the interaction of AMPs with membranes both 
theoretically and experimentally.  In Chapter 2, we presented a multiscale MD study 
of the lipid binding and segregation mechanism of AMPs, by employing the AMPs 
Magainin 2, BP100, and MSI-103 in interaction with POPE/cardiolipin mixed 
bilayers. In agreement with experimental observations, the more cationic peptides 
caused a higher segregation of anionic lipids from zwitterionic ones. The detail 
afforded by MD simulations shows that this action is indeed mediated mainly by 
electrostatic interactions whereby the first lipid shell around the peptides becomes 
enriched in cardiolipin.  There is no indication that AMP-mediated anionic lipid 
segregation extended further than this annular shell, i.e., no higher order organization 
into cardiolipin domains was observed. Consistent with experimental observations, 
BP100 falls outside the charge–segregation relationship. Contacts between 
cardiolipins and charged BP100 side chains did follow the same charge trend as for 
Magainin 2 and MSI-103. From these observations we assign the outlying behavior of 
BP100 to its higher-than-average cationic density, which prevents maximal contact 
with cardiolipins. 
 
Understanding how lipid phase separated membranes might affect the behavior of 
AMPs is an important step to provide a better understanding of the action of AMPs in 
vivo. In Chapter 3 we performed coarse grained (CG) simulations of AMPs on a 
phase-separated membrane to study their preference for different domains. AMPs 
Magainin 2, BP100, MSI-103 have been used, to give a diversity of peptides in sizes, 
charges and sequences in the simulations; MSI-78 serves as a control which has been 
studied in experiment. Two peptide concentrations were tested, at peptide-to-lipid 
ratios of 1/200 and 1/20. All the peptides displayed a clear preference for the liquid 
disordered (Ld) phase over the liquid ordered (Lo) one and for all peptides but 
Magainin 2 there was a further preference for the domain interface over the 
disordered phase bulk. In case of Magainin 2, which occurs as dimers, peptide–
peptide association is more energetically favorable in the Ld phase, somewhat less in 
the interface region, and energetically neutral in the Lo region, explaining the 
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preference of Magainin 2 for the Ld phase over the domain interface. Interestingly at 
high P/L ratio, two Magainin 2 pores spontaneously formed in the Ld phase. From the 
peptide’s mechanistic point of view, this is an expected event. However, it is a 
remarkable observation because simulation of spontaneous AMP membrane insertion 
and pore formation has remained elusive for coarse-grain models, and descriptions of 
the process are only available from atomistic simulations. Even though it is reported 
that CG membranes based on the MARTINI force field often present an excessively 
high energy barrier to lipid flip-flop or crossing by polar moieties, it is not clear yet 
why MARTINI membranes are reluctant to form pores. In the MARTINI model, 
Magainin 2 intends to make membrane buckle and bud instead of pore formation. In 
our simulations at high peptide densities membrane buckling was prevented by the 
application of a restraining potential in the z direction on the lipid headgroups. One 
could argue that the pores were caused by the artificial restraint. To test the influence 
of this bias we employed a different method, namely a flat-bottomed potential, to 
restrict membrane buckling. Eventually we still observed two pores in the membrane. 
In the future, it would be very interesting to do more tests concerning the pore 
phenomena. Since all these pores formed in the Ld phase, which is mainly composed 
of DLiPC lipids, what would happen if we put Magainin 2 on a pure DLiPC bilayer? 
Do cholesterol or DPPC lipids play a role, e.g. by causing membrane area defects? 
What is the absolute threshold concentration of Magainin 2 to cause pore formation in 
the Ld phase?  

Pex11-Amph is the amphipathic peptide involved in membrane remodelling during 
peroxisomal fission. As in case of most peptides, the mechanism of Pex11-Amph 
peptides inducing curvature in membranes is not clear yet.  We performed simulations 
of P. chrysogenum Pex11-Amph peptide on different types of membranes using 
molecular dynamics in Chapter 4. Interestingly we observed peptides aggregating in 
a linear pattern on the membrane. One mutant of the peptide was successfully 
designed to break this aggregation pattern; the mutant’s in vitro tubulating activity 
was also abolished, pointing towards a link between the two phenomena. By 
combining experiment and simulations we are able to shed light on the action of 
Pex11-Amph on the peroxisomal membrane. Apart from current experimental data, it 
would be interesting to get more clear measurements about the different behavior of 
the Pex11-Amph and arginine mutant, for instance, use electron microscopy to check 
the liposomes’ shape after the binding of wide type peptide and arginine mutant, and 
see their corresponding behaviors in vivo.  
 

Above all, I would say MD simulation is a very useful and an important tool to 
explore the interplay of peptides with membrane, providing a level of detail that 
cannot easily, or not at all, be obtained by experimental means. However, in the end, 
simulations and experiments working together is the most powerful approach to 
unravel the fascinating peptide-membrane interplay.  
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Samenvatting en vooruitzicht 
Dit proefschrift richt zich op de wisselwerking tussen twee klassen van membraan 
actieve peptiden en membranen, namelijk de antimicrobiële peptiden Magainin 2, 
BP100, MSI-78 en MSI-103 en de amfipathische peptide Pex11-Amph, met behulp 
van moleculaire dynamica (MD) simulaties. Begrip van het samenspel tussen 
peptiden en membraan lipiden is belangrijk om fundamenteel inzicht te verkrijgen in 
vele biologische processen. 
 
Antimicrobiële peptiden (AMPs) zijn betrokken bij antimicrobiële afweer, het zijn 
meestal korte en cationische peptiden. Ze hebben een breed antimicrobieel spectrum 
en zijn mogelijk een veelbelovend alternatief voor conventionele antibiotica, wat 
ertoe geleid heeft dat veel mensen AMPs bestuderen, zowel met theoretisch als met 
experimenteel benaderingen. In Hoofdstuk 2 presenteren we een meerschalige MD 
studie van het lipide-bindende en segregatie mechanisme van de AMPs. Hierbij 
bestuderen we de interacties van de AMPs Magainin 2, BP100 en MSI-103 met 
gemengde POPE/cardiolipine lipide bilagen. In overeenkomst met experimentele 
waarnemingen, zien we dat cationische peptiden een hogere segregatie van anionische 
lipiden en zwitterionische lipiden veroorzaken. Uit de MD simulaties blijkt dat dit 
inderdaad komt door de elektrostatische interacties, waarbij de eerste lipide schil 
rondom de peptiden verrijkt wordt met cardiolipine. Er zijn geen aanwijzingen dat 
AMP-gemedieerde anionisch lipide segregatie verder rijkt dan deze ringvormige schil, 
dat wil zeggen, er werd geen hogere orde organisatie van cardiolipine domeinen 
waargenomen. BP100 valt buiten de ladings-segregatie relatie, wat in overeenkomst is 
met experimentele waarnemingen. Contacten tussen cardiolipinen en geladen BP100 
zijketens volgden dezelfde trend met betrekking tot lading als Magainin 2 en MSI-103. 
Afgaande op deze observaties wijzen we het afwijkende gedrag van BP100 toe aan 
zijn hoger dan gemiddelde cationische dichtheid, die maximaal contact met de 
cardiolipinen voorkomt. 
 
Begrip over de invloed van fase segregatie in lipide bilagen op het gedrag van AMPs 
is een belangrijke stap naar een beter begrip van de werking van AMPs in vivo. In 
Hoofdstuk 3 hebben we grofkorrelige (CG) simulaties uitgevoerd van AMPs op een 
membraan met fase scheiding om hun voorkeur voor verschillende domeinen te 
bestuderen. De AMPs Magainin 2, BP100 en MSI-103 zijn gebruikt om een 
verscheidenheid van peptiden in grote, lading en sequenties in de simulaties te geven; 
MSI-78 dient als controle en is experimenteel onderzocht. Twee peptide-concentraties 
werden getest, met peptide tot lipide verhoudingen van 1/200 en 1/20. Alle peptiden 
vertoonden een duidelijke voorkeur voor de vloeibare ongeordende (Ld) fase boven 
de vloeibare geordend (Lo) fase en verder hadden alle peptiden behalve Magainin 2 
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een voorkeur voor de grensregio tussen de domeinen boven de ongeordende bulk fase. 
In het geval van Magainin 2, die voorkomt als dimeer, is peptide-peptide associatie 
energetisch gunstiger in de Ld fase, iets minder gunstig in het grensgebied en 
energetisch neutraal in de Lo regio, wat de voorkeur van Magainin 2 voor Ld fase 
boven het grensgebied tussen de domeinen verklaart. Interessant is dat bij een hoge 
peptide/lipide verhouding, twee Magainin 2 poriën zich spontaan vormden in de Ld 
fase. Uit mechanistisch oogpunt van de peptide is dit te verwachten. Het is echter 
opmerkelijk omdat de simulatie van spontane insertie van AMP in membranen en 
porie vorming buiten het bereik lag van grofkorrelig modellen, kon alleen door 
atomaire simulaties beschreven worden. Hoewel het gerapporteerd is dat CG 
membranen op basis van het MARTINI krachtenveld vaak een te hoge energie-
barrière hebben voor lipide flip-flop of voor het doorkruisen van polaire groepen, is 
het nog niet duidelijk waarom MARTINI membranen weerbarstig zijn als het gaat om 
porie formatie. Magainin 2 heeft in het MARTINI model de neiging om het 
membraan te laten kromtrekken en uitstulpingen te veroorzaken in het membraan in 
plaats van dat het aanzet tot de vorming van poriën. In onze simulaties met hoge 
peptide dichtheden werd het kromtrekken van het membraan voorkomen door de 
toepassing van een remmende potentiaal in de z richting op de lipide kopgroepen. 
Men zou kunnen stellen dat de poriën werden veroorzaakt door de kunstmatige 
potentiaal. Om de invloed van deze bias testen hebben we gebruik gemaakt van een 
andere methode, namelijk een platte bodem potentiaal om het kromtrekken van het 
membraan te beperken. Hierbij zagen we nog steeds twee poriën in het membraan. In 
de toekomst zou het zeer interessant zijn om meer tests betreffende de porie 
verschijnselen te doen. Aangezien alle poriën gevormd zijn in de Ld fase, die 
voornamelijk bestaat uit DLiPC lipiden, wat zou er gebeuren als we Magainin 2 op 
een pure DLiPC bilaag stoppen? Spelen cholesterol of DPPC lipiden een rol, 
bijvoorbeeld door het veroorzaken van membraan defecten? Wat is de absolute 
drempelwaarde van de Magainin 2 concentratie waarbij nog porievorming optreedt in 
de Ld fase? 

Pex11-Amph is het amfipathische peptide betrokken bij het remodelleren van het 
membraan gedurende peroxisomale deling. Zoals het geval is bij de meeste peptiden, 
is het mechanisme achter membraan kromming door Pex11 Amph peptiden nog niet 
duidelijk. We hebben moleculaire dynamica simulaties gedaan van het P. 
chrysogenum Pex11-Amph peptide op verschillende membranen in Hoofdstuk 4. We 
namen waar dat de peptiden aggregeren in een lineair patroon op het membraan. Een 
mutant van het peptide werd succesvol ontwikkeld om dit aggregatie patroon te 
doorbreken; de buisjesvormende activiteit van de mutant in vitro verdween hiermee 
eveneens, duidend op een verband tussen de twee fenomenen. Door het combineren 
van experimenten en simulaties zijn we in staat om het effect van Pex11-Amph op het 
peroxisomale membraan op te helderen. Afgezien van de huidige experimentele 



Samenvatting en vooruitzicht 

74 
 

gegevens, zou het interessant zijn om meer metingen te doen over het verschil in 
gedrag tussen Pex11-Amph en de arginine mutant, bijvoorbeeld om door middel van 
elektronenmicroscopie de vorm van de liposomen te bekijken na binding van het 
natuurlijke peptide en de arginine mutant en om het bijbehorende gedrag in vivo waar 
te nemen. 

Boven alles zou ik zeggen dat MD simulaties een zeer nuttig en belangrijk instrument 
zijn om het samenspel tussen peptiden en membranen te verkennen, hierbij bieden ze 
een mate van detail die niet makkelijk, of helemaal niet, met behulp van experimenten 
kan worden verkregen. Een combinatie van simulaties en experimenten is echter de 
meest krachtige benadering om het fascinerende peptide-membraan samenspel te 
ontrafelen. 
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