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INTRODUCTION

A
n important factor to consider when exploring the

potential of antimicrobial peptides (AMPs) as anti-

microbial agents is their ability to target and

destroy the pathogen while leaving the host intact.

The activity of AMPs is known to be directly

related to their interaction with the membrane bilayer.1,2

Mammalian cell and plant cell membranes are mainly

composed of zwitterionic phosphatidylcholine (PC) lipids,

whereas the outer envelope of bacterial cells contains a signif-

icant amount of anionic components (e.g., the phosphate

groups of the lipopolysaccharide molecules of Gram-negative

bacteria and the lipoteichoic acids found on the surfaces of

Gram-positive bacteria).2,3 As most AMPs are highly cati-
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ABSTRACT:

This work focuses on the conformational and dynamic

properties of the antimicrobial peptides (AMPs), BP100

and pepR, when confined within model membrane

systems. Brownian dynamics (BD) simulations of a

coarse-grained model of each respective peptide in an

environment reproducing the phospholipid bilayer were

carried out. Simple mean-field potentials were used to

reproduce three physically different model

phosphatidylcholine (PC) membrane systems. Based on

the simplicity of the peptide-membrane models used, 1 ls

simulations were performed. With the appropriate choice

of parameters, the structure and dynamics of each peptide

were recovered from each of the simulated BD trajectories.

BP100 was observed to adopt a a-helical conformation

when confined in each PC membrane. For pepR under the

same conditions, the formation of an N-terminal a-helix

was detected, whereas the C-terminus appeared to be less

ordered. The dynamic properties of each peptide were

characterized in terms of local and global motions. BP100

tended to localize with no preferred orientation

approximately halfway across each membrane leaflet,

whereas pepR localized near the membrane core with no

preferred orientation. Overall, the peptide dynamics were

found to vary according to the size of the peptide, as well

as the width of the membrane environment. # 2012 Wiley

Periodicals, Inc. Biopolymers (Pept Sci) 98: 294–312,

2012.

Keywords: antimicrobial peptide; Brownian dynamics

simulation; coarse-grained model; mean-field potential;

membrane model
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onic, the selective electrostatic binding of these molecules to

the negatively charged components of the bacterial mem-

brane is favored.1,3 The amphipathic nature of the AMP

structure subsequently promotes peptide insertion into the

hydrophobic core of the bacterial membrane.1,3 Disruption

of the microbial membrane as a result of these direct pep-

tide-lipid interactions then follows, either by an orderly

pore-forming mechanism (barrel-stave or toroidal pore

models) or by the disordered binding of several peptide mol-

ecules to the membrane surface eventually causing mem-

brane destabilization (carpet model).1,3 Irrespective of the

membrane perturbation model adopted, a threshold peptide

concentration is always required for membrane disruption to

occur.3,4 Additional or complementary mechanisms account-

ing for the antimicrobial properties of some AMPs also exist,

ranging from cytoplasmic invasion to interference of core

metabolic functions.1 In such mechanisms, the cell mem-

brane must still be traversed for the peptides to reach their

target site. Investigating the interaction of the AMPs at the

membrane level is thus fundamental in understanding the

mode of action of these molecules.

Two distinctly different AMPs form the focus of this

work. The first peptide, BP100 (KKLFKKILKYL-NH2), is a

short cationic cecropin A-melittin hybrid peptide5 designed

using a combinatorial chemistry approach.6 This AMP has

been demonstrated to effectively inhibit in vitro the growth

of the Gram-negative bacteria Erwinia amylovora,6 Pseudo-

monas syringae pv. syringae,6 Xanthomonas axonopodis pv.

vesicatoria,6 and Escherichia coli,7 as well as in vivo the

growth of E. amylovora.6 BP100 has also been shown to

exhibit minimal cytotoxicity6,8 and low susceptibility to

proteinase K degradation.6 The second peptide, pepR

(LKRWGTIKKSKAINVLRGFRKEIGRMLNILNRRRR), is an

AMP derived from the RNA binding domain of the dengue

virus capsid protein.9 This considerably more cationic and

basic peptide has been shown to effectively inhibit in vitro

the growth of E. coli.7

Through the application of either biophysical or biologi-

cal studies, some insights into the mode of action of BP100

and pepR have been revealed. A strong selectivity toward ani-

onic bacterial membrane models was reported for BP100,

with surface charge neutralization, permeabilization, and

translocation being identified as the key processes adopted

by this peptide.8 An important finding of this study was the

observation that when using peptide concentrations in the

range of that required for microbial inhibition,6 saturation

and consequently surface charge neutralization of the model

bacterial membranes occurred.8 This phenomenon was

recently reproduced in the biological setting for both BP100

and pepR.7 Following the treatment of E. coli cells with

increasing concentrations of either BP100 or pepR, a strong

correlation between the minimal inhibitory concentration

(MIC) of each AMP and bacterial surface charge neutraliza-

tion was revealed. In the same study, the acquisition of atomic

force microscopy (AFM) images of the E. coli cells treated with

either BP100 or pepR under varying conditions allowed for

visual insights into these MIC-associated events.7 Based on the

membrane disruption events recorded in the AFM images, the

adoption of a carpet-like or detergent-like mechanism by the

two AMPs when targeting the Gram-negative E. coli bacterial

envelope was proposed. Despite the available data on the inter-

action of either BP100 or pepR with different membrane sys-

tems, details on the conformation and dynamic properties

adopted by either AMP still need to be elucidated.

Over the past decade, molecular dynamics (MD) simula-

tions have been increasingly used to explore the molecular-

level interactions of a range of different peptides with

different lipid membranes.10–18 The use of this strategy has

allowed for the acquisition of atomically detailed informa-

tion on the molecular energetics, structure, and dynamics of

these molecules when in the membrane environment.

Because of the detailed representation used by MD, however,

short timescale trajectories, of only a few hundred picosec-

onds are possible, that do not reflect the timescales character-

istic of physiologically relevant events. An alternative

approach to overcome the time limitations imposed by all-

atomic simulation methods is the implementation of simple,

low-molecular detail models; the dynamics of which can be

described by the laws of Brownian motion.19 Although not as

predictive as all-atom representations, the use of coarse-

grained models have been demonstrated to effectively simu-

late the behavior of proteins and other biomolecular mole-

cules on mesoscopic size scales and timescales.20 Chang et

al.,21 for example, were able to apply 1 ls Brownian dynam-

ics (BD) simulations on a coarse-grained model to study the

gated association rate constants for wild-type and mutant

human immunodeficiency virus type 1 proteases. The

applied methodology was found to be efficient, and the com-

puted association rate constants yielded through this

approach were in good agreement with the experimentally

derived values. The same methodology has since been suc-

cessfully applied to investigate the channeling of an interme-

diate APS2� substrate in a sulfate-activating complex for a
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total trajectory time of 3–5 ls.22 Through the application of

a simple mean-field approach and BD simulations, Fer-

nandes et al. were also able to accurately describe the dynam-

ics of a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC) bilayer system in the liquid-crystal phase (La)
23 and

in the gel phase (Lb)
24 in the microsecond timescale. The

conformational and dynamic properties of a single hydrocar-

bon chain23,24 and a trans-parinaric acid molecule24 embed-

ded in the different DPPC environments were also correctly

predicted using this mean-field approach.

In this study, the coarse-grained model reported by Chang

et al.21 and the mean-field approach developed by Fernandes

et al.23,24 were applied in combination to explore the confor-

mational and dynamic properties of both BP100 and pepR in

different membrane systems. The interactions of each AMP

with model membrane systems mimicking either mamma-

lian cell or bacterial cell membranes were considered. The

models selected to mimic the mammalian cell membrane

were 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC)

in the liquid-disordered phase and cholesterol-containing

POPC (POPC:Chol) in the liquid-ordered phase (Lo), whereas

the model mimicking the bacterial cell membrane was 1-palmi-

toyl-2-oleoyl-sn-glycero-3-(phosphor-rac-(1-glycerol)):1-palmi-

toyl-2-oleyl-sn-glycero-3-phosphocholine (POPG:POPC) in the

liquid-disordered phase. BD simulations of a coarse-grained

model of each AMP when located in any one of these three

modeled membrane environments were performed for a time

equivalent to 1 ls. A detailed analysis of the conformation

adopted by each peptide, as well as the characterization of its

local and global motions, when confined in the membrane was

performed. Where applicable, the results were compared

with the available experimental data. Insights into the structural

and dynamic properties of both BP100 and pepR when inter-

acting with the membrane environment were drawn from the

BD simulation studies thereby shedding some light into their

mode of action.

MATERIALS AND METHODS

Peptide-Membrane Model
The system considered in this study is illustrated in Figure 1. Both

BP100 and pepR are represented using a coarse-grained model. For

each AMP, each amino acid within its structure is represented as a

single spherical interaction center (bead) with an effective radius,

ri.
21,25–27 The center of each bead is placed onto the Ca atom of

each residue within the peptide. Connecting the centers of the con-

secutive beads of each peptide are virtual bonds, bond angles, and

dihedral angles.

The coarse-grained model of the peptide of interest is then placed

into a membrane model of finite thickness and is allowed to move.

This movement is restricted in the direction of the z-axis, which

means that the motions of each peptide are confined within the

membrane boundaries. To simulate the movement of each peptide

confined in the modeled membrane environment, three mean-field

potentials are used: (1) the enclosing potential that takes into account

the finite thickness of the bilayer, as well as the hydrophilic nature of

the membrane interfaces19,23,24; (2) the anchorage potential that posi-

tions each peptide residue that tends to interact favorably with the

membrane interface in its vicinity23,24; and (3) the orientational

FIGURE 1 Schematic representation of the coarse-grained model of (A) BP100 and (B) pepR in

the membrane environment. The profiles of the mean-field potentials used to describe the behavior

of the peptide models when confined within the membrane environment are shown.
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potential that promotes the correct orientation of the simulated pep-

tide relative to the normal of the membrane interface.19,23,24

Peptide Energetics
The coarse-grained force field used to model BP100 and pepR is

based on a method developed by Tozzini and McCammon.26 In the

modified method that is used in this study, the force field is

extended to include the solvent effects via screened electrostatics.21

The potential energy function used to account for the total intra-

molecular interactions of each peptide is a sum of five interactions

and is given by the following equation:

U¼UbondþUangleþUdiheþUvdwþUelec: ð1Þ

The bond interaction energy, Ubond, is defined by a harmonic

potential that maintains the equilibrium bond length between any

two consecutive Ca atoms. It is expressed as follows:

Ubond ¼
X
bonds

kbðb � b0Þ2; ð2Þ

where kb is the spring constant, b is the instantaneous distance

between two consecutive beads, and b0 is the equilibrium bond dis-

tance.

The bond angle interaction energy, Uangle, which maintains the

equilibrium bond angle between any three consecutive Ca atoms, is

given by the following quartic expression:

Uangle ¼
X
angles

1=2khðh� h0Þ2 þ 1=3k
0
hðh� h0Þ3 þ 1=4k

00
hðh� h0Þ4; ð3Þ

where kh, k
0
h, and k@h are the bond angle constants, h is the instanta-

neous bond angle between three consecutive beads, and h0 is the

equilibrium bond angle.

The dihedral angle interaction energy, Udihe, also defined by a

harmonic potential, has the following expression:

Udihed ¼
X

dihedrals

k/ð/� /0Þ2; ð4Þ

where k/ is the dihedral angle constant, / is the instantaneous dihe-

dral angle between the Ca atoms of four consecutive beads, and /0

is the equilibrium dihedral angle.

For any pair of nonbonded beads, i and j (pair not involved in

any of the previous three interactions), within 15 Å of each other,

the van der Waals, Uvdw, and Coulombic, Uelec, interaction energy

contributions are considered. The expression for each contribution

is as follows:

Uvdw ¼
X

nonbonded
atompairs

2 1� e�a rij�r0ð Þ� �2

�1

� �
for rij � 15Å; ð5Þ

Uelec ¼
X

nonbonded
atompairs

qiqj

eDrij

� �
for rij � 15Å; ð6Þ

where for both contributions, rij represents the distance between

the Ca atoms of beads i and j. For the van der Waals interac-

tion, [ and a are parameters defined by the force field, and r0 is

the equilibrium distance between the nonbonded pair of beads.

When considering the Coulombic interaction, a charge q of 61e

is assigned to each charged residue. This potential energy contri-

bution was later extended by Chang et al.21 to include solvent

effects via screened electrostatics. This was achieved using a dis-

tance-dependent dielectric constant (eD ¼ 4rij) to avoid unrealis-

tic in vacuo Coulombic interactions when performing the BD

simulations.

Membrane Energetics
To describe the membrane environment in which the coarse-grained

model of the peptide of interest moves, three mean-field potentials

are considered, namely, the enclosing potential,19,23,24 the anchorage

potential,23,24 and the orientational potential.19,23,24 The expression

for each contribution is as follows:

Uencl ¼
X kBTKz

ðz20 � z2i Þ
; ð7Þ

Uanch ¼
X

kBTKhcos
2 zip

2z0

� �
; ð8Þ

Uorient ¼
X

� 3

2
kBTKh cos2hi � 1

� �
; ð9Þ

where kB is the Boltzmann constant and T is the temperature. For

both Uencl [Eq. (7)] and Uanch [Eq. (8)], z0 is the half-width of the

membrane and zi is the z-coordinate of the Ca atom of bead i in the

peptide. For Uorient [Eq. (9)], hi is the tilt angle that is formed

between the z-axis and the vector that joins the two beads at the

extremities of the peptide fragment to be orientated (beads Ci and

Ci* in Figure 1). The parameters Kz, Kh, and Kh represent the field

strengths of the enclosing, anchorage, and orientational potentials,

respectively. Depending on the physical characteristics of the mem-

brane model under investigation, the magnitude of each potential

varies. When compared with bilayers in the Lb phase, Kz is higher,

Kh is lower, and Kh is lower for bilayers in the La phase.
24

To maintain either BP100 or pepR enclosed within the membrane

boundary, Uencl [Eq. (7)] was applied onto each residue of the simu-

lated peptide. The mean-field potentials Uanch [Eq. (8)] and Uorient [Eq.

(9)] were also applied onto each residue of the simulated peptides.

BD Simulation Method
For each AMP investigated in this study, the Brownian trajectory of

a single peptide molecule in a model membrane system was deter-

mined. The algorithm reported by Iniesta and Garcı́a de la Torre,28

which is based on the method developed by Ermak and McCam-

mon,29 was used here to solve the trajectory of each peptide. In the

method used, each BD step was taken into account twice in a pre-

dictor-corrector manner (for more details see Ref. 28).

When simulating the BD trajectories for each respective AMP,

the so-called hydrodynamic interaction (HI) between residues in a

molecule was determined. As the dynamic behavior of each AMP

Conformational and Dynamic Properties of Antimicrobial Peptides 297
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confined within the membrane environment was only explored in

this study, the HI between residues was dependent on the viscosity

of the membrane environment only (i.e., gm). Thus, the diffusion

tensor, Dii, of the system was considered to take on the value of

kBT/nm. For the determination of the HI between two residues, Dij

(i = j) was calculated using the Rotne-Prager-Yamakawa (modified

Oseen) tensor30,31 that corrects for the effects of the nonpoint-like

nature of frictional elements, as well as eventual overlapping.

Parameterization of Simulated System
The coarse-grained force field parameters used to model each AMP

were determined using a systematic search. For each peptide model,

the following force field parameters were selected: kb ¼ 70 kcal/(mol

Å2),21 b0 ¼ 3.81 Å,21 kh ¼ 38 kcal/(mol rad2),21 k0h ¼ �3.4 kcal/

(mol rad2), k/ ¼ 7.5 kcal/(mol rad2), [ ¼ 0.33 kcal/mol,32 a ¼
0.70711 Å�1,21 and r0 ¼ 6.3 Å.32 The optimal h0 and /0 values for

either BP100 or pepR were dependent on each bonded amino acid

unit within the peptide structure.

The physical properties of each of the simulated membrane models

are listed in Table I. The membrane half-width (z0) and viscosity (g)
values were selected according to the physical properties of each sys-

tem at a given temperature. For POPG:POPC in the La phase, these

values were selected based on the properties of the membrane at 293

K. To describe the orientation of each AMP relative to the membrane

normal, the tilt angle (hi) values reported for the cell-penetrating pep-

tide (CPP), Pep-1, in POPC and POPC:Chol were used here.35 Based

on the similar physical properties of POPG:POPC (La) relative to

POPC (La),
37 an equivalent hi value was selected for each peptide

when simulated in the POPG:POPC membrane model. The mean-

field potential constants parameterized by Fernandes et al.23 for DPPC

in the La phase were adopted to simulate POPC (La), POPC:Chol

(Lo), and POPG:POPC (La). Here, the enclosing potential constant,

Kz, was set at 4.63 kcal Å2/mol, the anchorage potential constant, Kh,

used was 2.32 3 10�2 kcal/mol, and the orientational potential con-

stant, Kh, used was 1.243 10�2 kcal/mol.

Table I Physical Properties of the Modeled Membrane Systems

Used in the BD Simulation Studies

Membrane

Model

Membrane

Half-Width,

z0 (Å)

Viscosity,

g (cP)
Temperature,

T (K)

Tilt

Angle,

hi (8)

La POPC 20.033 1.534 29335 46.535

Lo POPC:Chol 20.033 2.034 29335 44.535

La POPG:POPC 21.536 1.5 293 46.5

FIGURE 2 BD simulation of BP100 in POPC (La) (A–E), POPC:Chol (Lo) (F–J), and POPG:-

POPC (La) (K–O). Frames taken at 0, 0.25, 0.50, 0.75, and 1 ls are shown. In all instances, the

N- and C-termini of the peptide are highlighted.
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Simulation and Evaluation
The BD trajectories generated for both BP100 and pepR were simu-

lated using a computation time step (dt) of 1.0 fs, for a total trajectory

time of 1 ls. The trajectories were sampled at 100 ps intervals, and

structural features such as the backbone dihedral angles, end-to-end

distances, and helix length were analyzed. For each structural property

investigated, an average over the entire trajectory was measured.

For the determination of the dynamic properties of each AMP,

the BD trajectories were also sampled at 100 ps intervals. The local

and global peptide motions were monitored along each of the simu-

lated BD trajectories, and the translational dynamics of each peptide

under the varying conditions was determined. To determine the

translational dynamics of each respective AMP, the lateral diffusion

coefficient was extracted from the mean-square displacement of the

peptide mass center using the following equation:

lim
t!1ha

2ðtÞi ¼ 4Dt ; ð10Þ

where the average for the x- and y-coordinates is measured over any

possible choice of the initial time, that is,

a2ðtÞ ¼ ½xðtÞ � xð0Þ�2þ½yðtÞ � yð0Þ�2: ð11Þ

RESULTS

Structural Properties of BP100 and pepR

To gain insights into the structural properties of both BP100

and pepR when confined within the membrane environment,

BD simulations of each peptide in POPC (La), POPC:Chol

(Lo), or POPG:POPC (La) were performed. The 1 ls BD tra-

jectories were sampled at regular intervals, and the peptide

structures were assessed at each point. Figures 2 and 3 show

the snapshots taken at 0, 0.25, 0.5, 0.75, and 1 ls for BP100
and pepR, respectively, under the various conditions. Analy-

sis of the structure of BP100 in the different membrane envi-

ronments pointed to the adoption of a a-helix (see Figure 2).
For pepR under the same conditions, variations in its confor-

mation were evident. Overall, the formation of a a-helix at

the N-terminus of this peptide was clear, whereas the C-ter-

minus appeared to be less ordered (see Figure 3).

To confirm the detection of a a-helical component, the Ca

dihedral angles of each AMP were closely assessed. These dihe-

dral angles are defined by four consecutive Ca atoms, starting

at the ith bead in the peptide model. The average Ca dihedral

angles and the corresponding root-mean-square-deviation

(RMSD) values for each amino acid of BP100 and pepR when

simulated in POPC are shown in Figures 4A and 4B, respec-

tively. The Ca dihedral angles recorded for each amino acid of

BP100 were observed to fluctuate between 50.88 and 58.28,
with each dihedral angle exhibiting a negligible RMSD (Figure

4A). For pepR, on the other hand, only the Ca dihedral angles

for residues 2–27 were observed to fluctuate around 48.68 6
5.28 (Figure 4B). In this region, RMSD values of *2.68 were
detected. The remaining pepR Ca dihedral angles, at both ends

of the peptide, deviated from 508 to varying degrees and exhib-

FIGURE 3 BD simulation of pepR in POPC (La) (A–E), POPC:Chol (Lo) (F–J), and POPG:-

POPC (La) (K–O). Frames taken at 0, 0.25, 0.50, 0.75, and 1 ls are shown. In all instances, the N-

and C-termini of the peptide are highlighted.
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ited RMSD values at least eight times larger than those in the

region encompassing residues 2–27 (Figure 4B). The simula-

tion of either BP100 or pepR when confined in any one of the

two remaining membrane models revealed equivalent trends to

that demonstrated in the respective graphs in Figure 4.

Further analysis of the BD trajectories revealed key structural

features for both BP100 and pepR when confined in the mem-

brane environment. The snapshots presented in Figures 5A and

5B are typical for BP100 and pepR, respectively, when simulated

in any one of the three different modeled membrane systems.

For BP100, the charged and hydrophobic residues were observed

to segregate along the helix diameter (Figure 5A). Analysis of the

simulated pepR structure (Figure 5B), on the other hand, dem-

onstrated amphipathic segments along the peptide structure.

FIGURE 4 The average Ca dihedral angles for (A) BP100 and (B) pepR when simulated in

POPC. The dihedral angles are defined by the first (i) and the fourth (i + 3) Ca atoms of four con-

secutive Ca atoms, starting at the ith bead in the peptide model. The dotted lines indicate the typi-

cal Ca dihedral angle value for an ideal a-helix. Error bars indicate the RMSD values.

FIGURE 5 Simulation snapshots depicting the structures typical for (A) BP100 and (B) pepR

when simulated in the modeled membrane environments. It should be noticed that for BP100, the

charged and hydrophobic residues are observed to be distributed onto opposite regions of the

structure. For pepR, on the other hand, the distribution of the charged and hydrophobic residues

onto opposite regions of the structure is only detectable in some portions within the peptide.

Hydrophobic residues are represented in blue, noncharged polar in green, and charged polar in red.
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Dynamic Properties of BP100 and pepR
Local Peptide Motions. To verify the above-described obser-

vations and to gain further insights into the overall structural

properties of both BP100 and pepR, key structural elements

were screened for each peptide throughout each of the simu-

lated BD trajectories.

For BP100, the distance between the N- and C-terminal

residues of the peptide when simulated in POPC (La),

POPC:Chol (Lo), or POPG:POPC (La) was measured. Figure

FIGURE 6 The time evolution profiles and corresponding probability distribution curves of the

end-to-end distance between the N- and C-terminal residues of BP100 when simulated for 1 ls in
POPC (La) (A and B), POPC:Chol (Lo) (C and D), and POPG:POPC (La) (E and F).
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6 shows the time evolution of the end-to-end distance

between the two terminal residues of the peptide when simu-

lated in the three modeled membrane environments. The

corresponding probability distribution curves are also illus-

trated. In all instances, the distance measured between Lys1

and Leu11 were comparable, fluctuating between 9.8 and

20.3 Å (Figures 6A, 6C, and 6E). The average measured dis-

tance between these two residues was 15.57 6 1.10 Å,

15.57 6 1.10 Å, and 15.58 6 1.08 Å for BP100 in POPC (La)

(Figure 6B), POPC:Chol (Lo) (Figure 6D), and POPG:POPC

(La) (Figure 6F), respectively.

For pepR, on the other hand, two structural components

were screened for the peptide throughout each of the simulated

BD trajectories: (1) the length of the N-terminal a-helix and (2)

the end-to-end distance between the N- and C-termini. Figure

7 shows the time evolution of these two structural properties,

accompanied by the corresponding probability distribution

curves, for pepR when simulated in POPC (La). From Fig-

ure 7A, it is clear that the distance between the first (Lys2)

and last (Leu30) residues constituting the N-terminal a-helix
fluctuated in the range of 13.3–48.4 Å. On average, the helix

length measured here was found to be 37.8 6 4.9 Å (Figure

7B). Equivalent distributions were recorded for pepR when

simulated in POPC:Chol (Lo) and POPG:POPC (La), with

the average measured helix length recorded under these con-

ditions being 37.6 6 5.1 Å and 37.9 6 4.9 Å, respectively

(graphs not shown).

Analysis of the distance separating the N- and C-termini

of pepR when simulated in the membrane environment

revealed a similar trend to that described for the N-terminal

a-helix. When simulating the peptide in POPC (La), for

example, the distance between Leu1 and Arg35 was found to

be in the range of 9.5–57.6 Å (Figure 7C). The average meas-

ured distance in this case was 39.9 6 8.1 Å (Figure 7D). Sim-

FIGURE 7 Local motions of pepR when simulated for 1 ls in POPC (La). The time evolution pro-

files and corresponding probability distribution curves of the length of the peptide N-terminal a-helix
(A and B) and the end-to-end distance between the N- and C-termini of the peptide (C and D).
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ilar distributions were observed for pepR when simulated in

POPC:Chol (Lo) and POPG:POPC (La), with the average

measured distance between the two terminal residues

obtained being 39.6 6 8.4 Å and 40.1 6 8.1 Å, respectively

(graphs not shown).

Global Peptide Motions. To investigate the global motions

of both BP100 and pepR when confined within the mem-

brane environment, the localization and orientation of each

AMP within the different modeled membrane systems was

monitored.

FIGURE 8 The time evolution profiles and corresponding probability distribution curves of the

transverse position of the center of mass of BP100 when simulated for 1 ls in POPC (La) (A and

B), POPC:Chol (Lo) (C and D), and POPG:POPC (La) (E and F).
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Figures 8 and 9 show the time evolution profiles of the

transverse position of the center of mass for BP100 and

pepR, respectively, when simulated in POPC (La), POPC:-

Chol (Lo), or POPG:POPC (La). In each case, the corre-

sponding probability distribution curves are illustrated.

Comparison of the time evolution profiles revealed a

more frequent fluctuation in the Brownian motion of

each AMP when traversing POPC (La) (Figures 8A and

9A) and POPC:Chol (Lo) (Figures 8C and 9C) relative to

when crossing POPG:POPC (La) (Figures 8E and 9E). For

FIGURE 9 The time evolution profiles and corresponding probability distribution curves of the

transverse position of the center of mass of pepR when simulated for 1 ls in POPC (La) (A and B),

POPC:Chol (Lo) (C and D), and POPG:POPC (La) (E and F).
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BP100, this movement was distributed across the z-axis of

each of the modeled membranes. This is reflected in Fig-

ures 8B, 8D, and 8F, by the broad density profiles of the

position of the center of mass of the peptide. The mani-

festation of two peaks at 610 Å from the bilayer center

in each density profile, however, demonstrates the pre-

ferred localization of the peptide approximately halfway

across the membrane leaflet. In contrast, the pepR mass

center tended to localize preferentially near the bilayer

center of each membrane model. The narrow distribution

FIGURE 10 The time evolution profiles and corresponding probability distribution curves of the

tilt angle, hi, adopted by BP100 when simulated for 1 ls in POPC (La) (A and B), POPC:Chol (Lo)

(C and D), and POPG:POPC (La) (E and F).
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of the position of its center of mass around the mem-

brane core, evident in the density profiles in Figures 9B,

9D, and 9F, is indicative of this.

The orientation of each AMP in relation to the mem-

brane normal was similarly monitored and compared.

Figures 10 and 11 show the evolution profiles of the tilt

angle, hi, adopted by BP100 and pepR, respectively, when

simulated in POPC (La), POPC:Chol (Lo), or POPG:POPC

(La). The corresponding probability distribution curves for

hi are also shown. Examination of the evolution of hi along

FIGURE 11 The evolution profiles and corresponding probability distribution curves of the tilt

angle, hi, adopted by pepR when simulated for 1 ls in POPC (La) (A and B), POPC:Chol (Lo) (C

and D), and POPG:POPC (La) (E and F).
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each of the simulated BD trajectories demonstrated a fre-

quent fluctuation in the orientation of each peptide when

in POPC (La) (Figures 10A and 11A), POPC:Chol (Lo)

(Figures 10C and 11C), and POPG:POPC (La) (Figures 10E

and 11E). From the distribution profiles, however, it is

clear that these fluctuations occurred over a wider domain

of orientations in POPC (La) (Figures 10B and 11B) and

POPC:Chol (Lo) (Figures 10D and 11D) relative to when in

POPG:POPC in the La phase (Figures 10F and 11F). The

average measured tilt angle adopted by BP100 relative to

the membrane normal of POPC (La), POPC:Chol (Lo), or

POPG:POPC (La) was 90.58 6 38.48, 90.08 6 38.28, and
103.08 6 34.58, respectively. For pepR, the average tilt

angle adopted by the structure relative to the membrane

normal of POPC (La), POPC:Chol (Lo), or POPG:POPC

(La) was 91.98 6 31.78, 97.88 6 30.08, and 114.48 6 25.88,
respectively.

Peptide Translational Diffusion. The translational diffusion

of both BP100 and pepR when confined in POPC (La),

POPC:Chol (Lo), or POPG:POPC (La) was investigated. The

diffusion coefficients obtained for each AMP under the vari-

ous simulation conditions are summarized in Table II. When

confined within the different membrane environments, each

AMP was observed to display a decrease in its lateral diffusion

in the order of POPC (La) > POPC:Chol (Lo) > POPG:POPC

(La). For BP100, an almost threefold decrease in its diffusion

in the presence of POPG:POPC (La) relative to POPC (La)

was observed. On the other hand, an almost twofold decrease

was observed for pepR when comparing its diffusion coeffi-

cient in POPG:POPC (La) relative to when in POPC (La).

On closer examination, a clear difference in the magni-

tude of the diffusion coefficients obtained for BP100 and

pepR under the equivalent simulation conditions was also

evident. Simulation of BP100 in the more fluid membrane

model, POPC (La), presented a diffusion coefficient approxi-

mately two times larger than that of pepR in the same mem-

brane. For BP100 in the slightly thicker POPG:POPC (La),

however, a diffusion coefficient of 1.4-fold greater than that

of pepR in the same membrane model was obtained.

DISCUSSION
To date, the data available on the structural conformation

adopted by each of the AMPs investigated here are limited.

BP100 is an analog of the a-helical cecropin A-melittin

hybrid AMP, Pep3.6,38,39 Differing from Pep3 by only two

amino acid residues (Trp1 and Val10 in Pep3 are replaced by

Lys and Tyr, respectively, in BP100), a a-helical conformation

for BP100 can be anticipated. Using circular dichroism, the

adoption of this conformation by the peptide when in the

presence of high POPG:POPC (2:1) concentrations was dem-

onstrated.40 For pepR, on the other hand, no data on the

structural conformation adopted by this peptide are directly

available. Derived from the a-helical RNA binding domain of

the dengue virus capsid protein,9 a a-helical conformation

for pepR can however be postulated. The analysis of the BD

trajectories generated for BP100 when confined within

POPC (La), POPC:Chol (Lo), or POPG:POPC (La) pointed

to the adoption of a a-helix by the peptide (see Figure 2). For
pepR under the same conditions, the formation of a a-helix
at the N-terminus of this peptide was revealed, whereas the

C-terminus appeared to be less ordered (see Figure 3).

When determining the type of secondary structure

adopted by a peptide, the backbone dihedral angles can be

evaluated. Generally, the /, w, and Ca dihedral angles are

all considered. Based on the nature of the coarse-grained

model used in this study, however, only the Ca dihedral

angles of each AMP could be assessed. For an ideal a-he-
lix, the Ca dihedral angle values are *508.41 Based on the

Ca dihedral angles recorded for each amino acid of

BP100, which were observed to fluctuate between 50.88
and 58.28 (Figure 4A), it is clear that all the residues of

this peptide are involved in the formation of a a-helical
structure. For pepR, on the other hand, only the Ca dihe-

dral angles for residues 2–27 were observed to fluctuate

around 48.68 6 5.28 (Figure 4B). This combined with

RMSD values of *2.68 shows that residues 2–27 retain a

a-helical structure, which is terminated by Leu30. The

remaining pepR Ca dihedral angles, at both ends of the

peptide, deviated from 508 to varying degrees and exhib-

ited RMSD values at least eight times larger than those in

the helical region (Figure 4B). This is indicative of the

remaining residues in the peptide not forming part of the

a-helical segment. In fact, the 109.48 Ca dihedral angle at

32 (Figure 4B), which encompasses residues 32–35 of

pepR, contributes toward the disordered appearance of the

C-terminus of the peptide.

Table II Diffusion Coefficients Recovered for BP100 and pepR

When Confined Within the Three Modeled Membrane

Environments

Membrane

Model

Diffusion Coefficient, D (310�7 cm2/s)

BP100 pepR

La POPC 30.7 6 14.6 15.0 6 3.5

Lo POPC:Chol 17.1 6 5.7 13.0 6 4.1

La POPG:POPC 10.8 6 7.1 7.7 6 3.5
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Although the detailed intramolecular atomic interactions

occurring within each AMP under investigation could not be

accurately represented using the implemented coarse-grained

modeling approach, information on the overall peptide

structure was still possible. The snapshots presented in Fig-

ures 5A and 5B are typical for BP100 and pepR, respectively,

when simulated in any one of the three modeled membrane

environments. For BP100, the charged and hydrophobic resi-

dues were observed to be distributed onto opposite regions

of the structure (Figure 5A). This amphipathic arrangement,

characteristic of Pep338,39 and a common feature of a-helical
AMPs,3,42 is known to play a key role in stabilizing the paral-

lel adsorption and subsequent burial of such peptides into

the membrane.3,42 This is achieved through the interaction

of the hydrophobic face of the AMPs with the lipid compo-

nents of the membrane while the charged residues bind to

the phospholipid head groups. Based on these observations,

the amphipathic character of the simulated BP100 structure

provides support for the parallel burying of this cationic pep-

tide to phospholipid bilayers, particularly those modeling the

anionic bacterial membrane.8,40 Such an arrangement within

the membrane environment, combined with the proposed

interaction of one BP100 molecule (+6 at pH 7.4) with 5.6

negatively charged phospholipids at saturation,8 can account

for the reported neutralization of anionic bacterial membrane

model surfaces and the E. coli cell surface when using the pep-

tide at concentrations equivalent to and greater than MIC val-

ues.7,8 Analysis of the simulated pepR structure (Figure 5B),

on the other hand, demonstrated the distribution of charged

and hydrophobic residues onto opposite regions of the struc-

ture only within certain portions within the peptide. These

regions more than likely interact with the membrane in a

manner equivalent to that discussed for BP100. However, con-

sidering the relatively large size of pepR and the predominance

of charged (+12 at pH 7.4) and polar residues in its structure,

it is unlikely that all the positive charges in the peptide will

come into contact with the membrane surface. These

unbound charges may consequently mask the overall surface

net charge. This concept is supported by the fact that follow-

ing the treatment of E. coli cells with pepR at concentrations

equal to and above MIC values, an overcompensation in the

bacterial wall surface charge was detected.7

To further assess the behavioral properties of BP100 and

pepR, the dynamic properties of each AMP were also investi-

gated. This was achieved by monitoring the local and global

motions of each peptide when confined within the three

modeled membrane environments.

As described in the ‘‘Structural Properties of BP100 and

pepR’’ section, both BP100 and pepR tended to adopt specific

conformations when confined within the membrane envi-

ronment. To verify the described observations and to gain

further insights into their overall structural properties, key

structural elements were screened for each AMP throughout

each of the simulated BD trajectories. By this screening

method, insights into the local motions within each peptide

were acquired.

For BP100 confined within the membrane environment,

the formation of a a-helix was recorded. For an ideal a-helix,
a 1.5 Å rise per residue exists.43 Thus, a length of 16.5 Å may

be expected for BP100. On this basis, the distance between

the N- and C-terminal residues of the peptide when simu-

lated in POPC (La), POPC:Chol (Lo), or POPG:POPC (La)

was monitored (see Figure 6). Under the varying conditions,

the average measured distance between the N- and C-termi-

nal residues of BP100 (i.e., between Lys1 and Leu11) was

found to be *15.6 Å. This value is almost comparable with

the 16.5 Å length expected for BP100 if in a a-helical confor-
mation and is thus suggestive of BP100 adopting of a slightly

compacted a-helix when in the different membrane environ-

ments.

When confined in the membrane environment, pepR was

observed to adopt a distinctly different conformation from

BP100, with its N-terminus always forming a a-helix and its

C-terminus being less structured (see ‘‘Structural Properties

of BP100 and pepR’’ section). So as to judge the maintenance

of this conformation, the length of the N-terminal a-helix
and the end-to-end distance between the N- and C-termini

were screened for pepR throughout each of the simulated BD

trajectories. The N-terminal a-helix of pepR was found to be

37.8 6 4.9 Å, 37.6 6 5.1 Å, and 37.9 6 4.9 Å when simulated

in POPC (La), POPC:Chol (Lo), and POPG:POPC (La),

respectively. Taking into account the 1.5 Å rise per residue

for an ideal a-helical structure,43 43.5 Å is the expected

length for the pepR a-helix. Clearly, the N-terminal a-helix
length values obtained from the BD simulation studies do

not compare well with the expected theoretical value. Also,

relative to the helix length values recorded for BP100 when

simulated in the same modeled membrane systems, the devi-

ations here were large. On close examination, it is clear that

the calculated length of the pepR N-terminal a-helix when

confined within each modeled membrane is comparable with

the distance separating the membrane interfaces (see Table

I). It is likely that in the process of the BD simulation, when

each terminus of the long pepR a-helix comes in close prox-

imity to each respective membrane interface, they are moved

back to the membrane core by the enclosing potential. This,

in conjunction with the inertial effects affecting the overall

movement of the bulk of the pepR helix, may contribute to

the observed bending in the peptide structure (see Figure 3).

The deviations in the helix length recorded when simulating
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pepR in the membrane may thus be explained by this behav-

ior. It is important to note at this stage that during the opti-

mization process, in which pepR was simulated in water,

bending of the peptide structure was not detected (data not

shown).

When measuring the distance separating the N- and

C-termini of pepR when simulated in the membrane

environment, similar distances to that described for the

peptide’s N-terminal a-helix (i.e., the distance between

Lys2 and Leu30) were revealed. On average, the distance

between Leu1 and Arg35 of pepR was 39.9 6 8.1 Å,

39.6 6 8.4 Å, and 40.1 6 8.1 Å when simulated in

POPC (La), POPC:Chol (Lo), and POPG:POPC (La),

respectively. When in the vicinity of the membrane inter-

face, residues 31–35 at the C-terminus of pepR are more

than likely pushed back in the direction of the mem-

brane core by the enclosing potential. This, coupled with

the physical nature of the N-terminal a-helix described

above, contributes toward the occasional formation of a

turn at the C-terminus of the peptide (see Figures 3E,

3H, 3I, 3J, 3L, 3N, and 3O). As a result of this turn,

Arg35 is brought closer to Leu1. The similarity in the

values acquired when calculating the length of the pepR

a-helix with those obtained when measuring the distance

between Leu1 and Arg35 is thus a consequence of the

formation of the turn at the C-terminus of the peptide.

The larger deviations obtained when measuring the dis-

tance separating Leu1 and Arg35, however, are indicative

of the C-terminus of pepR being less ordered relative to

the rest of the peptide structure.

When considering the above-discussed results, it is clear

that the fluctuations in the end-to-end distance and other

significant intramolecular distances are greater in pepR rela-

tive to BP100. This is clearly evidenced by the difference in

the magnitudes of the standard deviations obtained when

calculating the various intramolecular distances for each pep-

tide. These differences seem to be beyond what one can

expect from the two different peptide lengths. Overall, this

apparent behavioral difference may be attributed to the dis-

ordered C-terminal region in pepR described in the previous

paragraph. When calculating the distance between Leu1 and

Leu30 of pepR (not accounting for the disordered C-terminal

region), values of 38.0 6 5.1 Å, 37.8 6 5.4 Å, and 38.9 6 5.2

Å were obtained for the peptide when simulated in POPC

(La), POPC:Chol (Lo), and POPG:POPC (La), respectively

(graphical data not shown). The values obtained when calcu-

lating the distance between Leu1 and Arg35 of pepR when in

POPC (La), POPC:Chol (Lo), and POPG:POPC (La) were

39.9 6 8.1 Å, 39.6 6 8.4 Å, and 40.1 6 8.1 Å, respectively.

Clearly, the standard deviations recorded when calculating

the distance between Leu1 and Leu30 of pepR under the

varying conditions are not as large as those obtained when

calculating the distance between Leu1 and Arg35 of the pep-

tide under the equivalent conditions. Such data once again

illustrate the disordered nature of the C-terminus of pepR

relative to the rest of the peptide structure. It is noteworthy

that this C-terminal region, which is less than one-third of

the whole pepR structure, produces such an effect.

The global motions of both BP100 and pepR when con-

fined within the membrane environment were also explored

to acquire further insights into the mode of action of each

AMP. This was achieved by monitoring the localization and

orientation of each peptide within the different modeled

membrane systems.

From the density profiles presented in Figures 8 and 9,

differences in the dispersion of the localization of BP100 and

pepR when traversing POPC (La), POPC:Chol (Lo), or

POPG:POPC (La) were detected. The overall motions of

BP100 within the three different membrane environments

revealed the existence of populations at 610 Å from the

bilayer center. This localization of the peptide approximately

halfway across each membrane leaflet was in contrast to the

localization of the pepR mass center around the core of each

membrane model. Thus far, only the in-depth localization of

BP100 in phospholipid bilayers has been reported.8 In these

biophysical studies, it was found that in the absence of satu-

ration, BP100 tended to position itself 10.5 Å from the

bilayer center. No significant alteration in its in-depth local-

ization was detected on saturation, with the average position

here being 11.2 Å from the bilayer center. The localization of

BP100 within the membrane environment as established

from the BD simulation studies is therefore in good agree-

ment with the experimentally determined values.

When assessing the orientation of both BP100 and pepR

in POPC (La), POPC:Chol (Lo), or POPG:POPC (La), equiv-

alent trends were detected (see Figures 10 and 11). Overall,

frequent fluctuations in the orientation of each AMP relative

to the membrane normal were observed, with these fluctua-

tions occurring over a wider domain of orientations for each

peptide when in POPC (La) (Figures 10B and 11B) and

POPC:Chol (Lo) (Figures 10D and 11D) relative to when in

the thicker POPG:POPC (La) (Figures 10F and 11F). This

was evidenced for both BP100 and pepR by tilt angles in the

range of 90.08–114.48, as well as the large standard deviations

generated when determining the tilt angle values. Generally,

these observations more than likely reflect the existence of

peptide populations in the lipid bilayer with no preferred

orientation.
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Taken as a whole, the differences in the localization and

orientation of BP100 and pepR when traversing each of the

simulated membrane models can be attributed to the greater

mobility of the smaller BP100 chain across the membrane

layer when compared with that of the larger pepR chain.

Both AMPs were also observed to be more mobile when in

the thinner membranes [i.e., POPC (La) and POPC:Chol

(Lo)] relative to when in the thicker one [i.e., POPG:POPC

(La)].

Biophysical studies have shown that the physicochemical

composition of a lipid bilayer can play a role in determining

the mode of action of AMPs. This can largely be attributed to

the orientation adopted by the peptide relative to the mem-

brane normal. Melittin and alamethicin, for example, have

been shown to orientate parallel to the membrane normal at

high water content. Cooling the samples below the main

transition temperature prompted the axis of each peptide to

move toward the membrane plane. For low water content, a

parallel orientation of the helices relative to the membrane

surface was suggested.44,45 Yang et al.46 also demonstrated

that on increasing peptide/lipid ratios, the melittin helix ori-

entation tended to move toward the membrane normal. This

event was strongly influenced by the lipid composition of the

bilayer and was most pronounced for the peptide in POPC

in the La phase. Altogether, the perpendicular orientation rel-

ative to the membrane surface was conducive to the forma-

tion of a toroidal pore and a barrel-stave pore for melittin

and alamethicin, respectively. When simulating BP100 and

pepR in POPC (La), POPC:Chol (Lo), or POPG:POPC (La),

no preference in the orientation of the helix of each peptide

relative to the membrane surface was detected. Thus, the con-

tribution of the membrane properties on the preferred orien-

tation of each of these peptides in the lipid bilayer and the

consequent insights into their probable mode of action was

not possible. For pore formation to be considered, both

BP100 and pepR would have to be sufficiently long to span

the lipid membrane. When considering the length of BP100

(see ‘‘Local Peptide Motions’’ section), as well as the dimen-

sions of each of the modeled membranes (see Table I), the for-

mation of a pore by this peptide is unlikely. Rather, the adop-

tion of a carpet mechanism1,3 is more plausible for such a

short peptide. For pepR, on the other hand, its length as

recorded in the ‘‘Local Peptide Motions’’ section is comparable

with the dimensions of each of the modeled membrane sys-

tems (see Table I). Thus, dependent on the transmembrane

orientation of this peptide, it may simply destabilize the mem-

brane or alternatively it may span the membrane resulting in

the formation of either barrel-stave47,48 or toroidal pores.46

Recently, Castanho and coworkers found that following the

treatment of E. coli cells with either BP100 or pepR at concen-

trations equivalent to or above their respective MIC values,

membrane disruption and subsequently cell leakage occurred.7

Based on the nature of the alterations on the surface of the

bacterial cell envelope under these conditions, as viewed by

AFM imaging, a carpet-like or detergent-like mechanism was

proposed for both AMPs. Combining this experimental data

with the above-discussed global Brownian motions of each

AMP when simulated in the different membrane environ-

ments, the carpet-like or detergent-like mechanisms appear to

be the likely adopted mode of action of BP100, and the same

mechanisms cannot be ruled out for pepR.

A final consideration in the analysis of the BD trajectories

generated for both BP100 and pepR was the extraction of the

translational diffusion coefficients for each peptide when

confined in POPC (La), POPC:Chol (Lo), or POPG:POPC

(La) (Table II). Altogether, simulation of BP100 in the differ-

ent membrane models presented a diffusion coefficient larger

than that of pepR under the same conditions. In a recent

study on the lateral diffusion of a variety of biomolecules in

membranes, the diffusion coefficient was demonstrated to be

inversely proportional to the radius of the diffusing body and

to the thickness of the membrane.49 Based on this, the larger

diffusion coefficients obtained for BP100 in each of the three

modeled membranes, when compared with those of pepR in

the equivalent conditions, can be attributed to its smaller

size. The decrease in the membrane width was found to fur-

ther enhance the difference in the diffusion coefficients meas-

ured for each AMP. Moreover, the orientation of each AMP

relative to the membrane normal may be an additional factor

influencing the difference in magnitude in the diffusion coef-

ficients obtained for each peptide when in the different mem-

brane environments. When taking into account the drag

experienced by each peptide when translationally diffusing

across the different membrane environments, it should be

borne in mind that a minimal drag would be experienced by

each peptide if the tilt angle (hi) were 908, whereas a maximal

drag would be experienced by each peptide if the tilt angle

(hi) was 08. From the statistics of the tilt angles reported in

the ‘‘Global Peptide Motions’’ section, both BP100 and pepR

were observed to adopt tilt angles in the range of 90.08–97.88
when in POPC (La) and POPC:Chol (Lo). For each AMP

confined in POPG:POPC (La), on the other hand, the tilt

angle values varied in the range of 103.08–114.48. On this ba-

sis it is clear that when confined in POPC (La) and POPC:-

Chol (Lo), each AMP experiences less drag relative to when

confined in POPG:POPC (La). Thus, the propensity of each

peptide to orientate at an angle around 908 relative to the

membrane normal when in POPC (La) and POPC:Chol (Lo)

may explain why the diffusion coefficients of both BP100 and
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pepR are higher in these two membrane environments rela-

tive to when in POPG:POPC (La) (see Table II).

Although experimental data on the lateral diffusion of ei-

ther BP100 or pepR in the membrane environment are

unavailable, comparisons with the diffusion coefficients

obtained for other similarly sized peptides can be made. For

the 21-residue CPP, Pep-1, diffusion coefficients ranging

from 0.3 3 10�8 to 1.1 3 10�8 cm2/s were reported for pep-

tide clusters of varying sizes migrating along the surface of

POPC giant unilamellar vesicles.50 Taking into account the

inverse relationship between the diffusion coefficient and the

radius of the diffusing body,49 a single Pep-1 molecule will

display a larger diffusion coefficient than that of the Pep-1

clusters. Bearing this in mind, the magnitudes of the diffu-

sion coefficients measured for both BP100 and pepR when

simulated in POPC (La) (see Table II) may be considered rea-

sonable when compared with that of the diffusing Pep-1 clus-

ters. Furthermore, when considering the discussed differen-

ces in the diffusion of each AMP in the different membrane

environments, the remaining diffusion coefficient values

listed in Table II are anticipated to be acceptable.

CONCLUSIONS
In this work, the mode of action of BP100 and pepR was

explored by the BD simulation of a coarse-grained model of

peptide in an environment reproducing the phospholipid

bilayer. The simplicity of the mean-field potentials used to

reproduce physically different model PC membrane systems,

combined with the use of the coarse-grained peptide model,

allowed for feasible, long-time range, and easy to implement

simulations.

With the appropriate choice of parameters, data on the

structural and dynamic properties of both BP100 and pepR

when confined in the different model membranes were suc-

cessfully recovered from each of the simulated BD trajecto-

ries. BP100 was found to adopt a a-helical conformation

when confined within the membrane environment. For

pepR, on the other hand, the formation of an N-terminal a-
helix and an unstructured C-terminus was detected. Differ-

ences in the global motions of each AMP when in the mem-

brane were also revealed. BP100 was observed to localize

with no preferred orientation approximately halfway across

each membrane leaflet, whereas pepR tended to localize

near the lipid bilayer core with no preferred orientation.

The BD simulation studies also allowed for the determina-

tion of the lateral diffusion coefficients of each AMP. As a

result of the size difference between the two peptides,

BP100 was observed to diffuse more rapidly than pepR

across each of the modeled membranes. The membrane

width was found to play an additional role in determining

the lateral diffusion coefficient of each peptide when in the

membrane.

In conclusion, the method used in this study allowed

for the description of the conformational and dynamic

properties of both BP100 and pepR when confined within

different membrane environments. Not only did the BD

simulation studies allow for the corroboration of what lit-

tle experimental data was available but also provided

some insights into the possible mechanisms of action

adopted by each AMP. However, details on the initial pep-

tide-membrane association events could not be tackled

using the implemented membrane model. This limitation

in the computational system used to model the behavioral

properties of each AMP prompts the future development

of a mean-field potential to describe the interface region

of the membrane environment. One prospective example

would involve the incorporation of a model that describes

the electrostatic interactions at the membrane interface

region. Such work constitutes our ongoing desire to de-

velop a simple and easy-to-implement simulation method

to investigate the mode of action of membrane-active

peptides such BP100 and pepR.
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