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ABSTRACT

Abstract

[KIGAKI]3 is an antimicrobial peptide which is reported to disrupt bacteria cell-membranes

without being harmful for mammalian cell-membranes. However, little is know about the

adsorption and disruption mechanisms. In this work, we will contribute to the understand-

ing of the adsorption process by analyzing the change in structure of the peptides when

adsorbing on the membrane surface, the interaction between [KIGAKI]3 peptides and the

bilayer and the perturbation of the membrane. Molecular dynamics (MD) simulations were

performed to study the behavior of [KIGAKI]3 on a partly charged POPC/POPG and a

pure POPC bilayer on an atomistic level. These bilayer models were used to mimic bacteria

(POPC/POPG) and mammalian (POPC) cell-membranes. In total 5.2 µs simulations were

analyzed and compared to experimental results.

We observed more [KIGAKI]3 peptides adsorbing on the negatively charged bilayer, leading

to membrane perturbation, whereas fewer peptides adsorb to the POPC bilayer, which does

not show any changes in membrane properties. These �ndings agree well with experimen-

tally derived results that show perturbation and leakage only of negatively charged bilayers

upon addition of [KIGAKI]3, but not of neutral membranes. On the POPC membrane,

[KIGAKI]3 retains its β-hairpin structure, whereas some peptides on the charged bilayer

surface unfold, resulting from stronger interactions between the cationic peptide and the

negatively charged bilayer.

The attachment of a L-CF3-Bpg or a D-CF3-Bpg label to the peptide sequence leads to

a deviant folding of [KIGAKI]3. The slight di�erence in the secondary structure results

in a di�erent adsorption behavior of the labeled peptides. This might explain the di�erent

hemolytic activities among the two labeled and unlabeled peptides, which has been observed

experimentally, while the antimicrobial activity is similar.
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1 INTRODUCTION

1 Introduction

Antibiotic resistant bacteria have become a serious global health problem as pointed out

by the World Health Organization in their latest report on antimicrobial resistance [1].

Resistance is an inevitable consequence of the use of antibiotic compounds. This process

has been accelerated by negligent antibiotic use [2] and its progressive application in food

production [3,4]. It is therefore of great importance to discover or develop new antibiotics.

However, all known classes of antibiotic compounds were discovered between 1908 and 1987;

since 1987 there has been a 'Discovery Void' [1]. The preservation of the e�ciency of al-

ready existing drugs and the development of new treatments are therefore essential for the

therapy of infectious diseases.

Antimicrobial peptides (AMPs) are a promising class of molecules under development

against bacteria. They were discovered in a wide range of species as part of the innate

immune response and show common characteristics of a short sequence (typically between

11-50 amino acids) with an overall positive net charge, typically ranging from +2 to +6,

due to lysine and arginine residues present in the peptide sequence [5]. These host defense

peptides are composed of hydrophilic, cationic amino acids and nearly 50% of hydrophobic

residues. This is why AMPs exhibit hydrophobic and hydrophilic regions upon formation

of an amphipathic structure, commonly induced by membrane interaction [6]. Based on

their structures, antimicrobial peptides can be divided into four di�erent classes: β-sheet,

α-helical, loop and extended peptides [5]. The advantages of using AMPs are an extremely

broad antimicrobial activity [7,8] and a rapid killing mechanism (within minutes) in compar-

ison to common antibiotics that need between 4 h and 24 h to kill the target bacteria [9,10].

They further show synergistic e�ects in combination with other antibiotic compounds [11].

However, the most important feature is that the emerge of resistance is less probable than

for traditional antibiotic compounds. This is because the main target is the bacterial mem-

brane. In order to become resistant, a microbe would have to reorganize its lipids or even

change its membrane composition. Both options are energetically costly for most kinds of

bacteria. Furthermore, multiple peptides that belong to di�erent structural groups attack

the bacteria, hence, resistance against one peptide might not be enough to ward the at-

tack [12].

So why are there only very few antimicrobial peptides in clinical application?

Development of antimicrobial peptides as drugs is a non-trivial process and involves various

hurdles. First of all, antimicrobial peptides can be toxic for eukaryotic cells due to the re-

quirement of high dosage [12,13] and low selectivity [14]. Second, a short half-life of AMPs
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1 INTRODUCTION

in vivo is observed [14] which is due to the sensitivity towards proteolytic degradation in

the body [10,15]. The antimicrobial activity is also sensitive towards salt concentration [16]

and pH [11]. Apart from pharmacological issues, high manufacturing costs have made the

pharmaceutical industry reluctant to invest in the development of AMP drugs [8, 11,14].

1.1 Mechanism of action of AMPs

Although the interest in antimicrobial peptides has strongly increased in the last decades,

the mechanism of action of these peptides is poorly understood. However, the available

information continues to grow and some reasonable models have been developed. We will

focus on the Shai-Matsuzaki-Huang (SMH) model of mechanism that is able to explain the

activity of most antimicrobial peptides and is explained in Figure 1 [12,17�19].

Figure 1: Shai-Matsuzaki-Huang model. Adapted and modi�ed from M. Zaslo� [12]. Lipids with
yellow headgroups are negatively charged, the ones with black headgroups have no net charge. (a)
The AMP in water shows an equilibrium between random coil and amphipathic (here α-helical)
structure. The latter one adsorbs onto the membrane surface and carpets the outer lea�et. (b) The
peptide integrates into the bilayer and thins out the outer lea�et and hence, leads to expansion of
the outer lea�et, relative to the inner lea�et, which further leads to tension within the bilayer. (c)
Illustrates the phase transition and pore formation (s. barrel-stave and toroidal pore model [20]).
(d) Peptides and associated lipids are transported into the inner lea�et, followed by two possible
options: (e) Di�usion of peptides onto targets within the cell (blue stars), or (f) disruption of the
bacterial cell-membrane into fragments, implying that the membrane is the target.
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1 INTRODUCTION

The most striking di�erence between prokaryotic and eukaryotic cell membranes is the

composition and arrangement of lipids [21]. The outer lea�et of bacterial membranes that

is exposed to the extra-cellular environment contains large amounts of negatively charged

phospholipids such as phosphatidylglycerol (PG) and cardiolipin (CL), whereas the outer

lea�et of eukaryotic cells consists of zwitterionic, overall neutral phospholipids, mainly phos-

phatidylcholine (PC) and membrane-stabilizing cholesterol. The majority of lipids contain-

ing negatively charged headgroups are segregated into the inner lea�et that faces the cy-

toplasm of eukaryotic cells [12, 17]. The SMH model proposes the displacement of lipids,

change in membrane structure and in some cases the entry of peptides into the interior of

the cell upon peptide-lipid interaction. The absence of negative charges in the outer lea�et

of mammalian cell membranes and the presence of cholesterol lead to weak interactions

between AMPs and the membrane, whereas the negatively charged lipids in the prokary-

otic cell-membrane lead to strong, mainly electrostatic interactions between peptides an

lipids [12, 17].

1.2 The [KIGAKI]3 peptide

In this work, the novel cationic linear antimicrobial peptide [KIGAKI]3 has been studied,

which is designed to adopt a β-sheet conformation [22]. The peptide consists of polar

(lysine, glycine) and apolar (isoleucine, alanine) residues, that are present in an alternating

sequence. The amphipathic nature of antimicrobial peptides and in particular the one of

[KIGAKI]3 is illustrated in Figure 2.

[KIGAKI]3 carries 7 positive charges due to the presence of lysine residues and it is ami-

dated at the C-terminus. Upon interaction with phospholipid membranes it is known to

form an amphipathic β-sheet structure [23]. It has been reported that [KIGAKI]3 is e�ec-

tive against the Gram-positive bacteria S. epidermidis, S. aureus and the Gram-negative

strains P. aeruginosa and E. coli. The minimum inhibitory concentration (MIC) is mostly

around 7.5 µM or below [24]. This may result from its ability to disturb and induce leakage

in bilayers containing lipids with negatively charged headgroups [22, 25, 26]. Furthermore,

Meier et al. [27] and Wadhwani et al. [23] reported that [KIGAKI]3 aggregates and forms

amyloid-like �brils at high peptide/lipid ratios. Amyloids are insoluble �brous protein ag-

gregates exhibiting β-sheet structure that arise from inappropriately folded proteins.

The aggregation of proteins or peptides into �brils or plaques are a common character-

istic feature of many neurodegenerative diseases such as Alzheimer's and Parkinson's dis-
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1 INTRODUCTION

Figure 2: [KIGAKI]3 peptide after 200 ns of simulation on a bilayer surface, presented in 'am-
phipathic' design. Cationic lysine residues are colored red and hydrophobic isoleucine residues are
green. Distinct hydrophobic and cationic/hydrophilic domains can be observed. Other residues
are not shown.

ease [28, 29]. The investigation of e.g. Aβ �bril-formation in the laboratory is not a trivial

task. Scientists face several problems such as a lack of methods to quantify aggregation, low

solubility of the Aβ peptide and high sensitivity of the structure and aggregation process

towards the environmental conditions such as pH, temperature and salt concentration [30].

Hence, model peptides for Aβ aggregation are used to gain more insight into the aggrega-

tion process.

These model systems should therefore possess the same characteristic properties. These are

�rstly, strong a�nity towards negatively charged lipid membranes, secondly, a transition

from random coil to β-sheet conformation upon interaction with membranes and thirdly,

self-assembly into oligomers, �brils and eventually plaques [30]. Since the [KIGAKI]3 pep-

tide shows all of these characteristics, it can be used as a model peptide to study amyloid-

formation. However, the main focus of this work will be the investigation of the mechanism

of the antimicrobial activity of [KIGAKI]3.

1.3 Motivation and outline

[KIGAKI]3 is an antimicrobial peptide which is known to disrupt bacterial cell-membranes

without being harmful to mammalian membranes [25]. However, little is known about the

adsorption and disruption mechanisms. The aim of this work is to investigate the adsorption

of [KIGAKI]3 to di�erent membranes by analyzing the structural changes of the peptides,

when adsorbing on di�erent membrane surfaces, the interactions between [KIGAKI]3 and
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1 INTRODUCTION

the lipid bilayers, and the perturbation of the membranes. To this end, we carried out

molecular dynamics (MD) simulations, which will be brie�y described in the following.

Three di�erent structures of [KIGAKI]3, presented in Figure 3, were used to initiate the

MD simulation, which allows us to conclude whether or not the starting structure a�ects

the results. These three structures correspond to the main conformations obtained from

clustering analysis of a 100 ns MD simulation of [KIGAKI]3 in water [31]. In the following

they are denoted as cluster1, cluster2 and cluster3.

(a) (b) (c)

Figure 3: The three starting structures used in the simulations are shown here: (a) cluster1,
(b) cluster2 and (c) cluster3. They are the representative structures of the three largest
clusters obtained by clustering a 100 ns simulation of [KIGAKI]3 in water, starting from
an extend structure [31]. The �gure was made with VMD [32] using the new cartoon
representation with yellow for β-sheets, cyan for β-hairpin and white for coil.

[KIGAKI]3 on a partly charged POPC/POPG (4:1) bilayer

In the simulation setup, one [KIGAKI]3 peptide was placed approximately 1.5 nm above

a POPC/POPG bilayer which resembles bacteria cell-membranes. This 200 ns simulation

has been carried out three times with the di�erent starting structures. The aim was to

investigate the adsorption process of the peptides and the e�ects on peptide structure and

membrane properties. Furthermore, there are experimental results available which can be

used for validation. The initial system is shown in Appendix 7.1

[KIGAKI]3 on a POPC bilayer

The same simulation setup was used as before. The only di�erence is that here a pure

POPC bilayer was used which resembles the mammalian cell-membranes. The results of

these simulations allow us to compare the behavior of [KIGAKI]3 peptides on neutral and

charged membranes as well as changes in membrane properties.

Six [KIGAKI]3 peptides on a partly charged POPC/POPG (4:1) bilayer

Aggregation of [KIGAKI]3 peptides on membrane surfaces at high peptide/lipid concentra-

tion has been previously reported by [23, 24]. However, the role of the aggregates towards

the antimicrobial activity of the peptide is not clear. In order to analyze the aggregation

mechanism, 3 peptides were placed above the upper-lea�et and 3 peptides were placed

16



1 INTRODUCTION

below the lower-lea�et of the bilayer. For this 1 µs simulation only cluster1 was used as

starting structure. Apart from the aggregation, another major focus lies on the analysis of

membrane properties because the in�uence on membrane properties of six peptides is likely

higher than of only one peptide. The initial system is shown in Appendix 7.1.

Six [KIGAKI]3 peptides on a POPC bilayer

The ability of [KIGAKI]3 to aggregate on membranes has also been reported on neutral

bilayers [23, 24], which is the main motivation for this 1 µs simulation. Furthermore, a

comparison will be drawn with the previous POPC/POPG simulation to analyze if the

peptide aggregation is a�ected by the membrane charge and if the e�ects of [KIGAKI]3 on

the membrane systems di�er.

[KIGAKI]3 peptides with CF3-Bpg label in water

Solid state NMR experiments have been carried out using a 3-(tri�uoromethyl)-bicyclopent-

[1,1,1,]-1-ylglycine (CF3-Bpg) label, either in the L- or D- conformation. One label per

peptide was attached to the following positions: Ile-6, Ile-8, Ala-10, Ile-12 and Ile-14 of

[KIGAKI]3 [23,24]. The authors already showed that these labels have an in�uence on the

aggregation ability of [KIGAKI]3 and the hemolytic activity. In order to obtain starting

structures for the aggregation simulations and to study the e�ect of the CF3 label, 100 ns

simulations in water were performed, starting from an elongated structure of [KIGAKI]3 in

either a L- or D-conformation substituting Ile-8. In addition, the folding process for the

labeled and unlabeled [KIGAKI]3 was compared.

Six [KIGAKI]3 peptides with CF3-Bpg label on membranes

In these simulations we will compare the structure, adsorption and aggregation of the labeled

and unlabeled peptides. In order to show the behavior of the labeled peptides we performed

four 500 ns simulations: six peptides with the L-CF3-Bpg and six peptides with the D-

CF3-Bpg were simulated separately on the individual bilayer systems (POPC/POPG and

POPC).
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2 Methods

2.1 MD simulations

Experimental methods that are used for the investigation of biological systems provide

average or crystal structures which only give limited insight into the dynamics of these

systems. In this work, MD simulations were used to explore the dynamics of [KIGAKI]3.

MD simulations are based on classical mechanics, where particles (mainly atoms) interact

through Newton's law of motion. The interaction energy is determined by a potential energy

function, which is called a force �eld [33]. Providing initial coordinates, the force that is

applied on every particle is calculated at each timestep yielding the acceleration of the

particles. Integrating the equation of motion gives a trajectory, containing the positions

and velocities of every particle at every time step.

Newton's second law of motion for a particle i is given by:

Fi = miai (1)

= mi
dvi
dt

(2)

= mi
d2ri
dt2

(3)

with Fi being the force applied on the particle i possessing the mass mi and the acceleration

ai which is the second derivative of the particle position ri and the �rst derivative of the

velocity vi with respect to time. The solution of Newton's equation is required for every

particle i in the system of N particles and in each x, y and z direction. The net force Fi,

which is exerted on the particle i is given by the negative gradient of the potential-energy

function V with respect to the particle position.

Fi = −dV
dri

(4)

Combining equations 1 and 4, the acceleration can be related to the potential energy:

ai =
d2ri(t)

dt2
=
Fi
mi

= −dV
dri

1

mi

(5)
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2.2 Integrators

Newton's equation of motion (5) cannot be solved analytically and therefore various al-

gorithms have been developed to integrate it. The most commonly used integrators are

presented in the following.

Verlet algorithm

The simple Verlet algorithm [34] calculates the position at t+∆t by using the positions and

accelerations at times t and t −∆t, with ∆t being the timestep for the integration, which

it typically between 1 and 5 fs. It is based on the Taylor series of r at times t + ∆t and

t−∆t:

r(t+ ∆t) = r(t) +
dr(t)

dt
∆t+

d2r(t)

dt2
∆t2

2
+
d3r(t)

dt3
∆t3

6
+O(∆t4) (6)

r(t−∆t) = r(t)− dr(t)

dt
∆t+

d2r(t)

dt2
∆t2

2
− d3r(t)

dt3
∆t3

6
+O(∆t4) (7)

The summation of equations 6 and 7, solving for r(t+∆t) yields the new position of particle

i which is only dependent on the acceleration at t and particle positions at time t and the

previous time step t−∆t but not velocities.

r(t+ ∆t) = 2r(t)− r(t−∆t) +
d2r(t)

dt2
∆t2 +O(∆t4) (8)

However, velocities are needed for the computation of the kinetic energy, which allows the

determination of temperature.
1

2
kT =

m

2
v2 (9)

Therefore, the velocities are calculated by the following formula

v(t) =
r(t+ ∆t)− r(t−∆t)

2∆t
(10)

Leapfrog algorithm

A commonly used integrator is the Leapfrog algorithm which is a slight modi�cation of the
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Verlet algorithm and has been used for all simulations in this work. The particle position

at time t and velocities at time t− ∆t
2
are used to determine new positions at time t + ∆t

and velocities at t+ ∆t
2
.

r(t+ ∆t) = r(t) + v(t+
∆t

2
)∆t (11)

v(t+
∆t

2
) = v(t− ∆t

2
) + a(t)∆t (12)

Positions and velocities are computed at alternating time steps so that velocities leap over

the positions and vice versa. This describes the major disadvantage of this algorithm:

positions and velocities are determined not at the same time. Since the potential energy

is derived from the coordinates and the kinetic energy is calculated via the velocity, they

cannot be calculated at the same time which complicates the calculation of the total energy.

Hence, an average velocity is assigned to every position which is determined by the following

equation.

v(t) =
v(t+ ∆t/2) + v(t−∆t/2)

2
(13)

At the beginning of a simulation with t=t0 this algorithm requires that the velocities at

t0 − 1
2
∆t are available. If this is not the case, initial atomic velocities vi, i = 1..3N are

generated from a Maxwell-Boltzmann distribution [35]:

p(vi) =

√
mi

2πkT
exp

(
− miv

2
i

2kT

)
(14)

where k is the Boltzmann's constant. It yields the probability p(vi) of particle i obtaining

the velocity vi at a temperature T .

Several other integrators have been developed, like the velocity Verlet algorithm that syn-

chronizes the computation of positions, velocities and accelerations at the same level of

precision [33,36].
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2.3 Statistical mechanics

In order to reproduce experimental results in simulations, the experimental conditions such

as pressure, temperature and volume should be replicated. However, microscopic mechanical

laws do not contain these concepts. Statistical mechanics provide methods to connect

these thermodynamic quantities of a macroscopic system to its microscopic constituents.

A collection of all possible systems that may have di�erent microscopic states, but belong

to the same macroscopic state are de�ned as an ensemble [33, 37]. Various ensembles exist

that obtain di�erent characteristics. In the microcanonical ensemble (NV E) the number

of particles (N), system volume (V ) and the energy of the system (E) are �xed. This does,

however, not correspond to conditions that are present in laboratories, since the system

must be in a closed container without any interactions (particle or energy transfer) with

the environment. A more commonly used ensemble is therefore the canonical ensemble

(NV T ) where the temperature (T ) is kept �xed instead of the energy. This is in better

agreement with real experiments, because it corresponds to a system being enclosed in a

box whose walls are heat conducting and impermeable to the passage of particles. The

most commonly used ensemble is, however, the isobaric-isothermal (NPT ) ensemble, that

provides conditions very close to experiments in vivo as temperature and also pressure

(P ) can be controlled due to an adjustable system volume. The grand canonical ensemble

(µVT) allows the exchange of particles with the reservoir to maintain a constant chemical

potential (µ).

To control temperature and pressure in simulations several algorithms have been developed.

The most conventional thermostats and barostats for temperature control and pressure

control are brie�y described in the following.

Berendsen thermostat

The Berendsen thermostat [38] mimics a weak coupling of the system with an external

heat bath given the temperature T0. Velocities are rescaled in order to match the following

equation that slowly corrects the system temperature T .

(
dT

dt

)
bath

= 2γ(T0 − T ) (15)

The coupling time constant is τT = (2γ)−1 that can be modi�ed by the user to vary the

coupling strength. However, since the Berendsen thermostat suppresses �uctuations of the

kinetic energy it does not generate a proper canonical ensemble.
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Nosé-Hoover thermostat

Instead of using an exponential relaxation as in the Berendsen thermostat, the Nosé-Hoover

algorithm [39,40] produces an oscillatory relaxation that takes several times longer to apply

the reference temperature T0 to the system, but it generates a proper canonical ensemble.

For this reasons it is preferred to use the Berendsen thermostat for equilibration and the

Nosé-Hoover thermostat for the production run. The equations of motion of the particles,

given in equation (1) is extended to include a thermal reservoir and a friction term ξ which

is a dynamic quantity with its own momentum pξ:

d2ri
dt2

=
Fi
mi

− pξ
Q

dri
dt

(16)

with the equation of motion for the heat bath parameter ξ being

dpξ
dt

= (T − T0) (17)

Here, the strength of the coupling is described by the so called mass-like parameter Q.

This thermostat corresponds to a system that is coupled to a heat bath which can be

coupled to a further heat bath and so forth which generates a chain of baths, known as

Nosé-Hoover-chain.

Velocity-rescaling thermostat

This thermostat is similar to the Berendsen temperature coupling method with an additional

stochastic term that produces a correct kinetic energy distribution. The velocity-rescaling

algorithm [41] therefore generates a correct canonical ensemble.

Essentially, the pressure coupling works similar to the temperature coupling, since systems

can theoretically be coupled to a pressure bath. The most common pressure coupling

methods are the Parrinello-Rahman algorithms [42, 43] and the Berendsen barostat. The

latter one works in the same spirit as the temperature coupling analog and will therefore not

be described further. Several other pressure coupling approaches exist like the Martyna-

Tuckerman-Tobias-Klein (MTTK) implementation [44], which will also not be discussed

here.

Parrinello-Rahman barostat

The Parrinello-Rahman approach is similar to the Nosé-Hoover temperature coupling [35]:
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db2

dt2
= VW−1b′−1(P − Pref ) (18)

Box vectors are represented by the matrix b, V corresponds to the box volume and W

is a parameter that determines the strength of the pressure coupling. Analogous to the

temperature coupling, P is the current, whereas Pref is the reference pressure. Like the

Nosé-Hoover thermostat, the Parrinello-Rahman pressure coupling needs a longer time to

adjust the system pressure compared to the Berendsen barostat. Furthermore, a larger time

constant is used which might result in large box oscillations that can lead to the crashing of

a simulation. Therefore, this barostat is not the �rst choice for an equilibration-simulation.

2.4 Force �eld

In this work the GROMOS53a6 force �eld [45], extended to the CKP lipid parameters [46],

was used for all simulations. A force �eld is in general a potential energy function that

determines the potential energy of every atom, combined with an appropriate parameter

set. The force �eld parameters of GROMOS53a6 are mainly based on the reproduction

of free enthalpies of hydration and apolar solvation, since these properties are crucial for

biomolecular processes such as protein folding, membrane formation and biomolecular as-

sociation. The GROMOS force �elds are modeling on an all atom level, however, aliphatic

carbons and the associated hydrogen atoms are treated as a single atom in order to reduce

the degrees of freedom, hence the computational e�ort.

The potential energy function can be divided into bonded and non-bonded terms; V (R) =

Vbond(R) + Vnbond(R) with R representing all atomic coordinates. Bonds (19), angles (20),

torsion dihedral-angles (21) and improper dihedral-angles (22) are accounted in the bonded

interactions, whereas non-bonded interactions incorporate the van der Waals (vdW) (23)

and Coulomb interactions (24). The total energy function can hence be written as:
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V (r) =

Nb∑
n=1

1

4
Kbn [b2

n − b2
0n ]2 (19)

+

Nθ∑
n=1

1

2
Kθn [cosθn − cosθ0n ]2 (20)

+

Nϕ∑
n=1

Kϕn [1 + cos(δn)cos(mnϕn)] (21)

+

Nξ∑
n=1

1

2
Kξn [ξn − ξ0n ]2 (22)

+
∑

pairs(i,j)

(
C12ij
r12
ij

− C6ij
r6
ij

)
(23)

+
∑

pairs(i,j)

qiqj
4πε0ε1

1

rij
(24)

where Kbn , Kθn , Kϕn and Kξn are the bond length, bond angle, dihedral angle and improper

dihedral angle force constants, respectively. Likewise, bn, θn, ϕn and ξn are bond length,

bond angle, dihedral angle and improper dihedral angle values from the current con�gura-

tion, while the zero subscript represents the equilibrium values for each of those, de�ned in

the parameters. Bond stretching and covalent bond-angle interactions are described by a

harmonic potential by treating the according atoms as balls that are connected by springs,

which exhibit the according force constant. The torsional dihedral-angle potential is de�ned

by a trigonometric function. The potential energy is calculated as a sum over Nϕn dihedral

angles using the parameters δn that describes the phase shift, mn is the multiplicity of the

dihedral potential and ϕn is, as mentioned before, the value of the dihedral angle that is

de�ned by four atoms i, j, k, l. The improper dihedral, that is also called harmonic out-of-

plane interaction, is used to keep the structure of chiral centers in a certain con�guration,

which is especially important for conserving the peptide stereochemistry, and the planarity

of aromatic rings. Van der Waals interactions are described by the repulsive and attractive

forces between atoms i and j which are not directly bonded to each other, using a Lennard-

Jones 12/6 interaction function based on the distance rij between i and j. Parameters C12ij

and C6ij depend on the atom types that are involved in the interaction. For atom pairs

that are connected via three covalent bonds, vdW parameters are de�ned di�erently. The

electrostatic interaction within the cuto� distance is calculated using a Coulomb potential,

where qi and qj are the point charges of the interacting atom pairs and rij is the distance

between them. ε0 is the dielectric permittivity of vacuum and ε1 the relative permittivity of
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the medium in which the atoms are embedded. As shown in (24), the electrostatic potential

decays slowly with 1/r. Ignoring these interactions beyond the cuto� distance would lead to

artifacts in MD simulations using periodic boundary conditions [47]. A common treatment

of the long-range electrostatics is achieved with the particle mesh Ewald method [48, 49]

that computes the electrostatic interaction by using a lattice, considering periodic boundary

conditions.

2.5 Analysis methods

If not stated otherwise in this section, standard GROMACS tools have been used for the

analysis of the MD simulations performed in this work.

RMSD & RMSF

The root mean square deviation (RMSD) is the measure of the di�erence in structure

between two superimposed structures. We have used it to show the structural di�erence

of the sampled conformations relative to the �rst and last structure of a trajectory. The

RMSD can be calculated using the following equation:

RMSD =

√√√√ 1

N

N∑
i=1

‖ri(t)− r̃i‖2 (25)

with N pairs of equivalent atoms, with the distance ‖ri(t) − r̃i‖ between them after su-

perimposing the reference structure r̃i with the current structure ri(t). Mass weighting for

superposition has been used by default.

The root mean square �uctuation (RMSF) is quite similar. Here, the deviation between

positions of a particle i (e.g. atoms, residues) at time t and a given reference structure

r̃i is calculated and averaged over the total simulation time T . The RMSF has been used

to identify the �exibility of each atom or residue in the investigated peptides and can be

calculated using the following equation:

RMSF =

√√√√ 1

T

T∑
t

(ri(t)− r̃i)2 (26)

Area per lipid & bilayer thickness

We used the grid based tool g_lomepro [50] that is based on the GridMAT-MD algo-
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rithm [51] to calculate both, area per lipid and bilayer thickness. Once all phosphorus

atoms are divided into lower and upper lea�et, based on their z-coordinate which is along

the membrane normal, they are mapped onto a grid. The membrane thickness is hence

determined by considering the pair of opposite cells in the upper and lower lea�ets. The

area per lipid is given by the average of the areas of all the cells.

Deuterium order parameter

In general, order parameters are a measure of the (dis-)order of a system. The lipid order

parameter is de�ned via and the orientation of the lipid chains and can be calculated in the

following way [52,53]:

Sij =

〈
3cosθicosθj − δij

〉
2

(27)

with Sij being elements of the order parameter tensor, θi is the angle between the bilayer

normal and the molecular coordinate axes (x, y, z) and δij denotes Kronecker delta function

(δij = 1 if i = j; δij = 0 if i 6= j). The brackets indicate that the average is taken over time

and molecules. The order parameter can vary between 1 (θi,j = 0◦), corresponding to full

order along the bilayer normal and -0.5 (θi,j = 90◦) which implies full order perpendicular

to the membrane normal [54]. The deuterium order parameters for saturated lipids can now

be calculated as following:

SCD =
2

3
Sxx +

1

3
Syy (28)

The molecular axes for the nth CH2 groups are de�ned as:

• x: H-H vector of Cn, perpendicular to z and y

• y: bisectrix of HCnH angle therefore in plane of Cn−1, Cn, Cn+1

• z: vector from Cn−1 to Cn+1

As mentioned in the beginning, the GROMOS53a6 force �eld was used, which does not

model aliphatic hydrogen atoms (that correspond to deuterium atoms in experiments) ex-

plicitly. Therefore the hydrogen atoms have to be reconstructed by assuming an optimal

tetrahedral angle of 109.5◦ between two hydrogens and the corresponding carbon atom.

This is considered in equation 28. This calculation has to be modi�ed for double bonds

because the carbon atoms which form the double bond (in the case of POPC and POPG

these are C9 and C10) exhibit a sp2 geometry. The molecular axes x, y, and z are now

de�ned as [55]:

• x: perpendicular to the plane formed by C9-H bond, C10-H bond respectively and z
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• y: is perpendicular to x and z

• z: along the double bond
Douliez et al. showed that the order parameters for the oleoyl chains in POPC can be

calculated in the following way [55]

SCD9,10 =
1

4
Szz +

3

4
Syy −

√
3

2
Syz (29)

For the calculation we �rst used the g_order (-unsat) analysis tool. However, there is a

known bug (#1166 [56]) in the code of GROMACS version 4.5.4 (and the later ones) which

has not been �xed yet. The order parameters for unsaturated chains are not calculated

correctly: it seems to be the case, that the axes are de�ned correctly, but then equation 28

is used, which implies a tetrahedral geometry and not a double bond. The order parameter

for C10 seemed to �t well with experimental data, but values for C9 did not match at all.

This is why we decided to use a patch, provided by Chris Neale [57]. It calculates the order

parameters in a di�erent way: �rst, the hydrogen atoms are modeled explicitly by assuming

the appropriate angle (109.5◦ for saturated carbons, 120◦ for unsaturated carbons). Second,

the angle θ between the C-H bond and the membrane normal can directly be calculated.

Third, a slightly altered version of equation 27 is used to calculate the order parameter:

SCD =

〈
3cos2θ − 1

〉
2

(30)

The �rst and terminal carbon atoms are not included in the GROMACS output, because

C1 is in a carbonyl group therefore it is not bound to a hydrogen atom and C16 and C18

from the two acyl chains are each bound to three hydrogens. This is why the numbering

starts with C2 and ends with C15 and C17, respectively.

Hydrogen bonds

The determination of hydrogen bonds was performed by using the standard GROMACS

tool g_hbond. By default, OH and NH groups are regarded as donors, whereas O and N

are acceptors. If the donor-acceptor distance is within a cuto� radius of 0.35 nm and the

donor-H-acceptor angle is less than 35◦ it counts as a hydrogen bond.

Peptide lateral di�usion coe�cient

GROMACS provides a tool (g_msd) for calculating di�usion coe�cients D by �tting the

mean square displacement: MSD = 〈(r(t)−r0)2〉 = 4Dt, where r(t) is the current positions

27



2 METHODS

and r0 the initial position of the peptide. Basic requirement is, however, a linearMSD over

time which we did not observe in all simulations. Furthermore, we wanted to determine

the di�usion of the peptide in relation to the lea�et it is adsorbed to. Therefore, we have

chosen a slightly di�erent approach.

After centering the upper lea�et (in the single-peptide simulations all peptides adsorbed to

this lea�et and not the lower one), the position of the center of mass (COM) of the peptide

was calculated in x- and y-direction. The lateral di�usion coe�cient D∆t for every step

∆t = 20 ps is calculated using the following relation:

D∆t =
∆x2 + ∆y2

4∆t
(31)

where ∆x = rx(t+ ∆t)− rx(t) is the deviation between the positions in x-direction for two

consecutive time steps and ∆y is calculated accordingly. The di�usion coe�cient D is then

calculated by averaging D∆t over the last 150 ns, hence, after adsorption of all peptides.

2.6 Parametrization of CF3-Bpg

Figure 4: L-CF3-Bpg

Parameters for L- and D-CF3-Bpg were derived from the Au-

tomated Topology Builder (ATB) [58]. The user is required to

provide the overall molecule charge and a PDB �le containing

three-dimensional coordinates and connectivity data. These in-

put data de�ne the stereochemistry, protonation and tautomeric

state of the molecule, which yields a unique description. After the

generation of an initial template a geometry optimization using

QM calculations at the AM1 level were performed and further

optimized at B3LYP/6-31G* level in implicit solvent. From the

optimized structure several information can be extracted, such as

the bond lengths, bond angles, dihedral angles and the geometry

of chiral centers. Furthermore, aromatic rings and planar groups

are identi�ed, based on dihedral and improper dihedral angles. These information, along

with the connectivity, allow the assignment of atom types. The atomic charges are gener-

ated by �tting the electrostatic potential using the Kollman-Singh method [59], considering

the symmetry of the molecule. In order to estimate force constants the Hessian matrix is

calculated. Since we use the GROMOS53a6 force �eld, the all-atom topology, which is used

for QM calculations, is �nally converted into a united-atom topology. The atomic charges
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were slightly edited to conserve the backbone charges of isoleucine which has been replaced

by the CF3-Bpg group on position 8 in [KIGAKI]3 while the overall residue-charge of zero is

maintained. Finally, the L- and D-CF3-Bpg �residues� were added in the �aminoacids.rtp�

�le.
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3 Simulation Details

The GROMACS package [60] was used to build the systems and perform the simulations.

Starting conformations correspond to the main conformations of [KIGAKI]3 in water ob-

tained from a 100 ns simulation, which was initiated from an elongated peptide struc-

ture [31]. The GROMOS53a6 force �eld, which is parametrized to reproduce experimental

solvation enthalpies for small molecules, was employed to carry out all simulations runs. It

was extended to CKP lipid parameters for POPC, POPG-D and POPG-L [46], which are

provided in the lipidbook [61].

3.1 Simulation setup of bilayer systems

The Packmol package [62] was used to build the POPC/POPG (4:1) bilayer patch, which

was then equilibrated for 200 ns as described in [31].

Initial coordinates of a pure POPC bilayer consisting of 128 lipids, equilibrated with water

for 200 ns, were obtained from the work of Piggot et al. on lipid bilayers [46]. For further

analysis, this bilayer model was simulated for 10 ns with 3552 SPC water molecules with a

box size of 6.2 × 6.3 × 6.8 nm3. Semi-isotropic Parrinello-Rahman pressure coupling was

used along with a Nosé-Hoover thermostat, which provided a constant temperature of 303

K and pressure of 1 atm.

All peptide/membrane systems were solvated using the simple point-charge (SPC) water

model to �ll the simulation box. Depending on the system, Na+ or Cl− ions were used as

counter ions to neutralize the systems. The box size for simulations with one peptide on

the mixed membrane was set to 6.1 × 6.1 × 9.2 nm3, while the box size for the according

simulations with the neutral membrane was 6.2 × 6.3 × 10.0 nm3. We increased the size

in z-direction slightly to avoid interactions of the peptide with the periodic image of the

membrane. This was necessary as the peptides are not as strongly attracted by the neutral

membrane as by the charged one. It might be possible for them to unfold and interact with

both sides of the membrane when using periodic boundary conditions with a too small box.

The box length in z-direction was increased to 16 nm for the simulations with six peptides.

Prior to the production MD simulations, 100 ps equilibration in the canonical ensemble

(NV T ) were performed during which all phosphorus atoms of the lipids in z-direction and

all peptide heavy atoms were restrained. The velocity rescaling thermostat with a coupling

constant of 0.1 ps was used to regulate the temperature of peptides, lipids and solvent/ions
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separately at 303 K to guarantee a �uid membrane. For the subsequent NPT equilibra-

tion, we switched to a Nosé-Hoover thermostat with a time constant of 0.5 ps along with

a Parrinello-Rahman barostat. Semi-isotropic coupling is employed to allow a separate

coupling of the bilayer normal in z-direction and xy-plane with a time constant of 5.0 ps,

maintaining a constant pressure of 1 atm. An isothermal compressibility of 4.5 × 105 bar−1

was applied in all box dimensions. Force constants restraining the peptides' heavy atoms

and lipid phosphorus atoms were reduced from 100,000 kJ mol−1 and 10,000 kJ mol−1 for

simulations containing one and six peptides, respectively to 1000 kJ mol−1 during this 6 ns

equilibration under isothermal-isobaric conditions. The Particle mesh Ewald method with

periodic boundary conditions was used to calculate long-range electrostatics. For short

range Coulombic and vdW interactions cuto� was set to 1.2 nm. The LINCS algorithm

was used to constrain all bond lengths. For the MD simulations all restrains were removed

and the time constant for pressure coupling was set to 2.0 ps. Simulations with unlabeled

[KIGAKI]3 peptides were performed for 1 µs whereas the other four simulations with CF3

labeled peptides were carried out for 500 ns. The integration time step was 2 fs, with

coordinates and velocities saved every 20 ps.

3.2 Simulation setup of [KIGAKI]3 with CF3 label in water

The parameters for the L-CF3-Bpg and D-CF3-Bpg label for the GROMOS53a6 force �eld

were obtained by the Automated Force Field Topology Builder (ATB) [58] as described

previously. Using VMD, the label was attached to the [KIGAKI]3 peptide. By doing so,

the hydrophobic side chain of Ile-8 was removed and the CF3-Bpg group was attached in

the according stereoisomeric geometry. The new residue was declared as LCF3 and DCF3,

respectively.

Each labeled peptide was located in the middle of a dodecahedron box and solvated with

SPC water molecules. After neutralizing the systems by adding 7 Cl− counter ions, a 50 ps

equilibration in an NV T ensemble was performed. The velocity rescaling thermostat was

applied to obtain a temperature of 300 K with a time constant of 0.1 ps. The Parrinello-

Rahman barostat was used to regulate the pressure at 1 atm in the following 100 ps NPT

equilibration with a time constant of 2.0 ps. To calculate long-range electrostatics, the

Particle mesh Ewald method was used with periodic boundary conditions. The Coulombic

and vdW cuto�s were set to 1 nm. A production run of 100 ns was carried out using the

LINCS algorithm to constrain all bond length and a time step of 2 fs. Coordinates and

velocities were saved every 2 ps.
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4 Results and Discussion of [KIGAKI]3 simulations

In this section, all simulations without a CF3 label are analyzed and discussed. The three

di�erent starting structures are labeled as cluster1, cluster2 and cluster3. For the 1 µs sim-

ulation of six peptides only cluster1 was used as starting structure. In order to distinguish

between the di�erent peptides they are denoted as peptides1 to peptide6.

4.1 Adsorption of [KIGAKI]3 on membrane surfaces

It was shown experimentally, that [KIGAKI]3 adsorbs on charged as well as on neutral

membrane models [22]. While partly charged POPC/POPG membranes are perturbed,

POPC bilayers do not show any e�ects upon adsorption of [KIGAKI]3, which indicates the

selectivity of the peptide due to di�erent peptide-membrane interactions [63].

In this section, the adsorption process of [KIGAKI]3 is described, including the speed of

adsorption on di�erent bilayers and the analysis of key interacting residues.

In Figure 5 the distance between each peptide and the corresponding bilayer surface is

illustrated.

Starting with one-peptide simulations in Figure 5(a) and (b), we can state that all di�erent

starting structures adsorb on the membrane surface within the simulation length. Within

30 ns all peptides are closer than 1 nm to the POPC/POPG bilayer surface. During the

simulation they move closer towards the membrane surface. After 200 ns the COM of each

peptide is only about 0.5 nm away from the average z-coordinate of the phosphorus atoms,

indicating adsorption.

The peptides on the POPC membrane take longer to adsorb. After 30 ns of simulation,

the peptides are closer than 1.5 nm to the membrane surface. It takes another 120 ns for

the peptides to get closer than 1.0 nm. This di�erent adsorption speed can be explained by

the presence of the electrostatic interactions between peptides and membrane. [KIGAKI]3
carries 7 positive charges at the six lysine residues and the N-terminus. The POPC/POPG

membrane possesses 13 negative charges on every lea�et. Therefore, [KIGAKI]3 is more

attracted by the charged membrane than the neutral bilayer which consists of zwitterionic

lipids. For the multi-peptide simulations, Figure 5(c) shows that all six peptides are ad-

sorbed on the POPC/POPG membrane surface within the �rst 100 ns of the simulation.

Over the last 750 ns the COM distance between peptides and lea�et is never larger than
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(a) (b)

(c) (d)

Figure 5: The distance in z-direction between the COM of [KIGAKI]3 and the COM of the
phosphorus atoms of the lea�et, which is closest to the peptide in question, is shown. The distances
are shown as a function of time, with time averages calculated for every 0.5 ns (single-peptide
simulations) and 2 ns (six-peptide simulations) in order to avoid high �uctuations. The results for
the single-peptide simulations are plotted in (a) and (b), for the simulations with six peptides in
(c) and (d).

1.0 nm. On the zwitterionic POPC membrane the peptides behave di�erently; only four

of the six peptides get adsorbed on the bilayer surface, two on each lea�et. During the

simulation the adsorbing peptides move towards the membrane surface, yet it takes them

longer to get within 1.0 nm from the membrane compared to POPC/POPG. We can there-

fore state, that in our simulations 33% less [KIGAKI]3 peptides adsorb on the zwitterionic

POPC membrane than on the partly charged membrane. This trend has also been reported

by Wadhwani et al. [24], where [KIGAKI]3 peptides were reported to remain in the water

phase if not enough negative charges on the membrane are present to compensate the nega-

tive charges on the peptides. The presence of 7 positive charges leads to repulsion between

the peptides. A partly charged POPC/POPG bilayer is therefore better at compensating

33



4 RESULTS AND DISCUSSION OF [KIGAKI]3 SIMULATIONS

the positive charges than a neutral one. Another clear di�erence is the adsorption speed.

[KIGAKI]3 peptides get faster and more deeply adsorbed on the charged membrane. To

illustrate this process the key interacting residues were identi�ed by calculating the distance

between each residue and the membrane surface.

Figure 6(a) shows that residues K1, K7 and K13 of cluster1 are embedded within the charged

membrane, whereas the residues from I14 to the C-terminus are further away from the

membrane surface. Cluster2 exhibits more conformational changes over time. In the �rst

half of the simulation, the C-terminus is circa 2 nm away from the surface, but then adsorbs

on the surface after around 120 ns. I2 points further away from the upper lea�et at the

beginning of the simulation but then undergoes a conformational change to point inside

the membrane surface after 70 ns. However, this insertion is not stable and only lasts for

around 100 ns. At the end of the 200 ns simulation the termini as well as K11 are closest to

the surface. Cluster3 shows a deep and stable insertion of the C-terminus in the headgroup

region of the POPC/POPG bilayer. At the N-terminus, alternate residues (K1, G3, K5 and

K7) point inside the headgroup region. I12 and adjacent residues exhibit the largest distance

to the surface throughout the simulation.

At �rst glance, a di�erent adsorption pattern of the three starting structures is observed

on a POPC membrane. Cluster1 shows a deep insertion of both termini. After 150 ns a

structural change can be observed for residues K7 to G15. Initially being further away, this

region is adsorbed on the membrane surface for the rest of the simulation. The termini of

cluster2 initially interact with the membrane surface but then get desorbed, followed by

a stable and deep insertion of K11. Towards the end, the termini get readsorbed. At the

beginning, cluster3 adsorbs with K11, which gets more deeply inserted during the simulation.

Again, the termini as well as G3, K7, I12 and A16 are close to the bilayer surface at the end

of the 200 ns of simulation.

The comparison of Figures 6 and 7 show that it takes longer for [KIGAKI]3 to adsorb on

POPC bilayer surfaces. For cluster1 and cluster3 on the mixed bilayer one can see that

predominantly lysine residues and the N-terminus, which carries two positive charges, point

towards the membrane. The same pattern can be observed in the simulations with six

peptides (s. Appendix 7.3) showing an average insertion depth of 0.39 nm for lysine and

0.46 nm for the other residues. Also the N-terminus exhibits a clear preference to insert

into the headgroup region of the bilayer, having an average insertion depth of 0.08 nm.
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(a)

(b)

(c)

Figure 6: The distance between each residue of cluster1 (a), cluster2 (b) and cluster3 (c) and
the POPC/POPG membrane surface is illustrated here. Amino acids are written in the 1-letter
code, the reside index is shown as the subscript. In addition, the amide group at the C-terminus is
shown as well. Time is shown on the x-axis, residues on the y-axis and the distance is represented
by a color code. The color-bar next to every sub�gure shows that blue implies a small distance
in z-direction between the COM of the residue and COM of the phosphorus atoms, whereas red
color indicates that the residue in question is inserted into the membrane, giving rise to negative
distance values.
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(a)

(b)

(c)

Figure 7: The distance between each residue of cluster1 (a), cluster2 (b) and cluster3 (c) and the
POPC membrane surface is illustrated here. A description of the axes and color code is given in
the caption of Figure 6.
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In the POPC simulations lysine residues occasionally insert deeper into the membrane than

other residues, but the average insertion depths for all residue types are between 0.62 nm

and 0.64 nm which does not show a clear preference for any residue type to inserting deeply

into the membrane. However, the N-terminus exhibits an average distance of only 0.17 nm

from the bilayer surface showing the same pattern as in the charged membrane simulation.

In contrast to the peptides on the charged membrane, the C-terminus is also relatively close

to the bilayer, with a distance of 0.44 nm. The average insertion over all residues is 0.62

nm which is 38% higher than for the charged membrane system.

Initially, we expected isoleucine residues to point inside the membrane since they would

prefer to be in a hydrophobic environment and polar lysine residues to snorkel up to the

water. However, in the simulations it is mainly the other way around: lysine inserts into

the headgroup region, while isoleucine often points away from the membrane into the wa-

ter phase as shown in Figure 8. This indicates strong interactions between the positively

charged lysine and the negatively charged and also the zwitterionic headgroups. In NMR

experiments carried out by Wadhwani et al. [23] it was shown that the Cα-Cβ bond of

the CF3-Bpg label, which replaced an isoleucine residue in four of the �ve cases, is parallel

to the membrane normal in [KIGAKI]3 �brils. This leaves both options open, CF3-Bpg

pointing in- or outwards. So far, the simulation results suggest that it is the lysine that

interacts with the headgroup region and therefore points inside the membrane. However, it

cannot be excluded that the peptides �ip at some point or that the �bril structure shows a

totally di�erent behavior than [KIGAKI]3 in the monomeric form.

Figure 8: Last frame of cluster3 on the POPC/POPG bilayer is shown. Lysine residues are
illustrated in cyan, isoleucine in green, alanine in blue and glycine in white. The tan spheres show
the vdW representation of the phosphorus atoms of the lipids within 1.2 nm of the peptide. This
�gure shows that K1, K5 and K7 enter the headgroup region of the membrane while hydrophobic
isoleucine residues point into the water phase.
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4.2 Peptide structures and structural changes on membranes

It has been reported by Meier and Seelig [27] that [KIGAKI]3 in bu�er (50 µM peptide

concentration in 2.5 mM cacodylate at pH 7.4) mainly adopts a random coil structure with

around 23% β-structure. However, when bound to a bilayer consisting of 50% negatively

charged lipids, the predominantly coil conformation is converted into a stable β-sheet con-

formation, containing 98% β-structure. This β-sheet 
 coil transition on other bilayers was

also observed [22,24,25]. In addition, M. Meier et al. and P. Wadhwani et al. [23] report in

their work that [KIGAKI]3 peptides aggregate on bilayer surfaces.

In this section, we show the structural changes of the peptide during adsorption by pre-

senting the RMSD values and the secondary structure of the peptides and the aggregation

process during the simulations.

4.2.1 RMSD

The RMSD was calculated to compare all structures obtained in the trajectory to the

starting and to the �nal structure of the 200 ns simulations. This analysis was only done

for the simulations with one peptide.

(a) (b)

Figure 9: RMSD values of the three starting structures on the POPC/POPG bilayer (a) and the
pure POPC bilayer (b). The RMSD is calculated with respect to the starting structure (red) and
to the last structure (blue).

In Figure 9(a) the RMSD of all peptides on the POPC/POPG membrane is illustrated.

Cluster1 and cluster3 show a structural change after around 20 ns when they adsorb on the

bilayer surface (s. Figure 5). The conformation which is adopted after this rearrangement

is already very similar to the �nal structure after 200 ns of simulation, explaining the low

RMSD value with respect to the last structure. Cluster2, in contrast, exhibits a high RMSD
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during the whole simulation, which suggest a high �exibility of the peptide. After 120 ns

when adsorption takes place, the structures become more similar to the last structure than

to the starting structure. Figure 9(b) presents the RMSD of the peptides on the zwitterionic

membrane. Again, cluster1 exhibits low RMSD values with an average value of 0.27 nm

with respect to the last structure. After 20 ns, a structural change can be observed when

the peptide adsorbs on the bilayer surface. Between 20 ns and 60 ns the peptide moves

slightly further away from the surface (s. Figure 5), which can explain the higher RMSD

values during this period. Cluster2 shows a structural change at the very beginning of

the simulation when it moves further away from the membrane surface. The peptide gets

adsorbed after around 40 ns at the terminal residues. During the simulation, the average

value with respect to the last structure is 0.32 nm, whereas the RMSD relating to the �rst

structure is 0.88 nm, which shows a large change in structure. The RMSD values with

respect to the �rst and last structure are similar during the �rst 110 ns of the simulation

of cluster3. After 150 ns a conformational change happens so that the structure becomes

more similar to the �nal structure, as the corresponding RMSD is around 0.2 nm.

4.2.2 Secondary structure

Using DSSP the secondary structure of [KIGAKI]3 on the di�erent bilayer models was deter-

mined as illustrated in Figure 10 for the single [KIGAKI]3 simulations. For the six-peptide

simulations, the DSSP Figures are given in Appendix 7.4.

After 20 ns on the mixed membrane surface (Figure 10(a)) cluster1 adopts a stable β-sheet

between residues 5-8 and 14-17 with bends at residues 4-5 and 10-12. Cluster2 adopts a

β-bridge between residues 8 and 13 and bends at residues 7 and 9-13, which mainly dissolve

after 115 ns and leave a mostly unstructured peptide behind. For cluster3 a stable β-

sheet was sampled between residues 6-8 and 13-15. In the �rst 40 ns a bend is observed

at residues 9-12, which mainly converts into a turn at residues 10 and 11 leading to a β-

sheet extension to residues 9 and 12 and thus, retaining a β-hairpin structure like cluster1.

The secondary structure of cluster1 on the neutral POPC bilayer di�ers little from the one

which is formed on the charged membrane. An extension of the bend at residues 10-12

to residue 9 is occasionally observed and a missing turn at residues 4-5. In the �rst 10

ns cluster2 adopts a β-bridge between residues 8 and 13, which was also observed in the

POPC/POPG simulation. This β-bridge converts into a stable β-sheet between residues 5-8

and 14-17 leading to the formation of a β-hairpin structure, that is similar to the structure
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(a)

Figure 10: Secondary structure of single [KIGAKI]3 peptides on a POPC/POPG bilayer (a) and
on a POPC bilayer (b). On the right, the corresponding �nal snapshot of the peptides is shown
with the membrane normal (z-coordinate) being parallel to the long margin. Lysine residues are
illustrated in cyan, isoleucine in green, alanine in blue and glycine in white.
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of cluster1. A bend is sampled at residues 10-12 and increasingly at residue 3 at the end of

the simulation. Cluster3 adopts a relatively long β-sheet between residues 4-8 and 13-17 in

the �rst half of the simulation. Between 60 ns and 73 ns the β-sheet is extended to residues

9 and 12 under conversion of the bend at residues 10 and 11 into a turn. After 100 ns the

β-sheet dissolves which leads to a mostly unstructured peptide. Only the bend at residues

10 and 11 remains stable during the whole simulation. In all simulations the termini exhibit

coil structure.

In the simulation of six peptides on the partly charged membrane (s. Appendix 7.4) peptide1

and peptide2 resemble the cluster1 structure on the charged membrane whereas peptide4

resembles the cluster2 structure on a neutral membrane. Peptide3 and peptide4 adopt a

relatively weak β-sheet and peptide6 is mostly unstructured.

On the POPC membrane all peptides adopt a stable β-sheet between residues 5-8 and 14-17

with a bend in between, regardless of whether the peptide is adsorbed or not. In all cases,

only intramolecular β-sheets are formed which again points out that there is no aggregation

during the two 1 µs simulations. At a �rst glance, it is obvious that the β-sheet content

must be higher in the POPC simulation which is further demonstrated in Figure 11.

(a) (b)

Figure 11: Secondary structure content of the six-peptide simulations on (a) the POPC/POPG
and (b) the pure POPC bilayer. β-Structure contains β-sheet and β-bridge. The plotted values
are averages over 10 ns windows.

In both simulations there is a very low turn content and the average bend content has a

value of around 22%. However, the β-structure and coil content di�er signi�cantly. In the

POPC/POPC simulation a �uctuation of the β-structure content can be observed during

the �rst 500 ns, which stays constantly around 34% during the last 500 ns. The coil content

proceeds in the opposite way: when the β-content increases, the coil content decreases.

During the last 500 ns the coil content stays constantly around 51%. On the POPC bilayer,
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the β-sheet content is larger than the coil content with a constant value of around 47%

whereas the coil is only sampled for 39% of the residues.

In brief, [KIGAKI]3 peptides tend to adopt a β-hairpin conformation on both the POPC/POPG

and POPC bilayer. However, this structure is more stable on POPC, while the peptide

structure gets perturbed by the partly charged POPC/POPG membrane. This suggests

more interactions between peptides and the charged membrane.

As mentioned, it has been reported that around 23% of peptide residues in solution adopt

β-structure [27]. In a previous work [31], a 100 ns simulation of [KIGAKI]3 in water has

been performed, which yielded a β-content of 21%, averaged over the last 60 ns of the simu-

lation using the same force �eld and parameters as in this work. This result shows that the

experimental and MD obtained β-content is similar, which indicates that the simulation of

[KIGAKI]3 under these conditions gives realistic results. However, this cannot be used as a

validation since the signi�cance of such a single short simulation is not high. For [KIGAKI]3
peptides with excess of partly negatively charged lipids (50% POPG), a β-content of 98%

has been experimentally reported. This high value suggests that the peptides most likely

aggregate in an elongated conformation without a bend or turn. Since a turn or bend in

the [KIGAKI]3 peptide consists of at least two residues (s. Figure 10 and Appendix 7.4),

the β-content would be much lower than 98% if one of these elements was present. In our

simulations, however, we do not obtain a β-content higher than 49%. Thus, we assume

that the peptides �rst must unfold to a certain extent to be able to form intermolecular

hydrogen bonds. Furthermore, it is likely that the aggregates consist of elongated struc-

tures, as stated before, so that the peptides have to unfold before or while aggregating.

In the two simulations with six peptides, the initial structure was cluster1 that contains a

β-sheet between residues 6-8 and 13-15. On the POPC/POPG bilayer an unfolding process

can be observed for cluster2 in the one-peptide simulation and peptide6 in the six-peptide

run. Also peptide3 and peptide4 show a decreased amount of ordered states. On the neu-

tral POPC membrane all peptides adopt a stable β-hairpin structure. This shows that a

partly charged POPC/POPG membrane is more likely to induce [KIGAKI]3 unfolding than

a neutral POPC membrane.

4.3 Correlation between secondary structure and adsorption

In order to see whether or not the insertion depth correlates to the secondary structure, we

calculated the distance between the COM of each residue in the six-peptide simulation and

the COM of the phosphorus atoms and determined the the secondary structure propensity
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of each residue [64]. The results are shown in Table 7 and Tables 8 in Appendix 7.5. On

the POPC/POPG bilayer, β-sheet-forming residues exhibit an average distance of 0.56 nm

whereas bend-forming residues (0.28 nm) and coil-forming residues (0.37 nm) are closer to

the membrane surface, indicating more interactions with the bilayer headgroup region. On

the pure POPC membrane, β-sheet-forming residues have a distance of 0.68 nm, whereas the

other residues are on average only 0.54 nm away from the bilayer surface. The pattern on

the di�erent membrane systems is the same, but the extent di�ers. In the POPC/POPG

system, β-sheet-forming residues exhibit a 64% larger distance from the bilayer surface

than non-β-sheet-forming residues. In the POPC system the distance is only 26% higher

for β-sheet-forming residues. This �nding shows that on both membranes the β-hairpin of

[KIGAKI]3 rather adsorbs than inserts into the membrane. The N-terminus anchors the

peptide to the membrane in both cases. And in case of POPC/POPG the bend residues

A10 and K11 also insert more deeply into the membrane compared to the other residues.

4.4 Motion of [KIGAKI]3 on bilayer surfaces

4.4.1 Peptide Di�usion

In order to measure the mobility of [KIGAKI]3 peptides on the POPC/POPG and the

neutral POPC bilayer, the di�usion coe�cients were calculated.

System Di�usion coe�cient [10−7cm2/s]

POPC/POPG

cluster1 1.87

cluster2 2.04

cluster3 1.40

POPC

cluster1 4.14

cluster2 4.05

cluster3 2.95

Table 1: Peptide lateral di�usion coe�cients of the [KIGAKI]3 peptides on the di�erent bilay-
ers. The di�usion coe�cient has been calculated over the last 150 ns of simulations, hence after
adsorption of the peptides.
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For low peptide/lipid concentrations it has been reported that [KIGAKI]3 is freely mobile on

the bilayer surface [23]. In Table 1 the lateral di�usion is presented for the two bilayer types.

Only one-peptide simulations were taken into consideration for this purpose to eliminate

any peptide-peptide interactions which could in�uence the di�usion. Cluster1 and cluster3

show relatively small di�usion coe�cients, whereas cluster2 shows the largest motion on

this bilayer. The lateral motion of [KIGAKI]3 on the zwitterionic POPC membrane is on

average more than twice as large compared to POPC/POPG. Cluster3 moves least in the

xy-plane than the two other peptides. It is noticeable, that on the charged membrane β-

hairpin structures exhibit the lowest mobility, whereas on the POPC membrane the coil

structure shows least motion. These �ndings correspond also to the number of adsorbed

amino acids, which are illustrated in Figures 6 and 7.

4.4.2 Flexibility of peptide residues

In order to make a statement about the �exibility of each residue, the RMSF has been

calculated.

On the charged membrane, cluster1 and cluster3 exhibit almost the same pattern: a rigid

N-terminus, a minor RMSF increase for residues I8 and K11 and a �exible C-terminus.

Cluster2, however, is more �exible. The average RMSF is 0.35 nm, which is about 3 times

higher than the RMSF of cluster1 and cluster3. Relatively little �exibility is observed for

residues G3, K11 and A16, whereas the termini, K5, K7, I14 and K17 show high RMSF values.

On the POPC membrane all peptides exhibit a higher �exibility, but again cluster2 shows

the highest RMSF for all residues. An almost alternating pattern for cluster2 is observed:

high �exibility at residues K5, K7, A10 and K13, whereas residues I6, I8, G9, K11 and K12

are relatively rigid. In contrast to the charged membrane system, cluster1 shows structural

�exibility at the N-terminus and less �exibility at the C-terminus. Peaks are observed at

residues K5 and K11. Cluster3 exhibits �exible termini and shows a relatively high RMSF,

mainly at lysine residues. Summing up, the main �ndings are �exible lysine residues and a

higher structural �exibility of [KIGAKI]3 on the zwitterionic POPC membrane than on the

charged POPC/POPG bilayer. Only cluster2, which is in an unstructured state, exhibits

high RMSF values on the charged membrane as well.
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(a)

(b)

Figure 12: RMSF values of monomeric [KIGAKI]3 peptides on (a) POPC/POPG and (b) POPC
bilayers. On the left, the starting structures (after equilibration) of cluster1 on the corresponding
bilayers are shown using the New Cartoon presentation for the backbone and Licorice for the side
chains, where the color code corresponds to the RMSF: blue for low RMSF and red for high RMSF.
On the right, the RMSF is plotted for the three peptide per bilayer.

4.5 Interactions between [KIGAKI]3 and di�erent membranes

4.5.1 Hydrogen-bonding

In order to understand which residues and lipids are crucial for peptide-membrane interac-

tions, the hydrogen-bonds will be discussed in this section.

Table 2 lists hydrogen-bonds between both lipid types and [KIGAKI]3 and only lysine

residues, respectively. In general, 93% more hydrogen-bonds are formed between [KIGAKI]3
and the mixed bilayer than between [KIGAKI]3 and the zwitterionic POPC membrane,

considering the total number of hydrogen-bonds.
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However, for all structures more hydrogen-bonds between [KIGAKI]3 and the neutral POPC

lipids are formed. As mentioned in the simulation setup, the lipid ratio is POPC:POPG

(4:1). Therefore it is more likely for [KIGAKI]3 to interact with POPC lipids, simply

because 80% of the bilayer consists of these lipids. Nevertheless, a preference towards POPG

lipids was observed for cluster1, cluster2 and the six-peptide simulation since the hydrogen-

bond ratio is larger than 0.2, which corresponds to the lipid ratio. When considering only

hydrogen-bonds formed by lysine residues, this preference becomes even more distinct with

an average POPG:POPC ratio for H-bond formation of 0.36.

Figure 13: Lysine residue K11 of clus-
ter3 interacting with a negatively charged
POPG lipid. All distances are in Å.

When determining hydrogen-bonds between each

residue and the bilayer, it was observed that the

majority of hydrogen-bonds are formed by the pos-

itively charged lysine residues. Overall, 67% - 68%

of all hydrogen-bonds between the phospholipid bi-

layers and [KIGAKI]3 are formed by lysine in both

membrane systems.

Lysine has a higher a�nity to form hydrogen-

bonds with negatively charged lipids, as expected,

because it carries a NH+
3 , which is electrostatically

attracted by negatively charged headgroups. As

shown in Table 2, all hydrogen-bonds formed be-

tween cluster1 or cluster3 and POPG lipids are

formed by lysine residues. Figure 13 shows one

of these LYS-POPG interactions. One of the am-

monium hydrogens is attracted by the PO−4 group

and another one by the oxygen of the terminal OH

of the lipid headgroup.

Figure 14 illustrates the strong interactions between the lysine and zwitterionic POPC head-

groups. The K7 residue is buried relatively deep inside the membrane headgroup region and

therefore the NH+
3 does not interact with the PO−4 but with the O16 and O33 atoms (lipid

structures are given in Appendix 7.2). In this case, it is possible for the backbone atoms to

form hydrogen-bonds with the PO−4 and also with the N(CH3)
+
3 group.

46



4 RESULTS AND DISCUSSION OF [KIGAKI]3 SIMULATIONS

System POPC POPG POPG:POPC
Pep LYS Pep LYS Pep LYS

POPC/POPG

cluster1 7.03 5.44 2.53 2.53 0.36 0.47
cluster2 6.89 4.01 2.63 1.45 0.38 0.36
cluster3 10.32 5.46 1.62 1.62 0.16 0.29
6 peptides ∅ 9.06 6.16 3.05 2.17 0.34 0.35
all ∅ 8.73 5.76 2.79 2.07 0.32 0.36

POPC

cluster1 7.65 4.23
cluster2 4.75 3.29
cluster3 9.57 6.83
6 peptides ∅ 5.28 3.64
all ∅ 6.16 4.13

Table 2: Average number of hydrogen bonds between [KIGAKI]3 peptides (Pep) and lipids and
between lysine residues (LYS) and lipids, where H-bonds with POPC and POPG have been dis-
tinguished. For the POPC/POPG systems, the ratio of the H-bonds between POPG and POPC
is given in the last column. For the one-peptide system, the H-bonds were averaged over all fully
adsorbed peptides over the last 100 ns, while the last 900 ns were considered for the six-peptide
simulations.
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Figure 14: Hydrogen bonds between residues I6, K7, I8 of cluster3 and surrounding POPC lipid
fragments are illustrated. Distances are shown in Å. The structure corresponds to the last snapshot
of the simulation with POPC. The ammonium hydrogens of the NH+

3 of K7 are attracted to the
oxygen atoms in the lipid molecules and form strong hydrogen bonds, which explains the little
lateral movement of [KIGAKI]3 after adsorption. The insertion of the peptide is deep enough, to
enable backbone atoms of the neighboring residues to form hydrogen bonds to the lipid PO−4 and
N(CH3)+3 groups, which forces the hydrophobic side chains of I6 and I8 to remain in the polar
water environment.
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