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Abstract 
 
Park, P. How do antimicrobial peptides destroy membranes? A 
Molecular Dynamics perspective. 2023. 147p. PhD Thesis – Graduate 
program in Biochemistry. Institute of Chemistry, University of São Paulo, 
São Paulo. 
 
Cationic alpha-helical antimicrobial peptides (CHAMP) are potential 
candidates as novel drugs against resistant bacteria. CHAMPs are short 
amphipathic, membrane-active peptides in many organisms as part of their 
innate immune defense system. CHAMPs spark interest in pharmaceutical 
applications due to their ability to bear less risk of inducing bacterial resistance 
than conventional antibiotics, selectivity towards bacteria and fungi, and fast 
antimicrobial action. Their detailed mechanism of action on membranes needs 
to be clarified. Elucidating CHAMPs' mode of action can provide relevant 
information that can be used to better design new CHAMPs with higher efficacy 
and selectivity. Here, we used Molecular Dynamics (MD) simulations to 
investigate the detailed mode of action of BP100 (H-KKLFKKILKYL-NH2), a 
promising CHAMP, on membranes. We characterized the initial interaction 
between a single BP100 and membranes using atomistic simulations. We 
described peptide flip, a dynamic phenomenon in which BP100 binds to the 
membranes, rotates and penetrates the membrane core, and causes local 
membrane effects, such as thinning, negative curvature, and a decrease in lipid 
lateral diffusion. We show peptide flip is a common step in the 
CHAMP/membrane interaction, using other similar CHAMPs: Decoralin, 
Neurokinin-1, and Temporin-L. Using coarse-grained MD, we studied the 
CHAMPs peptide concentration effect on vesicles, showing CHAMP-induced 
membrane budding at highly curved regions of negatively charged vesicles at a 
high peptide:lipid ratios. Our results suggest that the carpet mode of action fits 
the description of CHAMPs lysis activity, and we discuss the importance of 
significant hydrophobic residues in CHAMPs design and activity. 
 

Key words: Antimicrobial peptides; antibiotics; Molecular Dynamics; drug 
design; mechanism of action; Coarse-graining MD.  
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Resumo 
 
Park, P. Como os peptídeos antimicrobianos destroem membranas? 
Uma perspectiva sob o olhar da Dinâmica Molecular. 2023. 147p. Tese 
de Doutorado – Programa de Pós-graduação em Bioquímica. Instituto de 
Química, Universidade de São Paulo, São Paulo. 
 
Peptídeos antimicrobianos catiônicos helicoidais (CHAMP) são moléculas 
promissoras a serem utilizadas como novos antibióticos contra bactérias 
resistentes. CHAMPs são peptídeos de sequência curta, anfipáticos, possuem 
atividade em membranas e podem ser encontrados em muitos organismos 
fazendo parte do sistema imune inato. Os CHAMPs despertam interesse em 
aplicações farmacêuticas por terem menos risco de induzir resistência bacteriana 
em comparação a antibióticos convencionais, seletividade contra bactérias e ação 
rápida. Contudo, o seu mecanismo de ação detalhado ainda é desconhecido. 
Neste trabalho, utilizamos simulações de Dinâmica Molecular (MD) para 
investigar o modo de ação detalhado do BP100 (H-KKLFKKILKYL-NH2), um 
promissor CHAMP, em membranas. Utilizando simulações atomísticas, 
caracterizamos a interação inicial entre um monômero do BP100 e membranas. 
Descrevemos o “peptide flip”, um fenômeno dinâmico onde o peptídeo BP100 se 
liga às membranas, gira e penetra no interior da membrana e causa efeitos locais, 
como afinamento da membrana, curvatura negativa e diminuição na difusão 
lateral lipídica. Demonstramos que o “peptide flip” é uma etapa em comum na 
interação entre CHAMP e membranas, utilizando outros CHAMPs: Decoralin, 
Neurokinin-1 e Temporin-L. Utilizando coarse-grained MD, investigamos o 
efeito da concentração de peptídeo em vesículas-modelo de fosfolipídios, 
mostrando que CHAMPs induzem a protrusão de membranas em regiões de alta 
curvatura de vesículas negativas em altas concentrações de peptídeo. Nossos 
resultados sugerem que o modo de ação de carpete melhor descreve atividade de 
lise dos CHAMPs e discutimos a importância de aminoácidos hidrofóbicos 
volumosos no design e atividade de CHAMPs. 
 
Palavras-chave: Peptídeos antimicrobianos; antibióticos; Dinâmica Molecular; 
mecanismo de ação, Coarse-graining MD.
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Chapter 1 
 
 

Introduction 
 
1.1. Sepsis and Antimicrobial Resistance 
 

Sepsis is a life-threatening organ dysfunction caused by a dysregulated 
host response to infection1. In 2020, the World Health Organization (WHO) 
published its first ever global report on sepsis, calling for global action2. It 
has been estimated that 49 million cases of sepsis and 11 million sepsis-
related deaths occurred worldwide in 2017, accounting for approximate 20% 
of all-cause annual deaths globally3. While sepsis can affect any individual 
worldwide, the highest rates of incidence and mortality of sepsis exist in 
lower-middle-income countries3. In Brazil, for example, it has been 
estimated that one third of intensive care unit (ICU) beds are occupied by 
patients with severe sepsis and septic shock, with an overall lethality of 
55%4  

Sepsis treatment consists in using broad-spectrum antibiotics which in 
turn contributes to the global threat of antimicrobial resistance (AMR). 
The use of antibiotics in agricultural practices is also a major accelerator 
in the spread of AMR5. In the 2020 Global Antimicrobial Resistance 
Surveillance System (GLASS) report by WHO6, it was reported the high 
median resistance of Acinetobacter spp., a common cause of hospital 
infections: 41.2% and 63.2% of the isolates were resistant to 
aminoglycosides and carbapenems respectively, with some countries 
already reporting 90% to 100% resistance. The most frequently reported 
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pathogens were, in order, E. coli, K. pneumoniae, Salmonella spp., 
Acinetobacter spp., S. aureus, S. pneumoniae, N. gonorrhoeae and 
Shigella spp6. All 8 of them are bacteria and 6 of them are Gram-negative. 

Prevention and treatment are strategies to combat AMR. Prevention 
strategies include public awareness, access to sanitation, increased vaccine 
coverage, reduction in the misuse of antibiotics in agriculture7,8 and 
clinical practices9, and rapid diagnostics10. However, in the treatment front, 
new antibacterials are urgently needed.  

 
1.2. Antimicrobial Peptides 
 

Almost 100 years ago, Alexander Fleming first noticed the presence of 
a soluble antimicrobial substance in humans11. Fleming observed that the 
nasal secretions from a patient suffering from acute coryza had bactericidal 
and bacteriostatic properties on bacterial culture plates. He named this 
new compound as lysozyme because of its capacity to ‘‘lyse’’ fully grown 
bacterial plate cultures. Subsequently, he found lysozyme activity in 
various human physiological fluids and tissues of animals, as well as egg 
whites. In 1928, Fleming subsequently discovered that penicillin extracted 
from the culture of green mold, Penicillium notatum, stopped the growth 
of various bacteria12. 

In 1939, René Dubos isolated from Bacillus brevis, a soil bacillus, 
another antimicrobial substance and named gramicidin and reported that 
several Gram-positive bacteria underwent lysis when incubated with 
gramicidin in vitro and in vivo13,14. In the following year it was shown that 
gramicidin was a heterogeneous mixture of six antimicrobial peptides 
(AMPs) with alternating L- and D-amino acids15–17. Gramicidin displayed 
antiseptic activity in the treatment of infected wounds on guinea pigs18, 
and was the first antibiotic to be manufactured commercially and is 
available today as an over-the-counter topical antibiotic. 

Antimicrobial peptides (AMPs) surged as a promising category of 
potent antimicrobials that can kill or stall growth of drug resistant 
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bacteria19. The majority of AMPs have the ability to kill microbial 
pathogens directly, whereas others act indirectly by modulating 
immunological activities19. The majority of AMPs are short (from 10 to 
50 amino acids), cationic, and amphiphilic molecules that are found in the 
innate immune system of virtually all living organisms as integral defense 
components against pathogenic organisms20,21. The ubiquity of AMPs in 
living organisms shows the virtual endless source of novel antibiotic agents. 
As of now, a total of 19,896 antimicrobial peptides (February 2023) have 
been cataloged in the database of antimicrobial activity and structure of 
peptides (DBAASP v3)22. 

AMPs can be classified based on their secondary structure: the a-helical, 
b-sheet and extended AMPs21,23. Amphiphilic a-helical AMPs usually have 
no secondary structure in water whereas in non-polar environments, such 
as membranes, they adopt a-helical conformation. b-sheet AMPs usually 
contain cysteine residues with disulfide bonds that stabilize their 
structure23,24. Lastly, extended AMPs are peptides that do not possess a 
specific structural motif but rather are defined by a high content of specific 
residues, such as histidine, arginine, proline, glycine or tryptophan21,25.  
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1.3. Mechanism of action 
 

AMPs can display bacteriostatic or bactericidal activity via two 
different pathways: outer membrane-disruption or targeting intracellular 
components19. However, for either cases, the initial interaction with 
bacterial membranes or outer bacterial cell wall is a key factor in AMP 
activity26. 

Bacteria are most commonly categorized in 2 subgroups, Gram positive 
and Gram-negative bacteria, according to their cell envelope structure. 
Gram-positive bacteria possess a single thick outer peptidoglycan layer 
and Gram-negative bacteria are surrounded by two thin peptidoglycan 
layers and an extra outer layer, rich in lipopolysaccharides (LPS), 
phospholipids, and proteins27. 

Generally, AMPs display a net positive charge and bacterial membranes 
are rich in negatively charged LPS (Gram-negative), teichoic acid (Gram-
positive) and lipids, such as phosphatidylglycerol, phosphatidylserine, and 
cardiolipin28. The electrostatic interaction between AMPs and bacterial 
membranes conveys a selective binding of AMPs to bacterial membranes 
rather than to predominantly neutral eukaryotic membranes26. 

In the intracellular mode of action, AMPs penetrate cells without 
causing membrane lysis and inhibit directly or indirectly various 
cytoplasmic components, such as nucleic acids, ribosomes, enzymes, and 
cell-wall synthesis-related molecules19. For example, it was shown that 
pleurocidin and dermaseptin block (3H)thymidine, (3H)uridine and 
(3H)leucine uptake in E. coli, showing that they inhibit DNA, RNA and 
protein  synthesis29. Both AMPs do not cause damage to the cytoplasmatic 
membrane at their minimal inhibitory concentrations29. 
 In the outer membrane-disruption mode of action, peptides target 
mainly the phospholipid membrane of bacteria in a peptide:lipid (P/L) 
ratio dependent manner30. It is suggested that at low P/L, AMP are bound 
parallel to the membrane and as P/L increases, AMPs adopt a 
perpendicular orientation in relation to the membrane and at higher P/L, 
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AMPs would form transmembrane pores19,30. However, such explanation 
is too simplistic and cannot accommodate the wide diversity of AMPs and 
their particular binding modes and membrane permeabilizing actions. 

Three models19 were proposed to explain membrane permeabilization 
by AMPs. In the barrel-stave model, peptides helices bundle as staves, 
forming a barrel-like structure with a central lumen. The peptide 
hydrophobic moiety aligns with the membrane core region while the 
hydrophilic moiety of the peptide helix faces the central lumen, hydrated 
with water. 

In the toroidal-pore model, alpha-helical AMPs bind and insert into the 
membrane and bend both monolayers, connecting both leaflet headgroups 
and creating a pore lined by the lipid headgroups and AMPs. In both 
models, the formation of pores promotes cell death through bacteria inner 
content leakage or osmotic shock and lysis. 

In the carpet model, cationic AMPs bind parallel to the anionic 
membrane surface. At higher concentrations, peptides cover the membrane 
surface in a carpet-like manner and disrupt the membrane in a detergent-
like fashion, eventually leading to the formation of micelles. At a threshold 
P/L, AMPs form toroidal transient holes in the membrane, allowing 
additional peptides to access the membrane. Finally, the membrane 
disintegrates and forms micelles after disruption of the bilayer curvature. 
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1.4. Molecular Dynamics 
 

The full understanding of AMPs mode of action on membranes would 
permit the rational design of new derivatives with higher selectivity and 
efficacy. 

A variety of experimental techniques have been used to assess the 
mechanism of AMPs activity and their structural properties. For example, 
microscopy assays reveal how AMPs damage the cell surface of bacteria, 
shedding light to AMPs targets and modes of membrane 
permeabilization31. Vesicle leakage assays can reveal the critical P/L ratios 
for membrane disruption and the necessary anionic composition in 
membranes for AMP permeabilizing activity32. Circular dichroism32,33 and 
solid-state NMR spectroscopy34 are used to assess the secondary structure 
of AMPs in polar and non-polar environments, which provides relevant 
information on the structure/activity relationship of AMPs. 

However, experimental techniques provide macroscopic-averaged 
insights on a mesoscopic scale. They provide little information on the 
transition between initial AMP binding to membranes to membrane 
permeabilization. In order to study the detailed mechanism of AMPs, a 
detailed description of peptide/membrane interactions at the atomic scale 
is necessary, focusing on its early and medium stages in the 
AMP/membrane interaction. 

Molecular Dynamics (MD) simulations are invaluable computational 
tools to study molecular systems in atomistic detail. Their applications 
cover a wide range of scientific fields, such as Chemistry, Biology, and 
Material Science, since they combine two features that cannot be captured 
by experimental methods at the same time, information in atomistic detail 
and dynamic behavior of the system under study. In MD simulations, 
atoms are treated as single points with unique properties, such as mass, 
size, charge, etc. Atoms and molecules can then interact and affect the 
environment around them. 
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The position, velocity, and acceleration of atoms are calculated by 
solving Newton’s equations of motion and obtaining the forces acting upon 
every atom (Eq 1). 

 

𝐹! =	𝑚!𝑎! =	𝑚!
"!#"
"$!

  

 
𝑖 = 1…𝑁 

 
𝐹! is the force acting on atom i, 𝑚! corresponds to the atom’s mass and 

𝑎! is the acceleration, which can be obtained by the second derivative of 
the position 𝑟!, as a function of time. 𝑁 is the total number of atoms in 
the system. 

The time-dependent integration of the classical equations of motion 
provides a sequence of molecular coordinates with the trajectory of the 
atoms. Kinetic theory and statistical mechanics are employed to extract 
thermodynamic properties for the systems under study and to obtain 
macroscopic data from the microscopic world. 

The force that acts on each atom can be calculated from the negative 
derivative of the potential energy (U). 

 
𝐹 = 	−∇𝑈 

 
The potential energy (U) is the sum of all pair-interactions between 

atoms. Most commonly, the functional form for U includes two types of 
terms: interactions between covalently bonded atoms (bonds, angles, and 
dihedrals) and interactions between non-bonded atoms (Coulomb and van 
der Waals interactions).  

 
 
 
 
 

 



Introduction 

12 

𝑈 = 	𝑈%&'()( +	𝑈'&'*%&'()( = 
 

𝑈!"#$%$ 	= .
𝑎&
2 (𝑙& −	𝑙%')

(

!"#$)

+ .
𝑏&
2 (𝜃& −	𝜃%')

(

*#+,%)

+	 .
𝑐&
2

-".)&"#/*#+,%)

[1 + cos(𝑛	𝜔& − 𝛾&)] 

 

𝑈#$#%&$#'(' 	= $ 4𝜀)* '(
𝜎)*
𝑟)*
+
+,

− (
𝜎)*
𝑟)*
+
-

	- + $
1

4𝜋𝜀./$01$2&

𝑞)𝑞*
𝑒3𝑟)*4(##53'%6$#(7

 

  
Bonds and angles are treated as harmonic oscillators with specific force 

constants ( 𝑎! , 𝑏! , respectively) and equilibrium values ( 𝑙!8 , 𝜃!8 , 
respectively). Dihedral angles are represented as periodic functions with 
specific periodicity determined by n, and heights of rotational barriers 
defined by 𝑐!. The van der Waals repulsive and attractive (dispersion) 
interatomic forces are typically modelled using the Lennard Jones 12-6 
potentials and electrostatics forces are computed with Coulomb potentials. 

The collection of potential energy equations, parameters, and constants 
is named forcefield35. Forcefields components can be obtained from 
experimental data and/or quantum mechanical calculations and equations 
can be adjusted and customized by the user with the goal of achieving 
parity between simulation and experimental data. 

Therefore, the forcefield is pivotal to obtain accurate data from MD 
simulations. AMBER36, CHARMM37, GROMOS38, OPLS39 and 
MARTINI40 are examples of widely used forcefield families. The 
parameters of each forcefield are usually specific for discrete types of 
systems (lipids, proteins, peptides, nucleic acids, polymers, etc). 

Major challenges in MD simulations are related to the size of the system 
and the time scale. A common way to reduce the computational cost is 
decreasing the level of complexity of a system. Forcefields be then 
classified in 3 groups: all-atom (AA) forcefields, in which the interaction 
of every atom is computed; united-atom (UA) forcefields treat non-polar 
hydrogens implicitly and coarse-grained forcefields clusters groups of 
atoms into one interaction site, called as bead. As the complexity level 
decreases, so does the computational cost thus allowing to simulate larger 
systems for longer time scales. 
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1.5. Objective of this work 
 

This thesis aimed to elucidate how short cationic alpha-helical 
amphiphilic antimicrobial peptides (CHAMPs) destroy membranes. 
CHAMPs are widely present in nature and also can be synthesized.  They 
are shorter than most commonly known AMPs, such as melittin, 
gramicidin, and human defensins, which are known to permeabilize 
membranes through the toroidal pore model. However, due to CHAMPs 
shorter size span, transmembrane pore formation would be highly 
improbable. 

We chose BP100 (H-KKLFKKILKYL-NH2) as our model to investigate 
CHAMPs mechanism of action on model membranes, due to its high 
selectivity against Gram-negative bacteria, rapid action, and ample 
experimental description. We used all-atom simulations to study in detail 
the first steps of BP100 interaction with model membranes and using 
coarse-grained simulations, we were able to describe how CHAMPs 
permeabilize membranes. 

  



Introduction 

14 

1.6. Thesis outline 
 

Chapter 1 introduces the reader to the subject this thesis addresses. 
Chapter 2 presents BP100 as the model to study CHAMPs mechanism 

of action on membranes. Using all-atom simulations, we described peptide 
flip, a key event for peptide binding on membranes. 

Chapter 3 deals with the membrane outcomes upon peptide binding. 
We describe in detail the local activity of BP100 on membranes. 

In Chapter 4 we demonstrate that other CHAMPs share similar binding 
steps and cause membrane alterations as BP100. And by using coarse-
graining simulations, we describe the effect of peptide concentration in 
CHAMPs membrane perturbing action, showing evidence that the carpet 
mechanism model better describes CHAMPs activity. 

Finally, Chapter 5 shows additional projects in which contributions 
were made using Molecular Dynamics simulations. 
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Chapter 2 
 

Binding and flip as initial steps for BP100 
antimicrobial actions 
 

This chapter is a slightly modified version of a published article 
https://doi.org/10.1038/s41598-019-45075-5 

 
2.1. Abstract 
 
BP100 is a short antimicrobial peptide and can also act as a molecule-
carrier into cells. Like with other antimicrobial peptides, the precise 
mechanism of membrane disruption is not fully understood. Here we use 
computer simulations to understand, at a molecular level, the initial 
interaction between BP100 and zwitterionic/negatively charged model 
membranes. In agreement with experimental results, our simulations 
showed BP100 folded into an alpha helix when in contact with negatively 
charged membranes. BP100 binding induced the aggregation of negatively 
charged lipids on mixed membranes composed of zwitterionic and anionic 
lipids. The peptide in alpha-helix conformation initially interacts with the 
membrane via electrostatic interactions between the negatively charged 
lipids and the positively charged residues of the peptide. At that point the 
peptide flips, burying the hydrophobic residues into the bilayer 
highlighting the importance of the hydrophobic effect contribution to the 
initial interaction of cationic antimicrobial peptides with membranes.



Chapter 2 

19 

2.2. Introduction 
 

Cationic antimicrobial peptides (CAMPs) are short-length, 
amphiphilic, rich in basic residues of the innate immune system of complex 
organisms, serving as the first defense line against pathogens. CAMPs can 
potentially give rise to a new generation of drugs due to their broad 
spectrum of antimicrobial activity against bacteria, rare cases of the 
appearance of AMP-resistant bacteria, selectivity, and rapid effects. Due 
to their potential advantage as antimicrobials, new AMPs are increasingly 
being isolated or synthesized and their properties investigated. Although 
increasing evidence shows that some AMPs may also act intracellularly, 
inhibiting proteins1, nucleic acids1–4 and cell-wall synthesis1–5 and inducing 
cell apoptosis1,3,5, most of them kill cells by disturbing the membrane’s 
integrity1,2,6,7. Several CAMPs seem to disturb the membrane of cells by 
self-aggregation on the membrane and forming pores beyond a certain 
peptide/lipid (P/L) ratio threshold1,2. 

BP100 (H-KKLFKKILKYL-NH2), is a hybrid CAMP synthesized by 
combinatorial chemistry involving parts of two natural AMPs, melittin, 
and cecropin A 8. BP100 shows high antimicrobial activity and selectivity 
against some Gram-negative bacteria, with a promising minimal inhibitory 
concentration ranging from 2.5 to 5 µM and low cytotoxicity against 
mammalian cells making this peptide an exciting candidate for therapeutic 
use8. BP100 conformation and activity on model membranes have been 
extensively analyzed with experimental techniques9–13. BP100 has a 
random coil conformation in solution and zwitterionic bilayers but acquires 
predominantly alpha-helical and amphipathic conformation in the 
presence of negatively charged membranes. BP100 is highly mobile on the 
membrane surface and orients parallel in predominantly negatively 
charged vesicles9,10. BP100 secondary structure formation and bacteria 
killing performance seem to be directly related to negative charge content 
in membranes, thus explaining its high selectivity towards negative 
bacterial membrane and low cytotoxicity against predominantly less 
negatively charged mammalian cell membranes11,14. 
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Figure 1. BP100 initial structures: random coil L-BP100 (a) and alpha-helical α-BP100 (b). 
Helical wheel projection (c), Lys5 and Ile7 were used as representative residues of polar and 
apolar moieties, respectively. In (d) DPPC (in blue) and DPPG (in yellow). Atom names are 
shown for peptide and lipids; they were used in our peptide-lipid pair analysis.  
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 Experimental approaches to investigate peptide/membrane interactions 
mainly focus macroscopic-averaged insight on a mesoscopic scale. A 
detailed description of peptide/membrane interactions at the atomic scale 
may help to gain information on CAMPs disruption mechanisms, 
permitting the rational design of new derivatives and, therefore, the better 
therapeutic use of these novel antimicrobials. 

Molecular Dynamics (MD) simulations provide atomic-level insights 
and have been widely used to study the interaction of AMPs with 
membranes15–18 . MD simulations were also utilized to study BP100’s 
structure and activity: Wang Y. et al.17 performed an 8 µs-long MD 
simulation of BP100 in DMPC bilayer and found that BP100 remained in 
the surface-bound-state inserting through its C-terminus. They also 
reported the unfolding of BP100 N-terminus (Lys1 and Lys2) after 1.5 µs, 
resulting in a tilt angle of 97° and 81% helicity10,17. In a study with 
Brownian Dynamics simulations with a coarse-grained peptide model, 
Alves et al.18 simulated BP100 confined in model membranes at 293 K for 
1 µs each and reported the high stability of BP100 pre-folded alpha helix 
and a threefold decrease in its lateral diffusion in POPC: POPG 
membranes relative to that in POPC membrane18. 

In this work we report simulations, in solution and membranes, 
extending for more than 25 µs of BP100 and membranes of 1,2-
dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-
glycerol-3-phosphoglycerol (DPPG), and DPPC: DPPG mixtures (1:1). 
We systematically investigated the dependence of BP100 secondary 
structure on DPPG lipids which agrees with experimental findings11 . We 
also analyzed the contribution of PG-containing lipid rafts on BP100 
conformation and behavior. In most simulations containing DPPG lipids, 
we observed the occurrence of a dynamic transition of the peptide 
adsorbed at the membrane interface, where the apolar facet of the BP100 
(Fig. 1c), initially exposed to water, rotates toward the membrane interior, 
leaving the polar facet of the peptide exposed to water. This process, 
defined here as peptide flip, could be part of CAMPs primary antimicrobial 
mechanism. Constraining four residues of the peptide into an alpha helix 
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turn, we observed that the unconstrained regions of the peptide rapidly 
acquired an alpha-helix conformation in DPPG-containing membranes, 
suggesting that the formation of these small alpha-helical nuclei in 
peptide/membrane interactions may be the initial step for the peptide 
insertion into the hydrophobic core of the membranes. 
 

2.3. Methods 
 

All simulations sets were assembled, carried out and analyzed using 
GROMACS 5.0.2 software package. For trajectories visual inspections 
and image rendering, VMD 1.9.2 software was used. Table 1 shows all 
simulation systems and its simulation time. The program used to 
analyze the hydration shell of the peptide using the Minimum Distance 
Distribution Function was developed in our group. 
 

2.3.1. Lipid bilayers 
 

We used Slipids forcefield19 parameters were chosen to simulate DPPC, 
DPPG, and DPPC/DPPG mixed bilayers. 64-lipids-per-monolayer DPPC 
and DPPG pure membrane topologies were taken from the Slipids 
developer group website 
(http://www.fos.su.se/~sasha/SLipids/Downloads.html). 

Mixed bilayers of DPPC and DPPG containing 32 DPPCs and 32 
DPPGs in each leaflet were constructed using the PACKMOL20 software. 
One membrane was composed of randomly distributed lipids (PCPG-NR) 
on both leaflets and the other, a 4 x 4 DPPG raft was placed in the center 
of both monolayers (PCPG-R) and the remaining 48 lipids were randomly 
distributed (Fig. 2). 
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Figure 2. Initial membrane configurations membranes 
 

 TIP3P water molecules were used to solvate our systems, with an 
approximately 53 water/lipid ratio. Na+ ions (Aqvist21) were included to 
counter-balance charges of membranes containing DPPG. All bilayer sets 
were minimized and equilibrated for 20 ps in a NVT ensemble and 
thereafter, in NPT conditions for 50 ns. After that, the bilayers were 
simulated for 860 ns (DPPC), 1100 ns (DPPG) and 1200 ns (for both 
PCPG-R and PCPG-NR). The area per lipid and membrane thickness 
were calculated for all membranes and then compared with experimental 
data and those obtained by Slipids authors (Tables S1 and S2). The last 
trajectory frames of the membrane simulations were used to build our 
peptide-lipid systems. 
 
2.3.2. Peptide-in-solution and peptide-lipid systems 

Following a study by Beauchamp et al.22, ff99sb-ildn-NMR force field 
was chosen to characterize BP100 in our modeling due to its good 
performance in simulating peptides and proteins structures in TIP3P water 
when compared with NMR measurements. 

BP100 (H-Lys-Lys-Leu-Phe-Lys-Lys-Ile-Leu-Lys-Tyr-Leu-NH2) has an 
amidated C-terminal and a +6 charge at physiological pH, with all its 
Lysines and N-terminal amine protonated. 
 To study secondary structure behavior of BP100 both in solution and 
in bilayers, two initial BP100 conformations were used: linear BP100 (L-
BP100) and alpha-helical BP100 (α-BP100) (Fig. 1 a, b). In the 
peptide/water system, one peptide (α-BP100 or L-BP100 initial 
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conformation) were simulated in a cubic box with 3975 TIP3P water 
molecules for more than 1 microsecond with its +6 charges neutralized 
with 6 Cl⁻ ions (Dang23). Simulations containing peptides with membranes 
had a peptide/lipid ratio of 1/128 and the peptide was initially positioned 
in parallel orientation with the membrane surface approximately 2 nm 
away. For the α-BP100, additionally, we tested two parallel orientations, 
where the polar amino acids were facing the membrane and a random 
orientation. For the perpendicular orientation we tested two ways with 
either the C-terminal or N-terminal facing the interface. For all these initial 
conditions, we obtained the same final location and orientation of the 
peptide that will be discussed in the results section. 
 To investigate the influence of small core alpha-helical sequences in 
BP100 to its stability when interacting with bilayers, constrained 
simulations of BP100 in DPPG membranes were performed. The alpha-
helix dihedral angles (ɸ = -60°; ψ = -40°) in 3 different regions were fixed: 
1-5 (Lys-Lys-Leu-Phe-Lys), 4-8 (Phe-Lys-Lys-Ile-Leu) and 7-11 (Ile-Leu-
Lys-Tyr-Leu) residues (Fig. 3). We maintained the constrained regions 
during the simulations. 
 Following the previous lipid membrane systems, energy-minimization, 
NVT, and NPT ensembles were used in the equilibration stage of the MD 
simulation. 
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Figure 3. Starting structures for peptides with permanent constrained dihedral angles 
 

 
2.3.3. Simulation details 

MD simulations were carried out with a 2 fs time-step with a Leap-Frog 
integrator 24, in isobaric-isothermal (NPT) ensemble, at 323 K (50ºC) with 
temperature coupling treated separately for BP100, lipids, water and ions 
with the V-rescale thermostat25. Atmospheric pressure of 1 bar was kept 
with the Berendsen barostat26 and semi-isotropic pressure coupling was 
used for all systems. 

All bonds were constrained with LINCS27 algorithm. Long-range 
electrostatic correction was treated by a Particle-mesh-Ewald method28 
with a real-space cut-off of 1.5 nm. van der Waals interactions were 
truncated at 1.5 nm distance with a switch function from 1.4 nm.  
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2.3.4. Simulation analyses 

 

2.3.4.1. Lipid/peptide contacts 
 
 For the computation of lipid contacts with BP100 and pair frequency, 
we labeled some lipid(s) and BP100 atoms as “polar” or “apolar”, based on 
charges. Then, the radial distribution function (RDF) between each pair 
of apolar (or polar) atoms of the lipids/BP100 system were computed. The 
time window selected for computing these RDFs includes that of the 
membrane bound peptide 250 ns-before and 250 ns-after the peptide flip. 
The pairs with distinguishable RDF peaks and following minimum were 
used to analyze the number of polar and apolar contacts between lipids 
and peptide. A cutoff distance for each pair was defined from the position 
of the first minimum in the RDF curve, and a contact was defined as a 
pair of atoms at smaller distance than their corresponding cutoff distance. 
The simulations were analyzed and the total number of polar and apolar 
contacts as a function of time was obtained. Additionally, some polar and 
apolar pairs were analyzed individually. 
 

2.3.4.2. Peptide hydration 
 
 The time evolution of the solvent shell surrounding the peptide in its α 
and L conformations in all simulated membranes was analyzed using the 
minimum distance distribution function (MDDF, Fig. S5)29 between the 
peptide and the water molecules, as well as the average number of water 
molecules N(r), within a distance r = 0.5 nm, named here as N(0.5). For 
comparison the MDDF of BP100 in water was used to define the bulk 
water hydration shell at the same distance (Fig. S5). 
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 Simulations 
Peptide/Lipi

d 
Waters/Lipi

d 
Time 
(ns) 

Bilayers 

DPPC 
0/128 

54 860 
DPPG 53 1100 
PCPG-R 

0/[64/64] 
54 1200 

PCPG-NR 52 1200 
Peptide in 

water 
L-BP100 in water 

1/0 
- 2000 

α-BP100 in water - 2850 

Peptide with 
bilayers 

L-BP100 in DPPC 
1/128 

54 1700 
α-BP100 in DPPC 54 2000 
L-BP100 in DPPG 

1/128 
53 1700 

α-BP100 in DPPG 53 2000 
L-BP100 in PCPG-R 

1/[64/64] 
54 1600 

α-BP100 in PCPG-R 54 2000 
L-BP100 in PCPG-NR 

1/[64/64] 
52 1700 

α-BP100 in PC/PG-NR 52 2000 
Partially 

constrained 
peptide in 

DPPG 

α-BP100 (res1-5) in DPPG 

1/128 

54 600 
α-BP100 (res4-8) in DPPG 54 600 
α-BP100 (res7-11) in 
DPPG 

54 600 

 
Table 1. Table containing all MD simulation sets carried out in this work. For bilayers, 
we used Slipids forcefield and ff99sb-ildn-NMR for BP100. All sets were simulated at 
323 K (above DPPC and DPPG transition temperatures) and 1 bar. L-BP100 indicate 
constraint-free simulations using random coil BP100 as peptide starting configuration 
and α-BP100, as alpha helix. Res1-5, res4-8 and res7-11 indicate simulations with 
BP100 with permanent constraints on the referred residues. 
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2.4. Results 
 
 The 17 sets of simulations (Table 1) were run for more than 25 µs of 
simulation time, and each unconstrained peptide/membrane simulation 
had at least 1.6 µs of simulation. After comparing the simulated membrane 
properties with experimental and other computational studies (Table S1 
and S2), we systematically analyzed the peptide conformation in solution 
and on bilayers, peptide trajectory, and dynamics on membranes and the 
effect of BP100 on model bilayers. In the following sections, we describe 
our results. 
 
2.4.1 Secondary structure 
 

2.4.1.1. Peptide in solution 
 

 To study BP100 secondary structure in water, we did simulations for 
more than 2 µs with both α-BP100 and L-BP100 initial conformations. 
Figure 4 shows that BP100 conformation in solution was, predominantly, 
random coil. Starting with an alpha-helix conformation, the peptide lost 
the initial alpha helix conformation in approximately 40 ns and 
occasionally formed an alpha-helix turn in the 5-9 residue region (Fig. 4a). 
For L-BP100 in solution, we observed a similar pattern (Fig. 4b). Circular 
Dichroism (CD) shows that BP100 is random in solution10,11,30 , and our 
simulations reproduced these data. 
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Figure 4. Secondary structure analyses graphs of α-BP100 (a) and L-BP100 (b) in 
solution. In both cases, the peptide shows predominance in random coil structure 
(orange) with occasional formation of 1 alpha helix turn (blue) in residues 5 to 9. 
 

2.4.1.2. Peptide in bilayers 
 

 BP100 conformation, antimicrobial activity, and PG content are 
related11. We simulated α-BP100 and L-BP100 on DPPC, DPPG, PCPG-
R, and PCPG-NR at 323 K, above DPPG and DPPC transition 
temperatures. In all cases, the peptide was rapidly adsorbed on the 
membranes and diffused laterally. Figure 5 shows that the BP100 alpha-
helical conformation was proportional to PG content, as the alpha-helix 
percentage in DPPC is considerably smaller than that observed in DPPG-
containing membranes. Alpha-helix formed in the 5 to 9 residues region 
(Lys-Lys-Ile-Leu-Lys) was highly stable in all simulations. 
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Figure 5. Secondary structure analyses of α-BP100 in DPPC (a), DPPG (b), PCPG-R 
(c) and PCPG-NR (d). 
 

 In DPPC, α-BP100 alpha-helix conformation reached a plateau at 38% 
helicity throughout the simulation, being relatively less stable than α-
BP100 in bilayers containing DPPG, where a higher propensity of 
maintaining its conformation was observed. For pure DPPG (Fig. 5b) we 
found 73% (8 out of 11 residues) and for both PCPG (1:1) membranes we 
report 54% (6 out of 11) of helicity (Fig. 5c and 5d). No alpha-helix 
formation was detected in L-BP100 on bilayers simulations (Fig. S3). 
Therefore, the 1.8 µs simulation was not enough to present a spontaneous 
peptide folding. 
 The alpha-helix formed in the region of the residues 5 to 9 showed 
higher stability in all simulations with α-BP100 in bilayers (Fig. 5). This 
secondary structure pattern led us to suggest that the residues 5 to 9 are 
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related to helix nucleation, in which the formation of this helix core could 
be the first step in the AMP actions. 
 Following this assumption, we tested three conformations with α-BP100 
torsionally constrained in three regions: res1-5, res4-8, res7-11 (Fig. 3) and 
simulated with pure DPPG membranes. Figure 6 shows the evolution of 
the secondary structure in each simulation. 
 

 
 

Figure 6. Secondary structure analyses graphs of BP100 in DPPG with one turn 
constraints on res1-5 (a), res 4-8 (b) and res7-11 (c). 
 

 α-BP100 with constraints on residues 1-5 (Lys-Lys-Leu-Phe-Lys) 
acquired identical helicity (73%) to α-BP100 with no constraints at the 
same conditions (Fig. 5b), after 50 ns of simulation (Fig. 6a), with a helix 
spanning from Lys2 to Lys9 (Fig. 6a). Constraints on residues 4-8 (Phe-
Lys-Lys-Ile-Leu) showed overall 52% of helicity (Fig. 6b), with a helix 
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spanning from Phe4 to Lys9 (Fig. 6b). Constraints on residues 7-11 (Ile-
Leu-Lys-Tyr-Leu) did not affect the rest of the peptide conformation (Fig. 
6c) in 600 ns of simulation. 
 
2.4.2. Peptide flip 
 

 Simulation trajectories analyses (Fig. 7) revealed that the peptide in 
alpha-helix conformation initially adsorbed at the DPPG-containing 
membranes interface with its hydrophilic facet in contact with the 
membrane, leaving the hydrophobic facet exposed to water. We observed 
that the alpha-helix rotated, inserting the hydrophobic facet into the 
hydrophobic region of the membrane. We define this dynamic phenomenon, 
observed in our simulations, as peptide flip. Although this final peptide 
orientation is known31–34, no MD simulation on peptide flip has been  
reported. 
 

 
 
Figure 7. Peptide flip observed from above in α-BP100 in DPPG set after circa 1400 
ns of simulation. In blue, polar facet and in green, the apolar facet. Peptide flip was 
also observed in α-BP100 in DPPC, α-BP100 in PCPG-R, and α-BP100 res(1-5) in 
DPPG simulations. 
 

 The peptide flip caused dehydration (Fig. 8). When in contact with 
membranes, depending on the secondary structure of the peptide and the 
lipid nature, the hydration of the peptide was slightly different. However, 
when the peptide flip took place, its hydration was drastically altered. 
 In the peptide/membrane simulations with L-BP100 as a starting 
configuration (Fig. 8a), no significant change in the number of water 
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molecules surrounding the peptide was observed in comparison the 150 
obtained in the bulk aqueous solution. In the last 500 ns of simulation, 
N(0.5) was approximately 178 ± 11 in DPPC, 145 ± 7 in DPPG, 145 ± 
13 in PCPG-NR, and 148 ± 3 in PCPG-R. No peptide flip was detected 
in the trajectories for those simulations. However, in the 
peptide/membrane simulations with α-BP100 as a starting configuration 
(Fig. 8b), N (0.5) lowered in DPPC (starting at ~700 ns), DPPG (~1500 
ns) and PCPG-R (~390 ns). Alongside with dehydration, a peptide-flip 
was observed in DPPG and PCPG-R. For the α-BP100 in DPPC 
simulation, we observed a semi-flip, as the peptide alpha-helical 
conformation was only 38% (Fig. 5a), suggesting that the peptide overall 
polar/apolar segregation (Fig. 2c) was lost. The peptide flip transition 
time varied from 100 to 400 ns. 
 

 
 
Figure 8. Average number of water molecules up to a distance of 0.5 nm, N(0.5), 
obtained from the minimum-distance distribution function (MDDF), between L-BP100 
(a) and α-BP100 (b) and water molecules. Vertical lines indicate when peptide flip 
occurred. 
 

 During the peptide-flip, in the simulations of α-BP100 in DPPG and 
PCPG-R, the mean number N(0.5) was reduced from 147 ± 5 and 142 ± 
7 to 76 ± 4 and 75 ± 4, respectively. These represent on average a 
reduction of approximately 48% in the number of water molecules in the 
hydration shell of α-BP100. In DPPC, we detected a smaller decrease in 
the hydration of α-BP100, around 45% (from 172 ± 8 to 94 ± 2), having 
around 20 water molecules more after the semi-flip. Figure 9 shows density 
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profile before and after peptide flip for α-BP100 in DPPG and in PCPG-
R. We chose residues Lys5 and Ile7 to illustrate the changes in the mean 
position of hydrophobic and hydrophilic residues with respect to the 
membrane due to the peptide flip. These residues are polar and apolar, 
respectively, and located opposite to each other when in an alpha-helix 
conformation (Fig. 2c). Trajectory visualization and density profile (Figs. 
7 and 9) clearly show the distinct orientation in BP100 hydrophobic facet 
before and after peptide flip. During the initial phase of approaching 
towards the membrane, BP100 polar side faces the membrane with its N-
terminal residues (Lys1 and Lys2) interacting with the bilayer headgroups. 
After the flip, the apolar residues facet turns to the membrane, and 
simultaneously inserts into the bilayer, below the carbonyl carbons (C31) 
of the lipids (Fig. 9).  
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Figure 9. Peptide flip observed through number density analysis. a) and b) show 
respectively before and after the flip in α-BP100 in DPPG simulation; c) and d) 
demonstrate the flip for α-BP100 in PCPG-R simulation. Lys5 represents the polar 
side of BP100 and Ile7, the apolar facet (Fig. 2c). OC3 (DPPG head group further out 
glycerol Oxygen), Nchol (DPPC head group choline Nitrogen), P (Phosphorus) and C31 
(first carbon from sn-1 acyl chain) are shown to display BP100 insertion into the 
bilayer after the flip.  
 

Peptide flip was not observed in α-BP100 in PCPG-NR, where DPPG 
lipids were initially scattered randomly. PG content might be related to 
the occurrence of the flip, but also, the PG content in the vicinity of BP100. 
Several studies suggest membrane active peptides cause anionic lipid 
clustering, or subdomain formation, upon binding to bilayers containing 
neutral and charged phospholipids35–37. The same mechanism could be 
involved in BP100/bilayers interactions.  
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2.4.3. Lipid clustering 
 

 The distribution of the lipids in the vicinity of BP100 was evaluated by 
computing the total number of lipids in contact with α-BP100 as a function 
of time (Fig. S5), the time-averaged values (Table 2, Fig. 10), and the 
lipid raft size distribution (Fig. S6). 
 

Average Number of Lipids in Contact with BP100 

Simulation Lipid in Contact Average 

α-BP100 in DPPC DPPC 10.7 (± 2.6) 

α-BP100 in DPPG DPPG 13.1 (± 1.4) 

α-BP100 (1-5) in DPPG DPPG 13.5 (± 1.9) 

α-BP100 in PCPG-R 

Total 12.3 (± 1.7) 

DPPC 3.6 (± 1.5) 

DPPG 8.7 (± 1.2) 

α-BP100 in PCPG-NR 

Total 11.0 (± 1.7) 

DPPC 2.7 (± 1.3) 

DPPG 8.3 (± 1.6) 

 
Table 2. Average number of lipids in contact with BP100 in simulations using α-BP100 
as the peptide starting configuration, except α-BP100 (1-5), which had permanent 
constraints on residues 1 to 5. Standard deviations are shown in parenthesis. 
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Figure 10: Average Number of DPPCs (a) and DPPGs (b) in contact with BP100 
analyzed for all constraint-free simulations containing BP100 in an initially alpha 
helical conformation in DPPC, DPPG, PCPG-R and PCPG-NR membranes. Vertical 
lines represent the average time where peptide flip was observed. Standard deviation 
error bars are represented as fillings. 

 

 α-BP100 in DPPC simulation had on average 10.7 peptide/lipid 
contacts (Table 2) and had a steady increase in the number of contact 
lipids (Figs. 10b and S5a). This is due to the peptide losing its alpha-
helical conformation (Fig. 5a), expanding the available peptide interaction 
area with the membrane. Lipid raft size distribution also shows a broader 
distribution of DPPC raft size, supporting this observation (Fig. S6a). A 
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semi-peptide flip was observed at ~700 ns of simulation and, concomitantly, 
while BP100 inserts into the bilayer as the density profile shows (Fig. S4a, 
b), the number of DPPCs in contact with BP100 increased (Fig. S5a). 
α-BP100 in DPPG simulation shows on average 13.1 DPPGs in close 

contact with the peptide (Table 2). The number of DPPGs in contact rose 
after the flip, approximately in 1500 ns of simulation (Figs. 10a and S5b) 
and concurrently, BP100 inserted deeply into the membrane (Fig. 7a, b). 
 

2.4.4. Polar and Apolar Interaction Analysis 
 

 Peptide contact analysis revealed the increase of lipid/peptide contacts 
after peptide flip and DPPG clustering on PCPG membranes.  We 
analyzed the nature of the intermolecular interactions that determine 
peptide-membrane interactions throughout the simulations. We calculated 
the number of polar and apolar pair contacts between peptide atoms and 
membrane atoms (Figs. S7-S13). Using α-BP100 in PCPG-R system as an 
example, Figure 11 shows the sum of the 10 most frequent apolar/polar 
pairs between BP100 with DPPC and DPPG. 
 

 
 

Figure 11: BP100 pair occurrence with DPPC (a) and DPPG (b) for α-BP100 in 
PCPG-R simulation. Graphs show the sum of the ten most frequent apolar/polar pairs 
during the simulation. Pairs were calculated using the monolayer facing the peptide. 
Green vertical lines indicate when peptide flip occurred (circa 390 ns). 
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 The total number of pairs, regardless if it is polar or apolar, between 
BP100 and DPPG is clearly higher than that with DPPC (Fig. 11), which 
directly reflects on the number of lipids in contact with BP100 (Fig. 10). 
During the initial approach of the peptide towards the bilayer, polar 
interactions between charged Lysines and DPPG headgroup dominate the 
interaction (Figs. 11b, S9, S10, S12 and S13). The main interaction was 
between positively charged (+1) Lysine side chain amino group (NZ) and 
DPPG head phosphoglycerol group oxygens (OC2, OC3), even after 
peptide flip (Figs. S9, S10, S12, and S13). 
 Before the peptide flip, the number of polar contacts is greater than the 
apolar contacts for DPPG/BP100. As the peptide starts to flip, the 
number of apolar contacts increase, while the polar contacts decrease. 
After the peptide flip is completed, apolar contacts are as numerous as the 
polar contacts (Figs. 11 a,b and S7-10,13). Also, after the flip, apolar 
contacts between BP100 and DPPG were more frequent than with DPPC 
(Fig. 11b). The higher peptide/DPPG apolar contact frequency after the 
flip is also observed for other simulations with peptide flip (Figs. S7-10,13). 
 

2.5. Discussion and conclusions 
 

2.5.1. Peptide secondary structure 
 

CD spectra of BP100 in solution and POPC LUVs show no secondary 
structure10,11,30 Our simulations with BP100 in solution and DPPC 
membrane exhibited the same pattern. α-BP100 and L-BP100 in solution 
showed similar behavior, with a prevalence of random conformation (Fig. 
4). In a related MD study of AMPs interacting with membranes,17 an 8 
µs-long all-atom MD simulation of BP100 in DMPC at 35℃ the authors 
reported a full helix length during 1.5 µs and a subsequent unfolding event 
of Lysines at positions 1 and 2, resulting in 81% of helicity on a pure 
zwitterionic bilayer. However, as reported for other simulated peptides in 
the same work, the forcefield used could result in an over-helical artifact17. 
A Brownian Dynamics simulation study of BP100 confined inside an 
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implicit POPC membrane reports a stable alpha-helix18. However, no 
experimental data confirms that BP100 diffuses freely in the membrane 
hydrophobic space and no secondary structure formation is reported for 
pure POPC vesicles11. 

In our simulations of α-BP100 and L-BP100 in DPPC membrane, the 
peptide quickly approached the membrane and remained on the surface 
during all simulation. Peptide-lipid pair analysis (Fig. S7) showed that 
cationic Lysine residues interacted mainly with phosphate groups of the 
DPPC bilayer, evidencing that electrostatic interactions were present.  

In the case of L-BP100 in DPPC, no alpha-helical structure formation 
was observed (Fig. S3), and for α-BP100, the peptide alpha-helix 
conformation was mostly lost, although one helix turn from residues 5 to 
9 remained (Fig. 5A). The minimum alpha-helix length detected by CD 
spectroscopy is proposed to encompass seven to eleven residues38, hence 
the alpha-helix turn in residues 5-9 might not be detected by CD. 

Alternatively, this could be an over-helical forcefield artifact,22 but it 
also indicates the high stability of the alpha-helix formed by the (5 – 9) 
Lys-Lys-Ile-Leu-Lys sequence. This stability leads us to conjecture that 
BP100 alpha-helix formation could be initiated through a core sequence, 
a nascent helix39. The negatively charged membrane interface could 
promote the initial peptide folding. To support this, we performed three 
600 ns-long simulations with constrained alpha helices of BP100 on three 
regions: residues 1 to 5 (Lys-Lys-Leu-Phe-Lys), 4 to 8 (Phe-Lys-Lys-Ile-
Leu) and 7 to 11 (Ile-Leu-Lys-Tyr-Leu) in pure DPPG bilayers. The 
secondary structure analysis of the constrained BP100 simulations yielded 
different outcomes. Constraint on residues 1 to 5 rapidly induced almost 
full alpha-helix content from Lys2 to Lys9 (Fig. 6A), reaching 73% of 
helicity, similar to α-BP100 in DPPG without constraints (Fig. 5B). 
Constraint on residues 4 to 8 also showed a helix formation tendency 
(overall 63% helicity, 5 out of 11 residues, from Phe4 to Lys9). In sharp 
contrast, constraints on residues 7 to 11 (36% of helicity, 4 out of 11 
residues, from Lys7 to Tyr10) had no effects on secondary structure 
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formation of BP100 during 600 ns simulation (Fig. 6C), indicating that 
this region has little influence on initial peptide folding. 

Pace and Scholtz40, based on experimental studies, proposed a helix 
propensity scale as Δ(ΔG) values relative to Alanine set to zero. On the 
Pace and Scholtz scale, the 5-9 region has the highest helix promoting 
residues (overall helix propensity of 1.4 kcal/mol). We find 1.53 kcal/mol 
for residues 1 to 5 (Lys-Lys-Leu-Phe-Lys), 1.68 kcal/mol for residues 4 to 
8 (Phe-Lys-Lys-Ile-Leu), and 1.62 kcal/mol for residues 7-11 (Ile-Leu-Lys-
Tyr-Leu). Our secondary structure data indicates BP100 nascent helix 
could be formed either in the region between residues 1 to 5 or between 
residues 5 to 9. We favor the latter due to the presence of positively 
charged Lysine residues in the N-terminal side (Lys1 and Lys2) which 
could produce an energetically unfavorable barrier to initial peptide folding. 
The 5-9 region shows high stability in all constraint-free α-
BP100/membranes simulations and has the overall lowest energy barrier 
in the helix propensity scale40. 

DPPG seems to have a helix-stabilizing effect on BP100. All the 
simulations with α-BP100 in DPPG-containing-membranes showed high 
alpha-helical content, including the region of residues 5 to 9. Our helicity 
results from the simulations with α-BP100 in pure DPPG (73%) and in 
PCPG (50:50) mixed bilayers (54%) are remarkably close with those 
reported in experimental studies: 54% in POPC:POPG (50:50)11 and 61% 
in DMPC/DMPG (75:25) LUVs10, and maximum observable alpha-helix 
spectrum for BP100 in pure POPG vesicles11 proving that BP100 alpha-
helical structure is dependent on PG content11. 
 For L-BP100 simulations with DPPG, PCPG-R, and PCPG-NR, no 
secondary structure formation was detected (Fig. S3), with the peptide 
being in a random conformation. Non-biased random peptide simulations 
require much longer simulation time to sample the peptide conformational 
potential landscape or might dwell in several local minimum-energy states. 
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2.5.2. Peptide flip 
 
 BP100 is too short to span the bilayer thickness, especially in the alpha-
helical conformation, and thus single molecule pore formation is an 
unlikely scenario. NMR data of BP100 in DMPC: DMPG (3:1)10 shows 
that upon binding to negatively charged membranes, alpha-helical BP100 
positions parallel to the membrane as in a surface-bound orientation, and 
has an azimuthal rotation angle close to 160°, with Lysine residues facing 
the solvent. Observed in our simulations, this arrangement is commonly 
observed with other CAMPs30–33. 

Peptide/membrane simulations with initially alpha-helical BP100 had 
its polar moiety facing the membrane, for being the most probable scenario 
in a physical environment. In the α-BP100 in DPPG (Fig. 7), α-BP100 in 
DPPC, α-BP100 in PCPG-R and α-BP100 (res1-5) in DPPG simulations 
trajectories, we observed the binding of BP100 from bulk solution to the 
membranes with its Lysines residues pointing towards the bilayer, and 
then, the peptide rotated, leaving its apolar facet facing the interior of the 
bilayer. We termed this transition peptide flip. Although BP100 surface-
bound state is reported12,17, no previous peptide/membrane MD 
simulation work has reported a peptide flip transition. 

Peptide flip brings significant outcomes regarding BP100 localization in 
the membrane, in peptide/membrane interaction and the peptide 
hydration, possibly being a fundamental step of carpet mechanism for 
BP100 and other CAMPs. Through the density profile, we observed deep 
penetration of the peptide into the membrane through its apolar residues 
with larger side-chains, after the flip (Fig. 7). BP100 hydration analysis 
also shows a decrease in the overall peptide hydration after the flip (Fig. 
8). Apolar/polar pair interaction analysis (Fig. 11) revealed that after the 
flip, the number of contacts between apolar residues from the lipids and 
the peptide increases significantly, while the number of contacts between 
polar groups of the lipids and the peptides slightly decreases. In other 
words, peptide flip intensifies peptide binding to membranes burying the 
apolar residues of the peptide deeper into the membrane core. 
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 We investigated what factors could lead to the occurrence of BP100 
peptide flip. Membrane composition appears to have a significant role. For 
BP100 alpha-helical structure formation is favored in negatively charged 
membranes8In our simulations, BP100 entirely flipped in DPPG enriched 
regions of the membrane. Peptide flip was detected in α-BP100 in DPPG, 
α-BP100 (res1-5) in DPPG and α-BP100 in PCPG-R systems. 
 No peptide flip was detected in the other constrained BP100 simulations 
(α-BP100 (res4-8) in DPPG and α-BP100 (res7-11) in DPPG). However, 
it is hasty to affirm that it is unlikely to expect peptide flip to happen in 
those systems with 600 ns of simulation time. For instance, peptide flip 
was observed after 1.4 µs of simulation in α-BP100 in DPPG. 
 Hydration analysis (Fig. 8b) and density profile (Fig. S4A, B) for α-
BP100 in DPPC show also that BP100 flipped. However, alpha-helix 
secondary structure is mostly lost (Fig. 5a). For this reason, BP100 
amphiphilic apolar-polar facet separation (Fig. 2c) is lost. 
 Additionally, the apolar moiety of the peptide could have a crucial role 
in peptide flip. Hydration analysis (Fig. 8) suggests peptide flip results in 
peptide dehydration and concomitantly enhances peptide/lipid interaction 
(Fig. 11), increasing specially apolar contacts (Fig 11). Similar behavior 
was observed in a study of the interaction of micelles with polyatomic 
counterions with apolar and polar moieties. Experimental results and MD 
simulations showed that counterions with the same apolar groups but 
different polar groups resulted in similar ionic affinities for 
dodecyltrimethylammonium micelles, and the simulations showed that 
counterion adsorption to the micelles was related with the dehydration of 
the apolar group of the counterions rather than by the polar group41. 
 These factors could help to explain BP100 selectivity towards 
negatively charged bacterial membranes and low cytotoxicity. Results of 
leakage from inner compartment of LUVs upon addition of BP100 showed 
that BP100 leakage ability is proportional to PG content while the peptide 
has small effects on zwitterionic PC vesicles, observed through studies of 
zeta potential and vesicle leakage11. In a study of solid-state NMR of 
phospholipid bilayers, it was shown that BP100 did not perturb PC 
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bilayers even at high peptide/lipid ratio and caused membrane thinning 
on mixed DMPC/DMPG bilayers where a stronger effect was observed in 
anionic DMPG lipids compared to zwitterionic DMPC lipids12. 
 In zwitterionic-lipid-enriched mammalian membranes, BP100 would 
bind to membranes through electrostatic interactions and the absence of 
a helix-promoting environment would prevent helix formation and even 
with peptide flip, as in our α-BP100 in DPPC simulation, it could lead to 
mild membrane thinning11,12. On the other hand, bacterial membranes 
with high content of anionic lipids on the outer part of the membrane, 
could promote peptide binding, alpha-helix nucleation, and propagation, 
leading to peptide flip and more pronounced membrane thinning, which is 
consistent with our observations from α-BP100 in DPPG, α-BP100 in 
PCPG-R and α-BP100 (res1-5) in DPPG sets. Although we could not 
detect membrane thinning in our simulations (Table S2), it should be 
noted that our simulations had only one peptide on 128-lipid-bilayers. A 
more pronounced effect on the membrane might be observed by increasing 
the number of peptides in the simulations. 
 
2.5.3. DPPG subdomain formation 
 

Lipid clustering, or subdomain formation, induced by CAMPs has been 
studied by several authors 5,14,35–37,42–45. Through electrostatic interactions, 
CAMPs clusters anionic phosphatidylglycerol (PG) or cardiolipin (CL) 
lipids on the outer membrane of bacteria, inducing phase separation and 
phase boundary defects between lipid domains and the rest of the 
membrane, increasing membrane permeability36. It was first proposed by 
Epand et al.,45 in a study with oligomers of lysine (OAK). Upon the 
addition of OAK in 1-palmitoyl-2-oleoyl phosphatidylethanolamine 
(POPE) and tetraoleoyl cardiolipin (TOCL) mixed vesicles, transition 
temperature shift was observed through differential scanning calorimetry, 
indicating lipid phase separation45. Lipid phase separation was later 
observed for other cAMPs and cell-penetrating-peptides37,45,46. Although 
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not so pronounced, BP100 ability to promote lipid phase separation was 
also detected by DSC on POPE/TOCL (75:25) vesicles37. 
 Lipid phase separation promoted by CAMPs have also been observed 
in computational modeling studies. In a coarse-grained MD simulation 
study,35 lipid cluster promotion was seen in POPE/POPG (70:30) 
membranes by Ltc1, a linear alpha-helical cAMP with overall +10 charge. 
Simulations showed Ltc1 induced POPG domains in small (256 lipids) and 
large membranes (512 or 2048 lipids). Also, due to peptide-POPG charge 
neutralization, Ltc1-induced anionic domains seem to facilitate peptide 
oligomerization, enhancing peptide activity on bacterial model 
membranes35. 
 Likewise, our simulations suggest BP100 promotes PG aggregation. 
Two DPPC: DPPG (50:50) mixed bilayers were designed to explore lipid 
aggregation by the peptide. One membrane was composed of randomly 
mixed (PCPG-NR) and in the other, a 4 x 4 DPPG raft (PCPG-R) was 
positioned in the middle of both monolayers (see Methods 1 and Fig. 1). 
BP100 was able to cluster DPPGs in PCPG-NR, which can be observed 
by the amount of DPPG in contact with BP100 (Table 2). From a total 
of 11 lipids in the closer contact with BP100, 8.3 in average are DPPG 
corresponding to 75% of the lipid in the vicinity of the peptide. 
Additionally, this DPPG clustering can also be observed in lipid raft size 
distribution (Fig. S6E), reaching similar values of DPPG/peptide contact 
in α-BP100 in PCPG-R simulation (Fig. 10) and DPPG lipid raft size 
probability (Fig. S6D). These data suggest that even a short-lengthened 
CAMP as BP100 can promote anionic lipid clustering and also maintain 
it, supporting the experimental findings37. 
 BP100 also adsorbs on pure zwitterionic PC membranes and promotes 
DPPC clustering as observed in Fig. S5A and S6A. However, possibly due 
to the presence of positively charged choline headgroups (Fig. 1d - left), 
secondary structure is lost (Fig. 5a) and the peptide turns into random 
coil, resulting in an increase of available interaction surface area with the 
DPPC headgroups, which is reflected in a broad distribution in lipid raft 
size distribution (Fig. S5A). Polar/Apolar pair analysis for α-BP100 in 



Binding and flip as initial steps for BP100 antimicrobial actions 

46 

PCPG-R (Fig. 11) helps to explain lipid aggregation. We computed the 
ten most frequent apolar and polar pairs between peptide and lipids. The 
number of polar pairs between the peptide and DPPG is higher than those 
with DPPC, and is maintained even after the flip (~390 ns). As expected, 
+1 charged amino group (NZ) from Lysines side chains are the main 
participants in polar pairings (Figs. S7-S13), interacting with DPPG 
headgroup glycerol (OC2, OC3, Fig. 1d - right), phosphate group (P), and 
carbonyl groups (C21, C31, O21, O22, O31, O32) from chains sn1 and sn2 
(Figs. S9, S10, S12, S13). 
 Peptide flip seems to contribute to lipid clustering. Polar/apolar pairs 
analysis (Fig. 11) and pair frequency (Fig. S8, S9) for the previous 
simulation, reveals that apolar pairs between BP100 and both lipids rise 
after peptide flip occurs (~390 ns), intensifying peptide-membrane 
interaction. The same phenomena were observed for other simulations 
with peptide flip (Figs. S7, S10 and S13). As long as peptide flip had 
occurred, apolar residue side chains (from Leu3, Phe4, Ile7, Leu8 and 
Tyr10, and Leu11) were in close contact mainly with groups of the lipid 
tails (Fig. S7-S10, S13). 
 The mechanisms of bacterial toxicity via lipid clustering induced by 
CAMPs still have to be investigated. Moreover, possibly more than one 
mechanism could be involved in the process of bacterial killing. Evidence 
suggest lipid clustering by CAMPs could lead to negative charge 
concentration on membranes, promoting CAMPs attachment, leading to 
pore formation5. Anionic lipid clustering would have surrounding 
interfaces with the rest of the membrane which could lead to phase 
boundary defects, leading to slow leakage of inner cell content32. Also, 
CAMPs and cell-penetrating peptides could induce negative membrane 
curvature, enabling the internalization of peptides into cells, leading to 
intracellular killing mechanisms. The formation of lipid clusters patches 
would also lead to anomalies in membrane protein function, membrane 
fluidity, and membrane polarization. In a recent study5 with cWFW, a 
cyclic antimicrobial peptide, it was shown in vitro and in vivo that cWFW 
promotes lipid phase separation, a sharp decrease in membrane fluidity. 
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The large phase separation appears to cause disorganization of membrane 
proteins, inhibiting cell wall synthesis and inducing autolysis. 
 BP100 mode of action on membranes is dependent on peptide/lipid 
ratio11,47. As our studies comprised of low peptide/lipid concentration 
(1/128), we suggest that at low peptide/lipid concentrations, BP100 
causes lipid aggregation on negatively charged membranes, leading to 
phase boundary defects between negatively charged lipid rafts and the rest 
of the membrane. Through this, membrane permeability would increase, 
leading to slow leakage of the cell inner content. 
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2.7. Supplementary Material 
 

Area per Lipid (Å2/Lipid) 

 Ensemble 
Our 

Simulation 
Experimental 

Other  
simulations 

Pure Bilayers 

DPPC 61.7 (±1.0) 

63.31, 67.22, 
71.23, 

62 (±1.3)4, 
63.1 (±1.3)5 

62.6 (±0.5)6, 
61.87, 

62.3 (±1.1)8 

DPPG 63.2 (±1.3) 67.09 64.5 (±0.4)10 
PCPG-R 60.7 (±1.2) - - 
PCPG-NR 60.6 (±1.2) - - 

Bilayers + 
Peptide 

L-BP100 in DPPC 62.1 (±1.1)   

α-BP100 in DPPC 62.3 (±1.2)   

L-BP100 in DPPG 62.5 (±1.4)   

α-BP100 in DPPG 62.3 (±1.3)   

L-BP100 in PCPG-R 60.4 (±1.2)   

α-BP100 in PCPG-R 60.8 (±1.3)   

L-BP100 in PCPG-NR 60.7 (±1.2)   

α-BP100 in PCPG-NR 60.1 (±1.2)   
 
Table S1: Comparison of area per lipid between experimental data and those obtained 
from our simulations. The average AL was obtained by dividing the average xy area of 
the simulation by the number of phospholipids in a monolayer (64). No area per lipid 
data was found for PCPG (50:50) membrane experimental data. 
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Membrane Thickness (Å) 

 Ensemble 
Our 

simulation 
Experimental 

Other  
Simulations 

Pure Bilayers 

DPPC 38.1 (± 0.6) 
34.23, 39.05, 

38.011 
37.76, 39.87 

DPPG 37.0 (± 0.9) 35.59 34.910 
PCPG-R 38.3 (±0.6)   

PCPG-NR 38.7 (± 0.8)   

Bilayers + 
Peptide 

L-BP100 in DPPC 38.0 (±0.7)   

α-BP100 in DPPC 38.1 (±0.6)   

L-BP100 in DPPG 37.4 (±0.9)   

α-BP100 in DPPG 37.7 (±0.8)   

L-BP100 in PCPG-R 38.8 (±0.8)   

α-BP100 in PCPG-R 39.1 (±0.9)   

L-BP100 in PCPG-
NR 

38.6 (±0.8)   

α-BP100 in PCPG-
NR 

39.1 (±0.9)   

 
Table S2: Comparison of membrane thickness between experimental data and those 
obtained from our simulations. Membrane thickness was calculated by averaging the 
distance between phosphorus atoms of each leaflet. No membrane thickness values for 
PCPG (50:50) membranes were found. 
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Figure S3: Secondary structure analyses graphs of L-BP100 in DPPC (a), DPPG (b), 
PCPG with raft (c) and PCPG without raft (d). 
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Figure S4: Peptide flip illustrated through number density graphs. a) and b) show 
respectively before and after peptide for α-BP100 in DPPC; c) and d) shows the peptide 
transition for α-BP100 (res1-5) in DPPG simulation. Deeper peptide insertion into the 
membrane happens after peptide flip. Concomitantly to peptide insertion, water 
infiltration was also noticeable. 
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Figure S5: Minimum-distance distribution function (MDDF) between the peptide and 
the water molecules in the aqueous solution. For our comparative purposes, we first 
calculated the MDDF of BP100 in aqueous solution. In this distribution we obtained 
the first solvation shell up to 0.37 nm with 90 water molecules and beyond 0.5 nm no 
solvation shell could be identified anymore. The amount of water molecules obtained 
up to 0.5 nm was around 150 and this distance was used to perform further analyses 
for the comparative hydration of the peptide interacting with the membranes during 
the flip. 
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Chapter 3 
 
BP100 induces local membrane thinning and slows 
lipid dynamics 
 

This chapter is a slightly modified version of a published article 
https://doi.org/10.1039/D1RA06267K 

3.1. Abstract 
 
BP100, a short antimicrobial peptide, produces membrane perturbations that 
depend on lipid structure and charge, salts presence, and peptide/lipid molar 
ratios. As membrane perturbation mechanisms are not fully understood, the 
atomic scaled nature of peptide/membrane interactions requires a close-up view 
analysis. Molecular Dynamics (MD) simulations are valuable tools for describing 
molecular interactions at the atomic level. Here, we use MD simulations to 
investigate alterations in membrane properties consequent to BP100 binding to 
zwitterionic and anionic model membranes. We focused on membrane properties 
changes upon peptide binding, namely membrane thickness, order parameters, 
surface curvature, lipid lateral diffusion and membrane hydration. In agreement 
with experimental results, our simulations showed that, when buried into the 
membrane, BP100 caused a decrease in lipid lateral diffusion and lipid acyl-
chain order parameters and sharp local membrane thinning. These effects were 
most pronounced on the closest lipids in direct contact with the membrane-
bound peptide. In DPPG and anionic-aggregate-containing DPPC/DPPG 
membranes, peptide flip (rotation of its non-polar facet towards the membrane 
interior) induced marked negative membrane curvature and enhanced the water 
residence half-life time in the lipid hydrophobic core and transmembrane water 
transport in the direction of the peptide. These results further elucidate the 
consequences of the initial interaction of cationic alpha-helical antimicrobial 
peptides with membranes.
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3.2. Introduction 

 According to the World Health Organization, “Antibiotic resistance is 
one of the biggest threats to global health, food security, and development 
today”1. Particularly, Gram-negative bacteria are more threatening, as 
they are naturally more resistant to antibiotics, mainly due to the extra 
protection provided by an outer-membrane formed mainly by negatively 
charged lipids and lipopolysaccharides2,3. Antimicrobial peptides (AMPs) 
are active against antibiotic-resistant bacteria, even in biofilms4,5. AMPs 
are a broad class of molecules that destroy or inhibit microbes' growth by 
different mechanisms, particularly disrupting the bacterial outer 
membrane4,6,7. This action mechanism is exciting and is effective against 
a large variety of Gram-negative bacteria8–10. Membrane disruption can 
occur by different pathways (barrel-stave, carpet, toroidal pore)6, which 
may involve multiple peptides in cooperative processes11. Although AMPs 
have been widely studied, their therapeutic utilization is hindered by the 
lack of detailed understanding of their mechanism of action on membranes, 
a fundamental step in drug development4. FDA approved therapeutical 
use, mainly as topical medications, only a few of the more than three 
thousand known AMPs12. 

BP100 (H-KKLFKKILKYL-NH2) is a short hybrid cationic alpha-
helical AMP (CHAMP) designed by combining cecropin A and melittin, 
two antimicrobial peptides13,14. BP100 is highly selective towards Gram-
negative bacteria, displays low minimal inhibitory concentrations and low 
cytotoxicity, making this peptide a potential candidate for drug 
development13–15. BP100 acts on the membrane, and its binding depends 
on the ratio of anion/zwitterionic lipid ratio of the membranes, being 
anionic lipid-rich membranes more prone to disruption than charge-neutral 
membranes16. Zeta potential measurements show that the increase of 
peptide/lipid ratio leads to the neutralization of the interfacial charge of 
large unilamellar vesicles and that the mechanism of membrane action also 
depends on the peptide/lipid ratio16. While BP100 is a random coil in bulk 
solution17,18, it folds into an amphipathic alpha-helix when bound to 
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membranes, and the extent of alpha-helix formation when bound depends 
on the anionic lipid fraction in the vesicle16–18. Finally, BP100 can promote 
inner content leakage in unilamellar vesicles16,18. However, the peptide´s 
action mechanism on membranes seems to differ in low and high peptide-
content or anionic lipid-content regimes: a gradual leakage is observed 
below a certain peptide/lipid ratio threshold, or below a certain anionic 
lipid content, and an instantaneous leakage above these ratios16. Atomistic 
molecular dynamics simulations (MD) in water and membranes show that 
this peptide is a random coil in an aqueous solution but maintains an 
alpha-helix conformation in membranes containing negatively charged 
lipids19. The hydrophobic facet of the alpha helix is buried inside the 
membrane hydrophobic core, while the hydrophilic facet of the helix is 
exposed to the bulk solution19. These findings correspond with the 
reported experimental results, even though such systems are heavily 
dependent on force field choices20. 

Simpler computational models can be used to evaluate the mechanism 
of membrane disruption by AMPs21–24, due to its reduced computational 
cost25.  For instance, Brownian dynamics simulations of coarse-grained 
peptides in implicit membrane models21 suggest that BP100 disrupt 
membranes via the carpet model. Although these models can describe the 
membrane's effect on the structure and dynamics of the AMPs adsorbed 
at the interface, a few exceptions23 only captures the effect of AMPs on 
the membranes. However, due to the cooperative nature of the peptide 
action on membranes11,26,27, it is essential to correctly depict a monomer's 
effect on the bilayer, as the binding of one peptide will disturb the 
membrane, altering the adsorption of subsequent peptides.  

Thus, the understanding of isolated AMPs effects on membranes is 
necessary before describing its mechanisms of action at higher peptide 
concentrations correctly. 

Here we present the findings from atomistic MD simulations of a single 
BP100 in membranes composed of anionic, zwitterionic, and mixtures of 
both lipids. We employed a distance-based scheme for a layered analysis 
of the outcomes of BP100 binding on bilayers. Membrane thickness, lateral 
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lipid diffusion, local membrane curvature, membrane hydration, and order 
parameters were investigated, and our results show more dramatic peptide 
effects on closer lipids from both monolayers. Also, these effects were 
dependent on the local composition of the membrane, i.e., more severe 
effects of BP100 on bilayers were observed when its local composition was 
richer in anionic lipids. This detailed description of BP100 effects in 
membranes of varied composition may provide the necessary information 
for future models to adequately describe the mechanism of action of BP100 
on membranes at higher concentrations. 
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3.3. Methods 
 

3.3.1. Simulation set-ups and details 
 

We studied initially folded ⍺-BP100 in lipid systems: in pure 
membranes (DPPC and DPPG), and mixed membranes DPPC:DPPG 
(50:50). All membranes contained 64 lipids on each leaflet. Two 
symmetrical mixed bilayers were studied: one with lipids randomly 
distributed in each monolayer (PCPG) and one with an initial aggregate 
of 16 DPPG lipids in the center of the monolayer with the remaining 16 
DPPG and 32 DPPC lipids randomly distributed (PCPG*) (Table S1).  

All-atom force fields Amberff99sb-ildn-NMR28 and SLipids29,30 were 
chosen for peptide and lipids were respectively after testing and 
validation19. Pure membranes topologies (DPPC and DPPG) were from 
the SLipids developer group website31, and the mixed bilayers were 
assembled with PACKMOL32 software. TIP3P water molecules solvated 
our systems reaching an approximately 53 water/lipid ratio. A single 
BP100 was initially positioned parallel to the membrane surface 
approximately 2 nm away. Aqvist33 Na+ ions and Cl- ions (Dang34) were 
introduced to counter-balance charges from BP100 and DPPG. 

To integrate the equations of motion, we used a Leap-Frog integrator35 
with a 2 fs time-step. All simulations were performed in the NPT ensemble 
in which the temperature was kept constant at 323 K with the V-rescale 
thermostat36 coupling separately peptide, lipids, water, and counter-ions 
with a  coupling constant of 0.1 ps. The Berendsen barostat37 was used to 
keep the pressure constant with semi-isotropic pressure coupling at 1 bar 
with a coupling constant of 1 ps and compressibility of 4.5 x 10-5 bar. 
LINCS algorithm38 was used to constrain all bonds. For long-range 
electrostatic correction Particle-mesh-Ewald method39, with a real-space 
cut-off of 1.5 nm, was applied. Van der Waals interactions were truncated 
at a distance of 1.5 nm with a switch function from 1.4 nm. Each set-up 
was simulated for a total time of ttot = 2 µs, after an initial equilibration 
step. 
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Figure 1: Lipid indexing for local and overall membrane analysis. (a) BP100 molecular 
structure. (b) Lipid indexing in relation to its phosphorus distance to BP100. Both 
monolayers were analyzed separately (c). For all analysis, L10 represents the first 10 
closest lipids to BP100, and L64, the entire monolayer. For membrane-shape-
dependent properties, such as membrane thickness and surface curvature angle 
distribution, SuAVE analysis package was utilized and L30 represents the first 30 
closest lipids to BP100 (d). For deuterium order-parameters and lipid lateral diffusion 
coefficients, L20 groups the first 20 closest lipids to BP100 excluding the first 10 lipids 
(e). 
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To analyze the influence of BP100 on local membrane properties, we 
performed our lipid analysis in layers, taking into account the gradual 
distance to the peptide. Lipids were ranked according to the distance 
between their phosphorus atoms and the peptide atoms, using GROMACS 
trjorder command. For membrane thickness (DHH) and surface curvature 
angle distribution (θdistr), the first 10, 30 lipids closest to BP100 and the 
entire monolayer were investigated (L10, L30, L64, Fig. 1C). For 
deuterium order parameters (SCD) and lipid lateral diffusion coefficients 
(DL) L10, L20, which excludes L10, and L64 were considered (Fig. 1D). 
Each monolayer was analyzed separately (Fig. 1), and for comparison, 
pure bilayer simulations were used as control. Due to peptide and lateral 
lipid movement during the simulation, lipid group indexing was updated 
every 10 ns (Fig. 2). This interval was chosen after simulation trajectories 
visual inspection.  

 
Figure 2: Lipid indexing update and calculation of membrane properties. Lipid indexing 
for lipid groups (L10, L20, and L30) were updated on every 10 ns to ensure accurate 
lipid selection. All membrane properties (SCD, DHH, θdistr, and DL) were calculated in 
10 ns windows. Then, 20 average and standard error values were obtained over blocs 
of 100 ns each. 
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Two hundred windows of 10 ns each was analyzed, considering the total 
simulation time ttot of 2000 ns. Then, they were averaged in blocks of 10 
windows for all calculated lipid properties, resulting in 20 average values 
of 100 ns each with their respective standard error. This scheme is 
illustrated in Figure 2. 

 
3.3.2. Membrane thickness (DHH) and surface curvature angle distribution 
(θdistr) 

Accurate calculation of membrane thickness (DHH) and surface 
curvature (θdistr) requires proper consideration of the bilayer shape. This 
calculation was achieved by using SuAVE software package40, which fits 
a rectangular grid mesh (Fig. 3) based on the location of a selection of 
atoms (i.e., phosphorus from the lipids phosphate group) and then 
calculates the average distance between the upper and lower grids for DHH 

(Fig. 3A) and the distribution of the angles (θdistr, Fig. 3B) between the 
z-axis and the normal vector of each rectangular grid for surface curvature 
analysis. Higher angles indicate the membrane is curved. 

Using SuAVE40, membrane surface grids for L10, L30, and L64 were 
obtained using phosphorus atoms positions at every 10 ns, and their 
respective DHH and θdistr values were computed. 
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Figure 3: Membrane thickness and surface curvature angle distribution analysis using 
SuAVE. SuAVE software generates a grid (a) onto the position of selected atoms of 
the membrane (in our case, phosphorus atoms, in cyan) considering a specific number 
of rectangular partition bins along the x and y axes, chosen by the user. Surface 
curvature is analyzed by measuring the angle between the z-axis and the normal vector 
of each surface rectangular grid (b) and an angle distribution is generated. Higher 
angles indicate membrane curvature. Membrane thickness (b) was obtained by 
calculating the average distance between both upper and lower grids. 
 
3.3.3. Deuterium order parameters (SCD) and lipid lateral 
diffusion coefficient (DL) 
 
 Deuterium order-parameters (SCD) and lipid lateral diffusion 
coefficients (DL) were obtained using GROMACS 5.0.241–43. The local 
order of a lipid bilayer can be described by 2H-NMR deuterium order 
parameters (SCD) as SCD = (1/2)á3cos2𝜃 -1ñ, where 𝜃 is the angle between 
vector Carbon-Deuterium (actually C-H bond vectors in our simulations) 
and the membrane normal, whereas the brackets indicate the average 
during the simulation. 
 |SCD| values for the sn1 acyl chain were calculated for all simulations 
and lipid groups (L10, L20, L64) in both leaflets. The sn1 acyl chain was 
selected as a representative sample of lipid order parameters. 
 The lipid lateral diffusion coefficient (DL) can be obtained from MSD 
= 4DLt, where MSD is the mean square displacement of an atom as a 
function of time, t. MSD of the phosphorus atoms from each lipid group 
were calculated at every 10 ns. Then, DL was obtained from the slope of 
the least square fitting between 2 to 5 ns of each 10-ns-time-window.  
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3.4. Results 
 
 We analyzed four simulation sets that run for ttot = 2 µs each. BP100 
was initially folded as an alpha-helix and positioned approximately 2 nm 
away from the membranes (DPPC, DPPG, PCPG and PCPG*). Control 
simulations of pure membranes gave the expected area per lipid and 
membrane thickness44–48. Peptide secondary structure analysis and the 
average number of lipids in contact with BP100 were investigated 
previously19. Moreover, in the peptide/membrane simulations, BP100 
approached the membrane with its positively charged facet and rotated, 
facing its non-polar residues to the membrane core, while maintaining its 
alpha-helical structure (Fig. S2B). This motion, which we previously 
defined as peptide flip (Fig. S3), is accompanied by peptide dehydration 
and an increase in non-polar contacts between peptide and membrane19. 
However, in DPPC, although the peptide flipped, its alpha-helical 
structure was lost (Table S4), and therefore we will refer to it as a semi 
peptide-flip. The following sections present our focus on the peptide effects 
on the membrane. 
 
3.4.1. Membrane thickness 
 
 All trajectories showed BP100 adsorbed onto the membranes and 
continued embedded throughout the simulations. We observed peptide flip 
in the BP100 on DPPC (~700 ns), DPPG (~1500 ns), and PCPG* (~390 
ns) simulations19. Table 1 presents the values of membrane thickness 
averaged over the entire simulation, and control shows DHH values for 
membrane-only simulations. In all simulations, compared to the overall 
membrane thickness (L64), L10 shows lower values, indicating bilayer 
thinning where BP100 was bound. The overall membrane thickness values 
(L64) take into account all monolayer lipids; thus, the actual thickness 
difference between L10 and the rest of the membrane was higher in all 
cases. L10 thickness reduction was detected for all simulations, and it was 
significantly higher in membranes with an anionic lipid aggregate (Table 
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1 and Fig. S5). L30, L64, and control membranes shared similar 
thicknesses, indicating BP100 thinning activity was limited to the first 
near lipids, close to the peptide. 

Simulations with peptide flip and anionic membranes, namely BP100 
in DPPG and PCPG*, showed the lowest membrane thicknesses in L10, 
with averaged values of 3.50 ± 0.12 and 3.57 ± 0.10, respectively (Table 
1). In the BP100 in DPPC simulation, despite peptide flip, the peptide 
lost some of the alpha-helical conformation (45% of helicity, Table S4). 
 

Membrane thickness (nm) 

 L10 L30 L64 Pure Membrane 

BP100 in DPPC 3.71 ± 0.08 3.75 ± 0.04 3.77 ± 0.03 3.79 ± 0.03 

BP100 in DPPG 3.50 ± 0.12 3.67 ± 0.05 3.72 ± 0.03 3.70 ± 0.05 

BP100 in PCPG* 3.57 ± 0.10 3.77 ± 0.05 3.83 ± 0.04 3.82 ± 0.04 

BP100 in PCPG 3.72 ± 0.10 3.82 ± 0.05 3.84 ± 0.02 3.83 ± 0.04 

 
Table 1: BP100 induces membrane thinning in anionic bilayers. Average membrane 
thickness (DHH) and standard deviation obtained for all simulations. 
 

An anionic lipid aggregate, either as a membrane patch (PCPG*) or in 
the whole membrane (DPPG), seemed essential for the peptide-induced 
membrane thinning (Table 1). This can also be visualized by comparing 
the obtained thicknesses in L10 for BP100 in PCPG and PCPG*. While 
both simulations share the same membrane composition and only differ in 
their lipid distribution, PCPG shows an average thickness of 3.57 ± 0.10 
nm in L10 and PCPG*, 3.72 ± 0.10 nm (Table 1).  
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Figure 4: BP100 induces membrane thinning in anionic bilayers. Membrane thickness 
map for BP100 in DPPG (a) and peptide density map (b), averaged from 1600 to 1700 
ns of simulation, after peptide flip. BP100 induced membrane thinning is clearly visible 
by the superposition of both maps. In (c), a snapshot at 1600 ns; BP100 positively 
charged residues are colored in blue and the non-polar residues in green. The upper 
and lower grids were generated by SuAVE taking into account the positions of the 
DPPG phosphorus atoms. BP100 thinning activity is stronger on anionic-lipid-
aggregate-containing membranes (PCPG* and DPPG). 
 

 According to the peptide distance, the gradual membrane thinning can 
be visualized through number density graphs (Figs. S6 and S7). Number 
density graphs of before and after peptide flip revealed the distance 
shortening between upper-L10 and lower-L10, particularly in BP100 in 
DPPG (Fig. S6B) and BP100 in PCPG* (Fig. S7A) simulations. Although 
the upper-L10 position was affected by BP100 the most, shown by the 
curve broadening of upper-L10 signal, lower-L10 is also pulled towards the 
peptide (Figs. S6B and S7A), demonstrating that BP100 binding effect 
has an impact on the opposite bilayer leaflet. Figure 4 shows membrane 
thickness and peptide density in 2D mapping obtained from the BP100 in 
DPPG simulation, where membrane thinning was the most significant 
(Table 1). A simulation snapshot at 1600 ns is shown in Figure 4C. A 
negative curvature was visible by overlaying the BP100 position with 
SuAVE grids generated based on the DPPG phosphorus atoms positions 
(Fig. 4C). The overlay of 2D membrane thickness and peptide density 
mappings gives information on the peptide position and its outcomes on 
membrane thickness. In DPPC, semi peptide flip showed mild effect (Fig. 



Chapter 3 

69 

S6A) on membrane thickness, while in BP100 in DPPG and PCPG* 
simulations, a valley on the membrane matching the peptide position is 
evident (Figs. 4 and S8C). We confirmed that peptide flip increased 
membrane thinning by analyzing the data before and after the flip in 
DPPG (Fig. S8B). The membrane was affected by peptide adsorption (Fig. 
S8B - before), but peptide flip made the membrane thinner, decreasing the 
membrane thickness of the first surrounding lipids from 3.2 nm to 3.0 nm, 
on average (Fig. S8B - after). In PCPG*, we observed similar results (Fig. 
S8C) as in DPPG, with membrane thickness decrease after the flip. In 
PCPG (Fig. S8D), where no flip occurred, no change was detected, 
comparing the simulation beginning and end. 
 

3.4.2. Surface curvature 
 

2D membrane thickness mappings indicated that the membrane surface 
was altered by BP100 binding and flip. To investigate these effects 
quantitatively, we calculated the distribution of the surface curvature 
angle θ, defined as the angle between the normal vector of the surface 
rectangular grid partitions and the z-axis. Larger θ values indicate greater 
membrane surface curvature. Figure 5 shows the distribution of θ in 
different upper monolayer regions for BP100 in PCPG* simulation. 

Comparison of the θ distribution for all upper lipid groups (L10, L30, 
L64) against control showed an increase in the percentage of lipids 
populating higher θ (20°-50°) (Fig. 5). These data show that the binding 
of a single peptide changed the overall membrane topology. The depression 
shown in 2D membrane thickness mappings (Fig. S8) indicated BP100 
caused negative curvature on anionic bilayers. 

For BP100 in DPPG and PCPG* simulations, the surface angle 
distribution for upper-L10 and upper-L30 showed a most significant 
portion of θ populating lower values before the flip (Figs. 5A, S9B and 
S10A). After peptide flip, the surface of upper-L10 showed a broader and 
flattened distribution curve, with an increase in the population of higher 
angle values (30°-50°), compared to the overall upper monolayer (upper-
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L64), and lower monolayer (lower-L64), demonstrating peptide flip caused 
local membrane curvature (Fig. 5B, S9A and S10B). 
 

 
 
Figure 5: Peptide flip induces negative membrane curvature. Membrane surface 
curvature angle (θdistr) distribution before (a) and after (b) the flip in the BP100 in 
PCPG* simulation. Higher angles indicate increased membrane curvature. Control 
curves represent θdistr from pure membrane simulations. 
 

 In the BP100 in DPPC (Fig. S9A) and BP100 in PCPG (Fig. S10B), 
no remarkable shifts in angle distribution were detected. Semi-peptide flip 
was insufficient to alter upper-L10 surface angle distribution in the BP100 
in DPPC simulation (Fig. S9A). These data substantiate our findings in 
that not only anionic lipid content is essential for peptide activity on 
membranes, but its distribution is crucial as well19. 
 
3.4.3. Lipid order parameters 

 
Lipid chain order parameters were evaluated to investigate whether 

BP100 binding influenced lipid hydrophobic chain ordering and dynamics. 
Sn1 carbon chain of lipids (Fig. S11) was taken as a representative of the 
overall lipid acyl chains. Figure 6 shows lipid sn1 acyl chain order 
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parameters of distinct membrane regions from BP100 in DPPG 
simulations before and after the simulation. 

Even in earlier stages of peptide binding to the membrane (Fig. 6A), 
upper-L10 and lower-L10 lipids showed more disordered chains than 
control and other membrane regions. Nevertheless, with peptide flip, a 
sharp decrease in SCD was observed for upper-L10, showing the BP100 
effect on its immediate neighboring lipids after flipping (Fig. 6B). 
 

 
 

Figure 6: BP100 decreases local lipid chain order parameter. Order parameters of sn1 
DPPG acyl chain in the BP100 in DPPG simulation before (a) and after (b) the flip. 
The sn1 lipid chains were used for calculating lipid order parameters of the 10 and 20 
closest lipids to BP100 the entire monolayer on both monolayers. Control sn1 SCD data 
was taken averaging over an entire peptide-free membrane simulation. 
 

In all simulations, the SCD profiles of the upper-L10 and lower-L10 acyl 
chains were significantly lower compared to other regions of the upper 
monolayer (Figs. 6 and S12). This behavior was observed in simulations 
with negatively charged bilayers (Figs. 6 and S12), with both upper-L10 
and lower-L10 having higher conformational freedom due to BP100 
binding. 

In simulations where peptide flip was observed, the decrease in upper-
L10 order before and after the flip was apparent for all acyl chain carbons 
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(Figs. 6 and S12), even for BP100 in DPPC with a semi-flip (Fig. S12A). 
Table 2 shows the averaged order parameters of all sn1 chain carbons in 
upper-L10. In simulations where peptide flip occurred, namely DPPC, 
DPPG, and PCPG*, a decrease of 9%, 23%, and 17% in á|SCD|ñ is observed 
after the flip, compared to control. In contrast, in PCPG albeit the 
presence of anionic lipids, we found a reduction of 5% in á|SCD|ñ compared 
to control (Table 2). The decrease in overall lipid acyl chain order 
parameters in upper-L10 can be explained by the insertion of BP100 
hydrophobic residues into the bilayer core, increasing the acyl chain(s) 
freedom.  
 

Table 2: Averaged lipid sn1-chain order parameter, á|SCD|ñ, for lipids in upper-L10, 
obtained from the initial and last 300 ns of simulation. Peptide flip was observed in 
DPPC, DPPG and PCPG* simulations, thus their á|SCD|ñ values from the last 300 ns 
of simulation are post-peptide flip. Control values are presented for comparison. 
 

In the BP100/DPPC simulations, semi peptide flip lowered the order 
parameters of the closest lipids in contact (upper-L10, Fig. S12A and 
Table 2). However, the loss of the alpha-helical conformation led to less 
peptide penetration (Fig. S6A) and limited insertion of hydrophobic 
residues into the bilayer. Lower peptide penetration explains the 
discrepancy between SCD profiles of other lipid groups and upper-L10 after 
the flip (Fig. S12A). The BP100/PCPG order parameter profile (Fig. 
S12B) showed upper-L10 and lower-L10 decrease in chain order late in the 
simulation. Presumably, the binding of BP100 produced a weak effect on 

Lipid Lateral Diffusion (10-7 cm2s−1) 

 Upper-L10 Upper-L20 Upper-L64 
Pure 

Membrane 
Literature 

BP100 in 
DPPC 

0.9 ± 0.2 1.3 ± 0.2 1.6 ± 0.2 1.6 ± 0.3 
1.844,1.7847, 

~1.545 

BP100 in 
DPPG 

0.6 ± 0.2 1.1 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 0.948 

BP100 in 
PCPG* 

0.6 ± 0.2 1.0 ± 0.2 1.2 ± 0.2 1.2 ± 0.2 - 

BP100 in 
PCPG 

0.7 ± 0.3 1.1 ± 0.3 1.2 ± 0.2 1.3 ± 0.2 - 
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the acyl-chain order parameters, as evidenced by the higher |SCD| values 
(Table 2) for all carbons of the acyl chain compared to simulations where 
peptide flip took place (DPPC, DPPG, and PCPG*). These data highlight 
the importance of anionic lipid aggregates for the peptide to maintain a 
helix conformation and, later, a full flip. 
 
3.4.4. Lipid lateral diffusion 

 We investigated alterations in lipid dynamics upon peptide binding in 
the near and far vicinity of BP100. Lipid lateral diffusion coefficients for 
L10, L20, and L64 in both leaflets were calculated from the slopes of the 
mean-square displacements (MSD) in the xy-plane (Table 3). 
 

Lipid Lateral Diffusion (10-7 cm2s−1) 

 Upper-L10 Upper-L20 Upper-L64 
Pure 

Membrane 
Literature 

BP100 in 
DPPC 

0.9 ± 0.2 1.3 ± 0.2 1.6 ± 0.2 1.6 ± 0.3 
1.844,1.7847, 

~1.545 

BP100 in 
DPPG 

0.6 ± 0.2 1.1 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 0.948 

BP100 in 
PCPG* 0.6 ± 0.2 1.0 ± 0.2 1.2 ± 0.2 1.2 ± 0.2 - 

BP100 in 
PCPG 

0.7 ± 0.3 1.1 ± 0.3 1.2 ± 0.2 1.3 ± 0.2 - 

 

Table 3: Lipid lateral diffusion values of different lipid regions for all simulations 
(Figure 1) and available experimental and theoretical data are also presented for 
comparison. Our simulation data reveal lipid lateral mobility is approximately 50% 
lower in the first surrounding of BP100 (upper-L10) compared to a peptide absence 
scenario (lower-L64) and membranes with higher anionic lipid content are more 
affected due to stronger electrostatic interactions and flip. 
 

The calculated lateral diffusion coefficients in upper-64 for DPPC and 
DPPG were 1.6 ± 0.2 and 1.2 ± 0.2, respectively. These values were well 
within experimental results and similar to our controls (Table 3). 
Systematic analysis of lipid dynamics considering the proximity to BP100 
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reveals an approximately 50% decrease of lipid lateral diffusion in upper-
L10 compared to pure membrane systems, for all simulations (Table 3).  

Similar to changes in membrane thickness, order parameters, and 
membrane curvature, BP100 effect on lipid lateral diffusion is more 
substantial on upper-L10, while upper-L20 and lower-L64 show similar 
values (Table 3). We also calculated the diffusion for the 5 closest lipids 
to BP100 and the results found are similar to upper-L10, showing that 
1:10 peptide/lipid ratio is where BP100 shows the most capacity for 
membrane disturbing effects (Table S13). 

 
3.5. Discussion 
 

In our simulations, BP100 promoted membrane thinning, depending on 
the membrane's composition (Table 1, Figs. 4 and S8). While marginal 
thinning was observed in membranes without PG agglomerates, more 
severe effects were observed in simulations where the peptide was in close 
contact with PG-enriched regions. Furthermore, our layered analysis 
showed that the peptide effect was more substantial to lipids closer to the 
peptide and that the effect vanished after a couple of lipid layers (after 
L20). These results show, simultaneously, the effect of BP100 on 
membranes and its dependence on membrane composition. Peptide-
induced membrane thinning has been observed both experimentally in 
microscopy experiments49, X-ray difraction50, circular dichroism51,52, and 
NMR53–55. Molecular simulations of membrane/CHAMPs systems56–58 also 
support the experimental observations. 

Additionally, BP100 is known for its activity-dependence on membrane 
charge, and its disrupting effect increases with negatively charged 
membranes16, due to the electrostatic interactions with negatively charged 
groups of the membrane19. Finally, the considerable observed difference 
between the PC/PG mixture membranes with and without PG 
agglomerate points to the fundamental importance of lipid organization 
close to the BP100, i.e., the effect of the peptide on the membrane does 
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not solely depend on the amount of PG content in the membrane, but also 
the local distribution of PG in the BP100 vicinities. We emphasize here 
that lipid clustering is reported in some CHAMPs/membrane 
systems8,59,60. 

Using SuAVE analysis software40, which fits a surface at the membrane 
interface, a local and negative Gaussian membrane curvature was 
observed, induced by BP100 (Fig. 5). Once more, the lipids closer to the 
peptide were more disturbed by the peptide, as the angle distribution 
function for the L10 group is skewed towards higher angles, compared with 
other lipids in the membrane. Also, the peptide effect increased when 
peptide flip occurred. The L20 was also disturbed but not to the same 
extent observed for the L10 group. Similar to the thinning effect, no 
significant peptide effect was observed in DPPC membrane (Fig. S9A) or 
PC/PG membrane without PG agglomerate (Fig. S10B), highlighting the 
importance of electrostatic interactions between the positively charged 
groups of BP100 and the negatively charged groups of PG. CHAMPs-
induced membrane curvature is already reported, both by experimental61–
63 and computational methods64–66, and it seems to be a necessary 
condition for membrane pore formation61,67,68, usually a collective process 
that involves several peptides. Our simulations show that a single BP100 
can induce high local negative curvature, changing the local lipid packing 
and, consequently, the binding of additional peptides in this peptide-
perturbed region of the membrane. 

Along with membrane thinning and local negative curvature, BP100 
promoted a significant decrease in the calculated order parameter, SCD 
(Fig. 6), throughout the lipids acyl chain (sn1), which corresponds to an 
increase in conformational freedom of the hydrophobic chains upon BP100 
binding. In line with previous properties, this SCD decrease depended on 
the proximity between the lipid and the peptide, having closer lipids to 
BP100 (L10 group) higher conformational freedom than the other lipids 
in the membrane. Local lipid distribution modulated the effect of BP100 
on the SCD of the lipids, as the observed reduction was greater in the 
simulation with (than without) the PG agglomerate. These findings 
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corroborate the trends observed in experimental measurements of SCD of 
BP100-containing systems53,55. Our results showed that the orientation of 
the peptide with respect to the membrane changes the computed SCD 
values, as in DPPG and PCPG*, where a full flip took place, SCD profiles 
of upper-L10 and lower-L10 (Fig. S12 and Table 2) were significantly lower 
than other lipid groups, their respective controls, and other simulations 
(Table 2). 

Lateral diffusion of lipids was analyzed from our simulations, as it 
constitutes an essential component of the membrane dynamics and cell 
functions. Lipid lateral diffusion alteration upon peptide binding has been 
studied by several peptides experimentally69–73  and theoretically74,75. For 
example, the neurotoxic Alzheimer’s disease peptide amyloid-beta 
increases lipid diffusion as shown by neutron scattering experiments71,73. 
Alpha helical and/or cationic peptides such as gramicidin, mellitin, and 
cWFW slow down lipids69,70,76. In our simulations, BP100 decreased the 
upper-L10 lipid lateral diffusion coefficients (DL) by up to 50% (Table 3) 
compared with the lipid diffusions in membranes without the peptide, 
regardless of the composition of the membrane. We note that we also 
computed the DL of upper L5 (Table S13), and the results were similar to 
those of upper L10, suggesting that the ca. 10 lipids closest to BP10019 are 
more affected than non-neighboring lipids. No significant effects of peptide 
flip on DL were found in our simulations. Similarly, to previous computed 
lipid/membrane properties, this decrease was most significant in upper-
L10 than in other lipid groups, highlighting BP100 capacity of disturbing 
nearby lipids in the membrane. Although lateral diffusion of lipids in 
membranes is a more complex process than a simple 2D motion of lipids77, 
our results showed that BP100 reduces local lipid mobility. This reduction 
is compatible with recent reports on both in vivo and in vitro effect of a 
CHAMP on membrane fluidity76. 
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3.6. Conclusion 
 

Our results demonstrated that a single BP100 peptide can largely affect 
anionic or zwitterionic/anionic lipid membrane local properties. Membrane 
thinning was observed, while membranes acquired a curved conformation, 
concomitant with increased lipids chain conformational freedom, reduced 
lipid lateral diffusion and favored the water residence half-life time in the 
membrane hydrophobic core, and transmembrane water transport into the 
peptide direction. These effects depended upon the lipids neighboring 
BP100: a minimum amount of anionic lipid is necessary for BP100 to 
disturb the membrane. Thus, our results confirmed the need for correct 
representation of single peptide-membrane interaction, as several 
membrane properties can be (locally) affected. 

Experimental results (circular dichroism, NMR, dynamic light 
scattering, zeta potential, electrophoretic mobility and leakage of dyes 
with fluorescence) of BP100 action upon membranes of various anionic 
lipid content suggest that the clustering of negatively charged lipids was 
required for membrane disruption16. Taken together with previous reports 
that alpha-helical BP100 inserts its hydrophobic residues inside membrane 
hydrophobic region while maintaining the electrostatic interactions of 
charged residues with lipid headgroups19, the present results provide a 
more clear picture of the early stages of BP100-anionic membrane 
interaction while providing insights on BP100 mechanism of action for 
membrane disruption. 

The electrostatic long-range peptide-lipids interaction must drive 
BP100 towards the membrane when adsorption occurs. The highly 
positively charged peptide may promote anionic lipid clustering, locally 
disturbing membrane while acquiring an alpha-helix conformation. Such 
events would trigger a cooperative process, with anionic lipid clustering 
increasing the probability of subsequent BP100 binding, in line with the 
mechanism of action of CHAMPs upon membranes proposed by Epand 
and Epand78,79.  
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3.7. Supplementary Material 
 
 

 Simulated Systems Peptide/Lipid Water Time (ns) 

Bilayers 

DPPC 
0/128 

54/Lipid 860 
DPPG 53/Lipid 1100 
PCPG 

0/[64/64] 
54/Lipid 1200 

PCPG* 52/Lipid 1200 

Peptide 
with 

Bilayers 

BP100 in DPPC 

1/128 

54/Lipid 2000 

BP100 in DPPG 53/Lipid 2000 

BP100 in PCPG 54/Lipid 2000 

BP100 in PCPG* 52/Lipid 2000 

 
Table S1: All MD simulated systems carried out in this work at 1 bar and 323 K 
(above DPPC and DPPG transition temperatures). We used Slipids forcefield1 for the 
lipids, ff99sb-ildn-NMR2 for BP100 and TIP3P for the water. L-BP100 and α-BP100 
indicate constraint-free simulations using linear and alpha helix initial conformations 
respectively. Images below: (a) shows the simulated membranes seen from above and 
in (b) an example of a peptide-membrane initial simulation set-up (water and ions are 
not shown for clarity). 
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Figure S1: BP100 causes local membrane thinning. Graphs show membrane thickness 
throughout simulation time for simulations of ⍺-BP100 in DPPC (a), DPPG (b), 
PCPG* (c), and PCPG (d). Bilayer thickness was obtained using SuAve software, 
measuring the average distance between the upper and lower leaflets surface grids, 
generated by SuAve. Each point represent data averaged over 100 ns of simulation. 
Standard deviations are represented as fillings and red dotted lines indicate when 
peptide flip took place. 
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BP100 in DPPC - Before and after flip 

 

BP100 in DPPG - Before and after flip 

 
 
Figure S2: Membrane curvature induced by peptide flip observed through number 
density analysis. Number density graphs showing 100-ns-averaged positions of the 
peptide and lipids before and after peptide flip. In simulations with anionic lipids, 
membrane thinning is observed by the distance shortening between upper-L10 and 
lower L10. 
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BP100 in PCPG* - Before and after flip 

 
 

BP100 in PCPG - No flip 

 
 
Figure S3: Membrane curvature induced by peptide flip observed through number 
density analysis. Number density graphs showing 100-ns-averaged positions of the 
peptide and lipids before and after peptide flip. In simulations with anionic lipids, 
membrane thinning is observed by the distance shortening between upper-L10 and 
lower L10. 
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Figure S4: Membrane thickness and peptide density in 2D mappings are shown in pairs 
(before and after) for each simulation set: BP100 in DPPC (a), in DPPG (b), in PCPG* 
(c), and in PCPG (d). Note that peptide flip was found in all simulations except BP100 
in PCPG (d). Thicknesses are scaled in nm and density maps in nm3. 
  



BP100 induces local membrane thinning and slows lipid dynamics 

88 

 
BP100 in DPPC 

 

BP100 in DPPG 

  
 

Figure S5: Peptide flip induces negative membrane curvature. Membrane surface 
curvature angle distribution for lipid groups in BP100 in DPPC (a) and in PCPG (b) 
simulations. The angle distribution was calculated using the SuAve analysis software3, 
measuring the angle between the normal vector of the surface rectangular grid partition 
and the z-axis. Higher angles indicate membrane curvature. To assess peptide flip 
influence on membrane curvature, membrane surface curvature angle distribution was 
calculated before and after peptide flip. It should be noted that in the BP100 in DPPC, 
a semi-flip was observed, due to the partial unfolding of BP100 (see reference 4 for 
details). 
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BP100 in PCPG* 

 

BP100 in PCPG 

 
  
FIGURE S6: Peptide flip induces negative membrane curvature. Membrane surface 
curvature angle distribution for BP100 in PCPG* (a) and in PCPG (b). In BP100 in 
PCPG*, flip occurred at ~1500 ns and no flip was observed in the PCPG simulation. 
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Figure S7: Stereospecific numbering of phospholipids  (Sn1 and Sn2) in DPPC. For 
deuterium order parameter analysis, only sn1 acyl chain SCD was computed. Carbon 
atoms are colored in cyan, Hydrogens in white, Oxygens in red, Nitrogen in blue, and 
Phosphorus in beige.  
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Figure S8: Peptide flip decreases lipid order parameter. Order parameters before and 
after flip for BP100 in DPPC (a) and PCPG* (c), and beginning and end of the 
simulation for BP100 in PCPG (b). Sn1 chain of lipids was used as representative for 
calculating lipid order parameters for L10, L20, and L64 for both monolayers. Order 
parameters were calculated in 100 ns time windows. Control data were obtained from 
pure membrane simulations, averaging order parameters from the last 800 ns of 
simulation. Semi-flip occurred at ∼700ns for BP100 in DPPC and full peptide flip at 
~400ns for PCPG*.  
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Lipid Lateral Diffusion (10-7 cm2s−1) 

 upper-L5 upper-L10 upper-L20 lower-L64 Control Literature 

DPPC 0.8 (± 0.3) 0.9 (± 0.2) 1.3 (± 0.2) 1.6 (± 0.2) 1.6 (± 0.2) 
1.85,1.786,  
~1.57, 1.58 

DPPG 0.5 (± 0.2) 0.6 (± 0.2) 1.1 (± 0.2) 1.2 (± 0.2) 1.3 (± 0.2) 0.99 
PCPG* 0.5 (± 0.2) 0.6 (± 0.2) 1.0 (± 0.2) 1.2 (± 0.2) 1.2 (± 0.2)  

PCPG 0.6 (± 0.2) 0.7 (± 0.3) 1.1 (± 0.3) 1.2 (± 0.2) 1.3 (± 0.2)  
 
Table S9: BP100 binding leads to local lipid slow down. Lipid lateral diffusion 
coefficients were calculated from the slopes of the mean-square displacements (MSD) 
in the xy-plane of selected lipids. Lateral diffusion coefficients for pure membranes 
were used as control and values found in the literature are shown for comparison. 
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Figure S10: Peptide flip. (A) Snapshots from BP100 in DPPG simulation; positively charged 
residues are colored in blue and non-polar residues in green. Upper and lower grids were 
generated by averaging the positions of DPPG phosphorus atoms. (B) BP100 secondary 
structure along the simulation. (C) Peptide hydration analysis, calculating the number of 
waters around the peptide using a cut-off = 0.5 nm. (D) Number of DPPG lipids in close 
contact with BP100 using a cut-off = 0.75 nm. 
Initially, the peptide binds to the membrane with its positively charged facet facing the 
membrane, driven by electrostatic interactions. At approximately 1400 ns, BP100 flips turning 
its non-polar facet to the membrane hydrophobic core, burying the peptide inside the 
membrane, below the bilayer phosphates (in (A), see frames 1600 ns and 2000 ns). To this 
dynamic phenomenon, we designated as peptide flip. Alpha-helical structure preservation 
seems to be crucial for peptide flip (B), and the flip is accompanied by drastic peptide 
dehydration (C). We calculated 146 (±13) (0-1400 ns) waters before peptide flip and 76 (±10) 
(1600-2000 ns) waters after the flip. A slight increase in the average number of lipids in close 
contact with BP100 was detected. We obtained 9.7 ±1.7 (0-1400 ns) lipids before the flip and 
11.6 ±1.6 (1600-2000 ns) lipids after the flip. Peptide flip occurred also in DPPC and PCPG* 
simulations. For more information, see ref 6.  
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Helicity (%) - Last 100 ns 

BP100 in DPPC 45 
BP100 in DPPG 72 
BP100 in PCPG* 72 
BP100 in PCPG 54 

 
Table S11: Helicity percentage averaged over the last 100 ns of each simulation. 
  



Chapter 3 

95 

 
 
Figure S11: Number density profile of water and lipids for pure membrane systems 
over the last 100 ns of simulations. 
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Figure S12: Number density profile of waters, lipids and peptide in 
peptide/membranes systems over the last 100 ns of simulations. Peptide flip was 
observed in DPPC, DPPG, and PCPG* simulations. 
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Figure S13: Membrane hydration in peptide/membrane simulations. The number of 
water molecules accounted between the upper and lower surface grids (R3 region) is 
shown for all peptide/membrane simulations, as well as the percentage of peptide 
volume insertion into the R3 region. Vertical lines indicate when peptide flip was 
observed and the average number of waters are shown on the top right corner in blue. 
For control systems, we computed an average of 390 (± 28), 307 (± 18), 341 (± 20), 
and 336 (± 17) waters for DPPC, DPPG, PCPG and PCPG* simulations, respectively. 
  



BP100 induces local membrane thinning and slows lipid dynamics 

98 

3.8. Supplementary Material references 
 
1. Pfeiffer, W.; Henkel, T. H.; Sackmann, E.; Knoll, W.; Knoll, W. Local Dynamics of Lipid Bilayers 
Studied by Incoherent Quasi-Elastic Neutron Scattering. Epl 1989, 8 (2), 201–206. 
https://doi.org/10.1209/0295-5075/8/2/016. 
 
2. Lindblom, G.; Orädd, G. Lipid Lateral Diffusion and Membrane Heterogeneity. Biochim. 
Biophys. Acta - Biomembr. 2009, 1788 (1), 234–244. 
https://doi.org/10.1016/j.bbamem.2008.08.016. 
 
3. Filippov, A. V.; Rudakova, M. A.; Oradd, G.; Lindblom, G. Lateral Diffusion of Saturated 
Phosphatidylcholines in Cholesterol- Containing Bilayers. Biophysics (Oxf). 2007, 52 (3), 307–314. 
https://doi.org/10.1134/S0006350907030098. 
 
4. Lindblom, G.; Orädd, G.; Filippov, A. Lipid Lateral Diffusion in Bilayers with 
Phosphatidylcholine, Sphingomyelin and Cholesterol. An NMR Study of Dynamics and Lateral 
Phase Separation. Chem. Phys. Lipids 2006, 141 (1–2), 179–184. 
https://doi.org/10.1016/j.chemphyslip.2006.02.011. 
 
5. Korchowiec, B.; Stachowicz-Kuśnierz, A.; Korchowiec, J. The Role of DPPG in Lung Surfactant 
Exposed to Benzo[a] Pyrene. Environ. Sci. Process. Impacts 2019, 21 (3), 438–445. 
https://doi.org/10.1039/c8em00497h. 
 
6. Park, P. et al. Binding and Flip as Initial Steps for BP-100 Antimicrobial Actions. Sci. Rep. 9, 
8622 (2019) doi: 10.1038/s41598-019-45075-5. 
 



 

99 

 
 

Chapter 4 
 
Vesicle protrusion induced by antimicrobial 
peptides suggests common carpet mechanism for 
short antimicrobial peptides 
 

4.1. Abstract 
 
Short cationic alpha-helical antimicrobial peptides (SCHAMPs) are 
promising candidates to combat the growing global threat of antimicrobial 
resistance. They are short-sequenced, selective against bacteria and have 
rapid action by destroying membranes. The full understanding of their 
mechanism of action will provide key information to design more potent 
and selective SCHAMPs. Molecular Dynamics (MD) simulations are 
invaluable tools that provide detailed insights of the peptide:membrane 
interaction at the atomic- and meso-scale level. Here we use atomistic and 
coarse-grained MD to investigate the detailed steps in the interaction of 
four promising SCHAMPs with membranes, namely BP100, Decoralin, 
Neurokinin-1, and Temporin L. Following experimental set-ups, we 
explored the effects of SCHAMPs on anionic membranes and vesicles at 
multiple peptide concentrations. Our results showed all four peptides 
shared similar initial binding steps in anionic membranes, by binding 
initially to the membrane through electrostatic interactions and then 
flipping on their axis, dehydrating and inserting its hydrophobic moieties 
into the membrane core. At higher concentrations, fully alpha-helical 
peptides induced membrane budding and protrusions on anionic vesicles. 
Our results suggest the carpet mode of action is fit for the description of 
SCHAMPs lysis activity and we discuss the importance of large 
hydrophobic residues in SCHAMPs design and activity.  
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4.2. Introduction 
 

In recent years antimicrobial resistance (AMR) has become a growing 
global health concern1–3. A 2022 systematic global analysis revealed 4.95 
million deaths were associated with bacterial antibiotic resistance4. And it 
has been estimated that antibiotic-resistant diseases will kill as many as 
10 million per year by 2050, which is more than the number of people who 
die from cancer worldwide5. 
The strategies to combat AMR can be categorized in two fronts, 
prevention and treatment. Some of the strategies in the prevention 
category are public awareness, access to sanitation, increase vaccine 
coverage, reduction in the misuse of antibiotics in agriculture5,6 and 
clinical practices7, and rapid diagnostics3. In the treatment front, the 
development of novel antibiotics and improvement of currently used drugs 
are the main challenges2–4. 
 One category of antimicrobials that have shown promising results are 
antimicrobial peptides (AMPs)8. These are found in several different 
organisms across all kingdoms of life as part of their innate defense system 
and mainly kill bacteria by disrupting its cell membrane2,6,8. Short cationic 
alpha-helical antimicrobial peptides (SCHAMPs) are short sequenced 
AMPs rich in basic and hydrophobic aminoacids, which characteristically 
adopt an unordered conformation in water and an amphipathic alpha-
helical structure in nonpolar solvents, and negatively charged bilayers and 
micelles8,9. 

SCHAMPs display selectivity towards bacterial membranes compared 
to mammalian cells due to their higher content of negatively charged 
lipids8,10 and absence of sterols11,12 and are also effective against fungi8,13, 
biofilms14 and even cancer cells, as demonstrated by Decoralin15. Their 
shorter size offer several advantages such as lesser cost of production in 
bulk, and its composition can be easily tunable in case of requirements 
regarding toxicity, stability or half-life16. 
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Despite SCHAMPs promising attributes their use has been limited due 
to the lack of detailed understanding of their mechanism of action on 
membranes. Current models that can explain membrane disruption by 
AMPs suggest either pore-formation or the carpet mechanism9. However, 
due to their shorter length, the formation of pores by SCHAMPs is 
inviable17–20 and increasing evidence favors the carpet mechanism at a 
peptide to lipid ratio (P/L) threshold21–25. In a study using KIAGKIA 
(Lys-Ile-Ala-Gly-Lys-Ile-Ala) motifs of varied lengths, it was shown that 
the formation of transmembrane pores by AMPs are only possible when 
AMPs are long enough to span the hydrophobic bilayer core20. 

A detailed molecular description of SCHAMPs carpet mechanism is still 
to be investigated as such understanding is a fundamental step to design 
more efficient and selective AMPs. Molecular Dynamics (MD) simulations 
are invaluable computational tools to study molecular systems in atomistic 
detail and have been widely used to investigate the interaction between 
AMPs and membranes at the molecular level26. 

Successful descriptions of AMPs binding and pore formation via 
atomistic simulations show that these phenomena are in the microsecond 
scale27,28 and thus, the faster Martini forcefield was widely used to describe 
the pore forming action of various AMPs, such as maculatin 1.129, 
alamethicin30, magainin-227,31–33, and melittin32 . The majority of the 
studied AMPs are long ( > 17 residues), being capable of spanning as 
transmembrane peptides through the hydrophobic thickness of synthetic 
lipid bilayers20 and therefore, one has to be careful when grouping 
SCHAMPs in the same category of mode of action of larger AMPs. 

Our previous atomistic MD simulation studies of SCHAMP BP100 
(KKLFKKILKYL), a hybrid of AMPs cecropin A and melittin34, show 
that the alpha-helical structure on negatively charged membranes favors 
the dehydration of BP100 hydrophobic moiety via peptide rotation and 
insertion into the membrane core35. We coined the term “peptide flip” to 
such dynamical behavior. In addition, single BP100 causes local membrane 
thinning, negative curvature and slows lipid lateral diffusion36. In coarse-
grained MD simulations of BP100 on a phase-separated membrane, it was 
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shown the peptide preferentially binds at the liquid-disordered phase over 
the liquid-ordered one, and has low oligomerization propensity, even at 
high concentrations33. 

In order to investigate the occurrence of a common mechanism of action 
for SCHAMPs, we selected BP100 and three other peptides. The criteria 
for selection were the similarity in the number of aminoacids and folding 
behavior in solution (unordered) and in negatively charged membranes 
(alpha-helical). We chose Neurokinin-1 (RPKPQQFFGLM)37,38 (also 
known as Substance P), a human neurotransmissor with AMP properties, 
Decoralin (SLLSLIRKLIT)39, a SCHAMP isolated from the venom of 
Oreumenes decorates wasps, and Temporin-L40, from the skin of the frog 
Rana temporaria which displayed the highest activity among temporins. 
The folding in solution and in anionic membranes for all four peptides 
have been extensively studied through experimental21,34,38,39,41,42 and/or 
theoretical approaches35,43.  

In this present study, we performed atomistic MD simulations of BP100, 
Decoralin, NK-1, and Temporin-L on membrane models to explore the 
occurrence of a common initial binding step and its effect on local 
membrane properties. We further explored and described in details the 
effect of peptide concentration on vesicles using coarse-grained MD, 
analyzing vesicle structural alterations. This detailed description and 
comparison of SCHAMPs effect in membranes at the low and high peptide 
concentration may be expanded for the wide-range of available SCHAMPs 
and provide key information for designing more efficient, selective and less 
cytotoxic antibiotics. 
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4.3. Methods 
 
4.3.1. Peptides 
 

Three SCHAMPs (Figure 1B-D) were selected from the Antimicrobial 
Peptide Database44 (APD3, https://aps.unmc.edu) based on their 
similarity with a previously studied SCHAMP, BP10035,36. They are short 
peptides (11 to 13 aminoacids), amphiphilic in alpha-helix conformation, 
which is their predominant secondary structure when in contact with 
negatively charged membranes 21,34,38,39,41,42. And in solution, as BP100, 
they have no secondary structure. We also used BP100 (Fig. 1A) to 
compare with the other 3 peptides in similar conditions. 
 
4.3.2. Molecular Dynamics 
 All simulations were run with GROMACS 5.1.445–47 version and 
analyzed with GROMACS 2020.6. 
 
4.3.2.1. All-atom simulations set-ups and analysis 

For all-atom simulations, ff99sb-ildn-NMR48 force field was used for the 
peptides and the SLipids49–51 forcefield for the lipids. SLipids forcefield was 
previously validated35 and for the ff99sb-ildn-NMR forcefield, we validated 
it by simulating all 4 peptides in water and in membranes and comparing 
their secondary structure profile with structural experimental data38,42,52,53 

(Fig. S1; Fig. 2, column 3). Although the peptides showed an over-helical 
behavior in water (Fig. S1), this is expected48 and the forcefield was 
capable of reproducing experimental structural properties in membranes 
(Fig. 2, column 3). 

Peptides were initially folded as alpha-helices without constraints 
and positioned approximately 2 nm away from the membrane (Figure 1E). 
Previous data suggest negatively charged membranes favor the occurrence 
of peptide flip35, in which the amphiphilic peptide approaches the 
membrane with its polar facet and then it turns, facing the membrane 
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with its non-polar facet and burying the peptide into the membrane core. 
In order to compare with previous results obtained with BP10035,36 we 
simulated peptides on mixed bilayer of palmitoyloleoylphosphatidylcholine 
(POPC) and POPG (palmitoyloleoylphosphatidylglycerol) in a 1:1 ratio. 
Membranes containing 64 lipids on each leaflet were assembled using 
PACKMOL54 and were solvated with TIP3P water model, with an average 
of 55 water molecules per lipid. After counter-ions were added to neutralize 
the systems, all set-ups were equilibrated. Membrane-only systems were 
also simulated and used as controls. 
  



Chapter 4 

105 

 

Figure 1 - Antimicrobial peptides and set-ups used in this study. BP100 
(A), Decoralin (B), NK-1 (C), and Temporin-L (D) atomic structures and their 
respective helical wheel projections. All-atom peptide:lipid systems in (E). Peptides 
were pre-folded as alpha-helices without the use of constraints. Coarse-grained vesicle 
were generated using CHARMM-GUI’s Vesicle Builder63,64 and peptides were inserted 
in the extra-vesicular solution (F). Images rendered in VMD 1.9.482 and USCF 
ChimeraX83. 
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Simulations were run with a time-step of 2 ps and all bonds were 
constrained using the LINCS55 algorithm. Neighbor-searching was 
accomplished using the Verlet cut-off algorithm at every 50 fs. Short-range 
electrostatic and van der Waals interactions were computed using a 1.5 
nm cut-off, using a potential-switch function from a 1.4 nm cut-off. Long-
range electrostatic interactions were treated using the Particle Mesh 
Ewald56 method. Temperature was set to 323K, above the lipid transition 
temperature, and coupled using the V-rescale57 thermostat with a coupling 
constant of 0.1 ps. Semiisotropic pressure was coupled using the Parrinello-
Rahman barostat at 1 bar with a coupling constant of 1.0 ps. Periodic 
boundary conditions were applied in all three dimensions. Energy 
minimization step was performed using the steepest descent method, 
followed by NVT and NPT steps. Each production run was carried out for 
2 µs for each peptide, resulting in a total of 8 µs. 
 Peptide hydration and lipid clustering analysis were calculated using 
the gmx trjorder, computing the number of waters and lipids surrounding 
the peptides along the simulation, using a 0.5 and 0.75 nm cut-off, 
respectively. The secondary structure of peptides was analyzed using the 
DSSP program. Following a previous protocol of analyzing lipids in layers, 
we calculated the lateral diffusion coefficient (DL) for the first 10, 20 
(excluding the first 10 lipids) and 64 lipids closest to the peptide in the 
monolayer in which the peptide was bound. The coefficient DL can be 
obtained from MSD = 4 DLt, where MSD is the mean square displacement 
of an atom as a function of time (t). We calculated the MSD of the 
phosphorus atoms from each lipid group at every 10 ns using the gmx msd 
command. Then, DL was obtained from the slope of the least square fitting 
between 2 to 5 ns of each 10 ns-time-window. 2D membrane thickness was 
obtained using the SuAVE analysis package58, which fits a rectangular 
grid mesh based on the location of membrane atoms (i.e. phosphorus 
atoms) and then calculates the average thickness by computing the 
distance between the upper and lower grids. Peptide density and the 
percentage of peptide volume inserted (Vpept) was calculated using the 
s_dens command from SuAVE. 
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4.3.2.2. Coarse-graining simulations and analysis 
 
 For coarse-graining simulations, we used the Martini359–61 force field. 
All peptide atomistic structures were converted to coarse-grained structure 
with the Martinize2 script62, including the -scfix flag and assigning alpha-
helical secondary structure for BP100, Decoralin, and Temporin-L. For 
NK-1, the first four residues (Arg-Pro-Lys-Pro) were assigned as random 
coil due to the presence of proline residues and the remaining aminoacids 
as alpha helical. Elastic network models and virtual Gō sites were not 
applied. 

With the goal of a more direct comparison between experimental 
and theoretical data and obtaining mechanistic insights at a molecular 
level, peptide/vesicle systems were also prepared. 
 The initial vesicle structures were obtained from the CHARMM-GUI 
webserver63, using Vesicle Builder in Martini Marker64. Although 
experimental LUVs are close to 100 nm in diameter, we chose to simulate 
vesicles of approximately 20 nm diameter-size which retains structural 
similarity of larger LUVs while reducing computational cost and allows 
proper sampling time. In order to compare directly with LUV leakage 
experiments, we used mixed vesicles of POPC and POPG at equal 
proportion (1:1), with symmetrical composition between leaflets (1772 and 
1106 lipids in the outer and inner leaflet, respectively), and pure POPC 
vesicles (1701 and 1057 lipids in the outer and inner leaflet, respectively). 
 Vesicles were hydrated with CG water in a 30 x 30 x 30 nm simulation 
box and neutralized with counter-ions (Fig. 1F). 
 The vesicles obtained from CHARMM-GUI contained six water 
pores with a radius of 20 Å, allowing for lipid flip-flop and free movement 
of water molecules to equilibrate the interior and exterior compartments. 
Equilibration runs of vesicle-only systems were performed in 5 steps, with 
decreasing water pore diameter and increasing simulation time-step (see 
Table S2 for detailed information). After equilibration steps, production 
runs were performed for 10 µs and used as controls. 
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 In order to explore peptide effects on vesicles at low, medium and high 
peptide concentration, we built 5 systems by adding peptides into pre-
equilibrated vesicle-only systems, reaching a peptide:lipid (P/L) ratio of 
0.01 (low), 0.05 (low), 0.10 (medium), 0.20 (high), and 0.30 (high). Table 
1 shows all the simulation set-ups used in this work. 
 For peptide-vesicle CG simulations, energy minimization was performed 
using the steepest descent method for 10,000 steps. Systems were then 
equilibrated for 10 ns with a 10 fs timestep. For production runs we used 
a 20 fs time step and ran each system for 10 µs. Simulations were extended 
to 50 µs when needed. Pressure coupling was achieved using the Berendsen 
barostat in the equilibration step and for MD production runs we used the 
Parinello-Rahman65 using the same pressure coupling parameters 
(isotropic at 1 bar, coupling constant of 12.0 ps-1, and compressibility at 
3x10-4). For both equilibration and production runs, we used the velocity-
rescalling57 thermostat at 303 K using a coupling constant of 1.0 ps-1. For 
all simulations, including minimization, equilibration and production runs, 
the neighbor list was updated using the Verlet search algorithm with a 
van der Waals interaction cut-off of 1.1 nm66. The reaction-field method 
was used to treat Coulomb interactions using a 1.1 nm cut-off with a 
dielectric constant of the reaction field set to infinity66. 
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Table 1: All-atom (AA) and coarse-graining (CG) simulation set-ups utilized in this work. For BP100, all the set-ups were utilized. For 
Decoralin, NK-1, and Temporin, we simulated the AA simulations and CG simulations with POPC:POPG vesicles. 

 Forcefield System # Peptides 
Pressure 

(bar) 
Temperature 

(K) 
Time 
(µs) 

Bilayer 
Membrane 

(AA simulations) 

 
Amberff99sb-

ildn-NMR 
(peptides) 

 
SLipids 
(lipids) 

 

 
POPC:POPG 

(1:1) 
 

64 lipids per 
leaflet 

 

1 

1 

323 2 

Vesicle 
(CG simulations) Martini3 

POPC:POPG 
(1:1) 

 
(Outer: 1722 

lipids) 
 

Inner: 1106 
lipids) 

28 

303 

10 

141 10 

283 50 

565 50 

848 50 

POPC 
 

(Outer: 1701 
lipids) 

 
Inner: 1057 

lipids) 

28 10 

138 10 

276 10 

551 10 

827 10 
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4.4. Results 
 
4.4.1. All-atom simulations of single peptides on anionic 
membranes 
 

To facilitate the comparison of peptide/membrane interactions, results 
shown in Figures 2 and 3 use a nomenclature identifying the property 
being analyzed by referring to the respective row (A-D) and column (c). 
For example, “Fig 2C, c1” refers to the DSSP analysis of BP100 during the 
simulated time (See below in the legend of Figure 2). 

Experimental results show that the four peptides (BP100, Decoralin, 
NK-1, and Temporin-L) selected for this work fold into an alpha-helix on 
negatively charged membranes and have no structure in water38,42,52. 
Secondary structure analysis was performed using the DSSP algorithm 
(Fig. 2C), implemented in GROMACS. In all of the peptide/POPC:POPG 
atomistic simulations, we found a predominance of alpha-helical structure 
in all peptides except NK-1. On average, we found 75% of alpha-helix for 
BP100, 74% for Decoralin, 36% for NK-1, and 75% for Temporin-L 
throughout the simulations. 
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Similarly to our previous findings with saturated phosphatidylglycerol 
(DPPG) membranes, BP100 alpha helix was stable in POPC:POPG 
membrane (Fig. 2C, c1). The amino acid composition and helical 
projection of Decoralin is similar to BP100 (Fig. 1A, B) and, as expected, 
its secondary structure was predominantly alpha helical and stable along 
the simulation (Fig. 2C, c2). Though NK-1 has prolines residues in its N-

Figure 2 - Peptide hydration, insertion, and structural analysis from atomistic 
simulations. For peptide hydration (A), waters surrounding the peptide within a 0.5 nm 
cut-off (Nwater) were computed for BP100 (column 1), Decoralin (column 2), NK-1 (column 
3), and Temporin-L (column 4) throughout the simulations. Peptide flip occurred for all 
peptide:membrane simulations, at  ~1.5 µs, ~0.16 µs, ~0.65 µs, and ~0.35 µs for BP100, 
Decoralin, NK-1 and Temporin-L, respectively. Black vertical lines in column 1 indicate the 
approximate time when peptide flip was observed. Peptide flip is accompanied by peptide 
steep dehydration (A) and insertion (B, Vpep Inserted). In (C), DSSP analysis show alpha 
helical structure (blue) favors peptide flip. Snapshots of the last frame of each simulation 
are shown in (D). Peptides are represented with their hydrophobicity surface, with 
hydrophobic areas in beige and hydrophilic regions in cyan. Surfaces were generated using 
SuAVE, using the phosphorus positions.  
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terminus (Arg-Pro-Lys-Pro), we found no polyproline helix when 
analyzing the ψ and φ backbone dihedral angles of NK-1 first 4 residues in 
a Ramachandran plot (Fig. S2). As expected, the residues closer to the N-
terminus remained unstructured due to the presence of Prolines (Pro2, 
Pro4) and when inserted into the membrane, NK-1 recovered its alpha-
helix content in the half part closer to its C-terminus (Gln5, Gln6, Phe7, 
Phe8, Gln9, Leu10) (Fig. 2C, c3). As for Temporin-L, our secondary 
structure findings are in line with experimental CD42 and atomistic 
simulation data67 of Temporin-L in POPE/POPG and POPG membranes, 
with an overall alpha-helical structure. 
 Peptide flip is related with the peptide structure on membranes35. When 
folded into an alpha-helix, most SCHAMPs have a clear separation of 
hydrophilic and hydrophobic moieties, providing its amphiphilic character 
and favoring peptide rotation and insertion into the membrane. 
 Trajectory analysis revealed peptide flip occurred for all the peptides 
investigated here (Fig. 2D). In this set of simulations the flipping times 
were ~1.5 µs (BP100), ~0.16 µs (Decoralin), ~0.65 µs (NK-1), and ~0.35 
µs (Temporin-L) in POPC:POPG membranes (Fig. 2D). Similarly to our 
previous results with BP100 in DPPG bilayers35, peptides approached the 
POPC:POPG membrane with their charged residues portion, showing that 
the initial interaction is determined by electrostatic interactions. In this 
initial electrostatic-determined interaction the helical peptides were 
oriented parallel to the membrane surface. After variable times the 
peptides rotated and their hydrophobic residues were inserted into the 
membrane core, burying the peptides inside the bilayer (Figure 2D). 
Peptide dehydration was coupled with peptide flip (Figure 2A). The 
number of water molecules in the first hydration shell (r = 0.5 nm) 
decreased ca. 50% after the flip (Fig. 2A) 35. Using the SuAVE membrane 
analysis package58, we generated surface grids based on the membrane 
phosphorus atom positions and calculated the percentage of peptide 
volume inserted (Vpept) between the grids (Figure 2B). Vpept remained 
constant after the flip (Fig. 2B), showing the flipped-inserted state was 
stable during our simulations. 
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 We also analyzed the effect of peptide binding on membrane properties. 
Previous simulation36 and experimental18 data shows that BP100 causes 
local thinning, evidenced by the matching of the concavity observed in 2D 
mappings with the peptide locations (Fig. 3A,B). Selectively calculating 
lipid lateral diffusion (DL) for the first neighboring 10, 20, and 64 lipids 
on each monolayer, we found that the 10 closest lipids were those most 
affected by the peptide binding, confirming its local activity (Figure 3D). 
The DL for the 10 lipids neighboring the peptide decreased 69% (BP100), 
62% (Decoralin), 55% (NK-1), and 72% (Temporin-L), respectively. 
 The number of lipids surrounding the peptides, computed using a 0.75 
nm cut-off, shows the probability distribution of lipids in contact with the 
peptides (Fig. 3C). All peptides seem to cluster negatively charged 
phospholipids as observed for BP100 in DPPC:DPPG mixed bilayers35. 
Clustering of POPG was not a consequence of peptide flip as it can be 
observed even before the occurrence of the flip. Rather, it seems to be 
related to the relative number of positively charged residues in the 
antimicrobial peptide amino acid composition and its overall 
hydrophobicity <H> (Table S1). Peptides with lower <H> and/or with 
higher percentage of positively charged residues in its sequence segregated 
larger numbers of POPG lipids, such as BP100 (+6, <H> = 0.427) and 
NK-1 (+3, <H> = 0.501). Conversely, both Decoralin and Temporin-L 
possess an overall +3 charge, but their overall hydrophobicity is high 
(0.780 and 0.906, respectively) compared to BP100 and NK-1. The 
presence of hydrophobic residues would increase the number of non-polar 
contacts between peptide and membrane acyl chains regardless of the lipid 
charge while the cationic peptide residues would attract specifically 
anionic lipids into the peptide surroundings. 
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Figure 3 - Antimicrobial peptides decrease membrane thickness and 
lipid diffusion locally. (A) and (B) show respectively 2D thickness mappings 
and peptide density for BP100 (column 1), Decoralin (column 2), NK-1 (column 
3), and Temporin-L (column 4) in POPC:POPG membranes. The same 
enumeration is applied for other data. The probability distribution of POPC and 
POPG lipids in contact with peptides with their respective average and standard 
deviation values are shown in (C). Lipid diffusion (D) was computed for all 
peptides selecting the first 10, 20 neighboring lipids and for the whole monolayer 
(upper). Control values are reported for comparison. 
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4.4.2. Higher P/L ratios with coarse-graining simulations 

 
We simulated BP100 in POPC and POPC:POPG (1:1) vesicles using 

five peptide to lipid ratios (P/L): 0.01, 0.05, 0.10, 0.20, and 0.30. In all 
coarse-graining (CG) simulations with vesicles, peptide flip was observed 
for bound BP100 for both in POPC and in POPC:POPG vesicles. 

Using vesicles of POPC, at any P/L ratio, we observed no vesicle 
shape alteration in the simulations with BP100 (Fig. S3). The average 
number of bound peptides to POPC vesicles reached a plateau around 
P/L=0.10 (Fig. S3B). At P/L=0.10, BP100 increased overall vesicle 
volume by 1.2% and membrane thickness by 1.1%, but no roundness or 
size change of the vesicle was evident in the simulations (Fig. S3 and Table 
S3). 

The simulations of negatively charged vesicles (POPC:POPG, at 1:1 
ratio) at low and medium P/L (0.01 to 0.10) reached equilibrium within 
5 µs (Fig. S4). Virtually all peptides were bound and remained attached 
throughout the simulations (Fig. S4). Compared with control 
POPC:POPG vesicle, low and medium P/L simulations showed a 
proportional increase of the area per lipid (APL), total vesicle volume 
(Vtotal), membrane thickness (DHH), and average radius (R) with peptide 
concentration (Fig. 4C,E-G, Table 2). 

The overall vesicle shape can be monitored through sphericity (φ), an 
estimate of how closely the shape of an object resembles that of a perfect 
sphere68. At low P/L, BP100 binding did not significantly alter φ 
compared to control (Table 2). However, at higher peptide ratios (P/L = 
0.10), we calculated a -5.7% variation in φ compared to control and at the 
end of the simulation, the vesicle adopted an ellipsoidal shape, with highly 
curved edges (Fig. 4A, P/L=0.10). 
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Such ellipsoidal shape is followed by the expansion of the outer and 

inner APL (Table 2). Although a 3.2% increment in the outer APL could 
seem irrelevant, aspiration experiments with giant unilamellar vesicles 
(GUV) with mellitin, revealed pore formation occurs at a 3.4% increase in 
GUV membrane area upon melittin binding69. BP100 binding into 
POPC:POPG vesicle thus caused vesicle swelling at P/L=0.10, with 
increase in the total vesicle volume (Fig. 4E, Table 2) and in membrane 

Figure 4: Antimicrobial BP100 induces protrusion formation in vesicles 
at high peptide:lipid ratios. (a) Cut-away cross-sectional last frame snapshots of 
POPC:POPG (1:1) vesicle/BP100 system at low (P/L = 0.01 and 0.05), medium 
(P/L = 0.10), and high (P/L = 0.20 and 0.30) concentrations. Peptides, water and 
ions are not shown for clarity. Obtained averaged peptide binding outcomes in 
vesicles according to the respective P/L are shown (b-g). Data points with no error 
bars had an error below 5%. Data points were obtained averaging the last 5 µs of 
each simulation. Errors are estimated by block averaging. 
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thickness. The proportional increase in membrane thickness at low P/L 
can be explained by the binding of BP100 in the outer part of the vesicle. 
As atomistic simulations suggest, the binding and flipping of peptides into 
the membrane leads to a decrease in order parameter of lipid acyl chains 
leading to small membrane defects. In low concentrations (P/L < 0.1), 
such defects cause membrane thinning36,70. However, at low and medium 
concentrations, these voids can be filled with binding peptides leading to 
an asymmetry in lipid packing between the outer and inner monolayer. 

BP100 induced vesicle budding at high concentrations (P/L = 0.20 and 
0.30). We simulated both concentrations for 50 µs and vesicle budding was 
observed at ~10 µs and ~27 µs, respectively. In both simulations, the same 
pattern observed in P/L = 0.10 was observed. Initially, peptide binding 
alters the vesicle into an ellipsoidal shape as it increases the outer and 
inner APL (Fig. S4). Other vesicle properties increase proportionally, such 
as total vesicle volume, thickness and size (Fig. 5A, C) 
 

  

System 
APLouter 

(nm2/lipid) 
APLinner 

(nm2/lipid) 
Vtotal 
(nm3) 

DHH 
(nm) 

R 
(nm) 

φ 

Control 0.510 0.214 3606 3.79 10.5 0.966 

P/L = 0.01 +1.0% -0.5% +0.6% +0.8% -0.2% -0.6% 

P/L = 0.05 +1.4% +1.9% +1.0% +2.0% +0.2% -1.1% 

P/L = 0.10 +6.1% +3.2% +1.9% +5.5% +0.6% -5.7% 

P/L = 0.20 +9.8% -2.8% +0.6% -0.2% +3.8% -8.5% 

P/L = 0.30 +10.4% +1.0% +0.8% -0.5% +4.2% -8.7% 

Table 2: Variation in percentage of vesicle structural properties compared to control. 
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The lateral tension generated at the peptide binding site in the outer 
membrane leaflet can be alleviated through membrane lateral expansion 
whilst the inner leaflet initially can accompany such expansion (Fig. S5), 
due to non-polar interactions between acyl chains of both leaflets. However, 
the continuous binding of peptides in the outer membrane may lead to an 
asymmetry of the membrane, due to the different surface lateral pressure 
between inner and outer monolayers. Such imbalance in membrane area 
and volume caused by peptides can produce budding in highly curved 
regions of the vesicle (Fig. 5B, D). Peptide-induced budding led to 

Figure 5 - Antimicrobial peptide induce vesicle budding at high 
concentrations. (A) and (C) show computed properties for POPC:POPG vesicles 
throughout BP100/vesicle simulation at P/L = 0.20 and P/L = 0.30, respectively. 
We show the number of bound peptides, outer area per lipid, outer leaflet 
sphericity, total vesicle volume, membrane thickness and average radius. Black 
vertical lines indicate the approximate time when budding started. (B) and (D) 
show snapshots of the vesicles of both simulations during membrane protrusion. 
Only phosphorus atoms are shown and are colored in magenta (outer) and yellow 
(inner). 
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detachment between acyl chains of the outer and inner monolayer lipids, 
thus allowing the inner leaflet to stabilize its APL and regaining its 
spherical shape, reaching control values (Fig. S5). In contrast, in the outer 
leaflet, more peptides bound (Fig. 5A,B), increasing the outer APL, and 
thus growing the protrusion-body size along the simulation (Fig. 5, S5). 
Concomitantly with budding, the average vesicle thickness decreased as 
fewer lipids on the outer leaflet were available to counter-part the inner 
vesicle lipids (Table 2, Fig. 5). Such thinning could make the peptide-
enriched vesicles more prone to pore formation or further induce inner 
content leakage. No lipid flip-flop between outer and inner vesicle lipids 
nor full separation between vesicle and protrusion were observed during 
our simulation time (Fig. 5B, D). 

We also simulated Decoralin, NK-1, and Temporin-L in 
POPC:POPG vesicles at the same P/L ratios (0.01, 0.05, 0.10, 0.20, and 
0.30). Following our secondary structure data from atomistic simulations 
(Fig. 2C) all peptides except NK-1 were assigned as full alpha-helical CG 
structure. As the first 4 residues of NK-1 had no secondary structure (Fig. 
2C, c3), only residues 5 to 11 were assigned as alpha-helix in our CG 
simulations. 

Such difference in secondary structure was proven to be key in the 
outcomes of our peptide/vesicle CG simulations. NK-1 had no effect on 
the vesicles shape in all P/L ratios simulated (Fig. 6, NK-1). Like BP100, 
Decoralin  peptides (Fig. 6, Decoralin) had little effect on POPC:POPG 
vesicles at low P/L (0.01 and 0.05) . At medium P/L (0.10), Decoralin 
altered the vesicle into an ellipsoidal shape. At high P/L (0.20 and 0.30), 
it created highly curved regions in the vesicle and eventually membrane 
budding was observed. Simulations with Temporin-L showed the same 
pattern except that membrane budding occurred from P/L = 0.10. 
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Figure 6 – Short cationic alpha-helical peptides follow same vesicle 
budding at high concentrations. Cut-away cross-sectional last frame snapshots 
of POPC:POPG (1:1) vesicles with BP100, Decoralin, NK-1, and Temporin-L 
simulations. Water, counter-ions, and peptides are not shown for clarity. 
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4.5. Discussion 
 

Overall, our simulation results suggest SCHAMPs act on model 
membranes via the carpet mechanism at high peptide:lipid ratios. Such 
finding was suggested for BP100 experimentally17,18,21,24,71, but our 
simulation data show it can be expanded for other peptides that share 
similar folding and length. Our CG results using the latest Martini3, are 
similar with those obtained by Woo et al, which first reported a budding 
or buckling effect on membranes by magainin-2, using Martini 2.272. More 
recently, similar peptide-induced membrane budding was reported by 
Zhang et al73, when simulating Temporin B and L on POPC:POPG (7:3) 
planar bilayers. Using the pSPICA CG forcefield, Miyazaki and Shinoda74 
conducted melittin simulations on POPC planar membranes and vesicles 
and reported identical budding and lipid extraction at P/L ~ 0.10 (when 
considering melittin’s double length compared to SCHAMPs). The authors 
also described the alteration in the vesicle morphology into an ellipsoidal 
shape upon peptide binding, and further pore formation.  

Peptide flip seems to be crucial for budding or buckling mechanism, 
as it defines how many peptides will interact with vesicles. For such, a 
conjuncture of factors is to be present. First, antimicrobial peptides amino 
acid composition should produce fully alpha-helical, positively charged, 
and amphiphilic peptides in negatively charged membranes. And second, 
bacterial membranes or model membranes ought to have negatively 
charged regions for initial peptide binding via electrostatic interactions. 

Our atomistic simulations showed all four peptides caused 
membrane thinning and negative curvature (Fig. 3A). At the individual 
level, SCHAMPs bind and flip on the membrane, the peptide buries into 
the membrane and the hydrophobic facet can deeply insert into the 
membrane core and consequently, the higher conformational freedom of 
the lipid acyl chains creates empty pockets in the membrane which causes 
the upper and lower monolayer lipids to squeeze in order to occupy these 
void spaces, causing local membrane thinning18,36. However, at higher P/L, 
the steady and continuous binding and flipping of SCHAMPs into the 
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membrane creates an imbalance in the overall membrane volume and APL 
between the outer and inner leaflets. Such imbalance first promotes vesicle 
swelling, increasing outer and inner APL and membrane thickness, and 
thus, positive curvature is created (Table 2). When enough peptides are 
bound and highly curved regions are produced in vesicles (Fig. 5B,D), 
membrane budding starts. We observed that after budding, more peptides 
bound to the vesicle (Fig. 5A, D), increasing the outer APL and the 
protrusion size, while membrane thickness decreased. Such outcome could 
lead to pore-formation or complete dissociation between the protrusion 
and vesicle. It is worth noting that we simulated small vesicles (~20 nm 
in diameter), in larger vesicles, possibly SCHAMPs could induce more 
drastic outcomes such as vesicle fission or inner content leakage via pore-
formation. 

The differences between the studied peptides in their binding and 
membrane outcomes can be explained with the “wedge” model75 (see 
reference for detailed description). In this model, SCHAMPs have a cross-
sectional wedge shape, specific to their amino acid composition. Peptides 
featuring a wide polar face of charged residues and a narrow non-polar 
face are denominated as wedge-shaped peptides. SCHAMPs with a wider 
hydrophobic face and an apex consisting of a smaller cluster of cationic 
residues, are the inverted wedge-shaped peptides. At low P/L, wedge-
shaped peptides can generate positive curvature while inverted wedge-
shaped peptides produce negative curvature on membranes76–78. However, 
at high P/L, both types of peptides could generate positive curvature as 
bound peptide volume contribution increases. 

Inverted wedge-shaped SCHAMPs, such as Temporin-L, are more 
hydrophobic than wedge-shape peptides, leading to higher percentage of 
bound peptides to the membranes even at lower and medium P/L. And 
thus, peptide-induced budding could occur even at P/L = 0.10 (Fig. 6). 

The number of non-polar amino acids with large side-chains seem to 
have a key role in SCHAMPs activity. Leucine, phenylalanine, tyrosine, 
and tryptophan are found in many AMPs79. In the case of Temporin-L, 
when substituting both Phe3 and Phe5 with leucines, the modified 
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Temporin-L has no activity against E. coli and P. aeruginosa80. When 
folded into an alpha-helix, Temporin-L has a clear spatial segregation 
between hydrophobic and hydrophilic residues and the aromatic amino 
acids are concentrated in the hydrophobic portion (Fig. 1D). A similar 
behavior was reported in an alanine-scan study with BP10071. While 
substituting BP100 positively charged residues produced little to no effect 
in minimum inhibitory concentrations against Gram positive and negative 
bacteria, replacing hydrophobic residues with larger side groups with 
Alanine, such as Leucine, Phenylalanine, and Tyrosine, drastically reduced 
BP100 antimicrobial activity71. 

NK-1 contains proline amino acids which destabilize alpha-helix 
folding on the water/membrane interface, and although NK-1 has 2 
aromatic amino acids (Phe), the hydrophobic/hydrophilic facets are not 
clearly separated, decreasing its hydrophobic moment and consequently 
decreasing its affinity with the membrane and peptide flip occurrence. 
Decoralin and BP100 have similar features in terms of amino acid 
composition, folding behavior in water and membranes, and clear 
hydrophobic/hydrophilic facet separation when in alpha-helical 
conformation. Moreover, both peptides possess residues with medium to 
large side-chains in their hydrophobic moiety (BP100 – Leu, Phe,Tyr ; 
Decoralin – Leu, see Fig. 1A,B). 

The wedge model, is a convenient way to characterize some of the 
peptide effects observed here. We recognize, however that this model 
should not be the only parameter when ranking suitable antimicrobial 
peptides for pharmaceutical use. Inverted wedge-shaped SCHAMPs are 
likely to be more toxic towards human cells, such as Temporin-L40, due to 
their higher affinity toward membranes. 

Although our CG findings indicate SCHAMPs act via the carpet 
mechanism, one should be mindful of the limitations of AA and CG 
simulations. AMPs pore formation phenomena are in the microsecond 
scale27,28, and therefore longer AA simulations with increased SCHAMP 
concentrations could reveal a different outcome. Moreover, Martini 
overestimates the energy cost for pore formation compared to AA 
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forcefields81, probably due to the implicit screening of charges in Martini59 
and thus, the budding observed in our simulations could be the result of 
the current inability of Martini of simulating the formation of pores33. 
Finally, the role of peptide folding on the membrane interface is absent in 
Martini, in which peptide secondary structure is pre-determined and fixed 
into an alpha-helix60. Another interpretation of our results could be the 
possible occurrence of a simultaneous (with pore and budding formation) 
or a sequential membrane disruption mechanism, with budding as a short-
lived intermediate state before pore formation. 

In summary, our results suggest that BP100, Decoralin, NK-1, and 
Temporin-L share common mechanism steps when destabilizing anionic 
membranes. Our atomistic simulations revealed all 4 SCHAMPs flipped 
on anionic membranes at low peptide concentration, and were 
accompanied by peptide dehydration and insertion into the membrane 
core. All peptides perturbed the bilayers locally, with membrane thinning, 
anionic lipid aggregation and decreasing lipid lateral diffusion. In our CG 
vesicle simulations with higher peptide concentrations (PL=0.20 and 
0.30), full alpha-helical peptides (BP100, Decoralin, and Temporin-L) 
deformed vesicles and induced the budding in highly curved regions of the 
vesicles. The inverted wedge mechanism coupled to the contributions of 
large hydrophobic aminoacids can explain the formation of by SCHAMPs. 
Future work on SCHAMPs, such as with improved forcefield parameters, 
polarized water models, and even with pre-formed larger pores could also 
shed light on other alternative mechanisms of SCHAMPs. 
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4.7. Supplementary Material 
 
 
 

 BP100 Decoralin NK-1 Temporin 

Sequence KKLFKKILKYL SLLSLIRKLIT RPKPQQFFGLM FVQWFSKFLGRIL 

Amino acids 11 11 11 13 

Overall charge +6 +3 +3 +3 

<H> Hydrophobicity 0.427 0.780 0.501 0.906 

Amino acid 
composition 

Polar 5 (45.45%) 5 (27.78%) 5 (27.78%) 5 (27.78%) 

Non-Polar 6 (54.54%) 6 (33.33%) 6 (33.33%) 8 (44.44%) 

Charged 5 (45.45%) 3 (27.27%) 2 (18.18%) 3 (27.27%) 

Aromatic 2 (18.18%) 0  (0%) 2 (18.18%) 4 (30.76%) 
Table S1: Structural properties of the antimicrobial peptides studied. The hydrophobicity <H> was calculated using the Fauchere-
Pliska scale1. 
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Secondary Structure in Water 

BP100 Decoralin Neurokinin-1 Temporin 

Helicity (%) 

9 65 49 49 

Random Coil (%) 

67 29 36 36 
 
Figure S1: Secondary structure analysis (DSSP) of peptides in water from atomistic 
simulations. BP100 (A), Decoralin (B), NK-1 (C), and Temporin-L (D). The table 
below shows the respective percentage of helicity obtained from the DSSP analysis.
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Figure S2: Ramachandran plot and respective histograms for NK-1 N-terminus region 
from the atomistic simulation in POPC/POPG membrane. The plot reveals the region 
has higher flexibity, as in a random coil conformation, which means residues can 
occupy randomly different regions of the graph at different times2, with some 
restrictions due to the more rigid nature of proline, given that it can only bend at a 

range of roughly -90 to -45 degrees along the ɸ axis3. For example, GLN5 occupies 
regions typically associated with beta sheets, PPII helices and alpha helices4.  
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Figure S3: Simulations of BP100 in POPC vesicles.  
(a) Cut-away cross-sectional last frame snapshots of POPC vesicle/BP100 system at 
low (P/L = 0.01 and 0.05), medium (P/L = 0.10), and high (P/L = 0.20 and 0.30) 
concentrations. Peptides, water and ions are not shown for clarity. Obtained averaged 
peptide binding outcomes in vesicles according to the respective P/L are presented (b-
g). Data points with no error bars had an error below 5%. Data points and error bars 
were obtained averaging the last 5µ of each simulation. 
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System 

 

APLout 
(nm2/lipid) 

APLin 
(nm2/lipid) 

Vtotal 
(nm3) 

DHH 
(nm) 

R 
(nm) φ 

Control 0.525 0.219 3568 3.81 10.4 0.952 

P/L = 0.01 +0.19% -0.17% +0.29% -0.17% +0.07% -0.15% 

P/L = 0.05 +1.54% +1.24% +1.14% +1.24% +0.37% -0.78% 

P/L = 0.10 +1.99% +1.16% +1.26% +1.16% +0.32% -1.29% 

P/L = 0.20 +2.20% +1.18% +1.23% +1.18% +0.30% -1.54% 

P/L = 0.30 +2.32% +1.52% +1.22% +1.52% +0.34% -1.50% 

Table S2: Summary of vesicle structural properties from BP100 in POPC vesicle 
simulations. Variation in percentage of POPC vesicle structural properties 
compared to control.  

 
 

Figure S4: Temporal analysis of vesicle structural properties from BP100 in 
POPC:POPG (50:50) vesicle simulations. 
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Figure S5: Vesicle outer and inner area per lipid and sphericity for P/L = 0.20 and 
P/L = 0.30 simulations (BP100 in POPC:POPG (50:50)). Black vertical lines mark 
when budding was detected and dotted horizontal lines indicate outer and inner control 
values for each property.  
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Other projects 
 
Violacein Targets the Cytoplasmic Membrane of 
Bacteria 
 

This article can be found in 
https://doi.org/10.1021/acsinfecdis.8b00245 

 

Abstract 
 

Violacein is a tryptophan-derived purple pigment produced by 
environmental bacteria, which displays multiple biological activities, 
including strong inhibition of Gram-positive pathogens. Here, we applied 
a combination of experimental approaches to identify the mechanism by 
which violacein kills Gram-positive bacteria. Fluorescence microscopy 
showed that violacein quickly and dramatically 
permeabilizes B. subtilis and S. aureus cells. Cell permeabilization was 
accompanied by the appearance of visible discontinuities or rips in the 
cytoplasmic membrane, but it did not affect the cell wall. Using in vitro 
experiments, we showed that violacein binds directly to liposomes made 
with commercial and bacterial phospholipids and perturbs their structure 
and permeability. Furthermore, molecular dynamics simulations were 
employed to reveal how violacein inserts itself into lipid bilayers. Thus, 
our combined results demonstrate that the cytoplasmic membrane is the 
primary target of violacein in bacteria. The implications of this finding for 
the development of violacein as a therapeutic agent are discussed.  
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Position matters in ester thiolysis by cysteine-
containing peptides in micelles and vesicles 
 

Submitted 
 

Abstract 
 

Hypothesis. The interaction of peptides with nanoaggregates is an 
active research topic. Cysteine (Cys)-containing peptides open 
opportunities for developing low molecular weight compounds with 
interesting properties and potential applications. Knowledge of the 
relationship between the position of the Cys in the peptides and the 
aggregate interface is essential. Experiments. We synthesized a series of 
Cys-containing peptides having variable number of glycines (Gly) as 
spacers between the hexadecyl amide chain at their N-terminal portion 
and Cys at their carboxy-terminal. The apparent pKa of the Cys-thiol 
group of each peptide was measured in micelles of CTAC 
(hexadecyltrimethyl ammonium chloride) and vesicles of DHDAC 
(dihexadecyldimethyl ammonium chloride). No clear correlation existed 
between the pKa ́s and the number of Gly in the peptides. However, the 
rate of p-nitro-phenyl-octanoate (NPO) thiolysis by the peptides in 
micelles and vesicles decreased regularly with peptide length. Molecular 
Dynamics (MD) analysis of the peptides in CTAC micelles was carried 
out. Findings. pKa determinations and rate dependance of the peptides in 
a thiolysis reaction and MD analysis strongly suggested that the higher 
rates observed with shorter peptides can be attributed to an increased 
probability of Cys be located below the micellar surface, where the 
carbonyl reaction center of NPO resides. 
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