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Abstract

Modeling Membrane Active Peptides with Implicit Membrane models

by

Yi He

Advisor: Professor Themis Lazaridis

Membranes are the natural barriers of all cellular organisms. They separate the inner environment

from the outer environment. They also divide cell contents into different functional compartments.

Many membrane active peptides, however, challenge the function of membranes. They translocate

through, form pores inside, or even break down the membranes. Understanding their mechanisms

will help us design better drugs.

Molecular dynamics (MD) provides a unique way to study these peptides at small time scales.

A lot of useful information can therefore be determined: such as, peptide orientation, structure

adjustment, insertion into the membrane, and binding energy. Implicit membrane models are

particularly useful because their low computational cost allows us to study peptides at longer time

scales or larger numbers.

The object of the thesis is to study the membrane active peptides using implicit membrane models.

The study is focused on three areas:

1) We first examined the transmembrane peptide orientation in both implicit and explicit MD

simulations. Using theoretical methods, we tried to explain the gap between the tilt angles predicted

by hydrophobic mismatching theory and the ones determined by 2H NMR experiments.

iv



2) To study the interaction between cationic peptides and anionic pores, we extended the current

implicit pore model to anionic membranes. This model was applied to two typical antimicrobial

peptides — magainin and melittin — and was used to explain their different preferences for anionic

lipid fractions. We also evaluated the stability of three protegrin octameric pore models using this

model.

3) We then tried to determine the link between binding affinity to membrane surface and biological

activities of antimicrobial peptides. We found that both the experimental binding free energy

and the theoretical transfer energy correlate with the biological activities, although the correlation

is weak. Many other factors may also affect the biological activities of antimicrobial peptides.

Moreover, based on a critical evaluation of “carpet” model, we found that most peptides would

show higher activity than the prediction of the ”carpet” model. The deviation of their biological

activities from the “carpet” model correlates with their transfer energies to pores. The knowledge

we gained from this study can help us establish quantitative models for predicting antimicrobial

peptide activities.
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1. Introduction

1.1. Membrane active peptides

Membranes function as barriers that separate the cellular contents into different compartments or

from the outside solutions. However, many cellular activities require the barriers to be broken

down, to allow material exchange between compartments and extracellular environments. The

structure and function of the membrane can be modified by many small peptides. In general, these

membrane active peptides can be classified into the following categories in terms of their function

and orientation:

Antimicrobial peptides (AMPs) They are a group of peptides that have antibacterial activity [1].

Many of them are naturally produced by organisms as a host-defense mechanism. It is generally

believed that these peptides kill bacteria by creating apoptosis. These peptides are normally cationic

amphipathic molecules. To be used as anti-infective drugs in mammals and to be transported

through the blood, it is quite important that they have low toxicity against mammalian cells,

especially erythrocytes.

Toxins As their names indicate, toxin peptides are toxic to cells [2, 3]. They produced not to

kill pathogens but to kill or paralyze their prey, predators, or competitors, even though in general

most toxins also have antimicrobial activity. They have hardly any selectivity and thus are not

therapeutically useful. They are good starting points for designing potent antimicrobial peptides.

Many successful antimicrobial peptides are derived from toxins by enhancing their selectivity.
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1.1 Membrane active peptides

Cell penetrating peptides (CPPs) They are peptides that can cross the membrane by themselves

[4]. They are not cell-specific because their entrance into the cell does not require receptors. They

are small and often positively charged peptides. These peptides have the potential to help deliver

drugs into the cells. They have many common features with the antimicrobial peptides.

Fusion peptides The fusion peptide [5] segment at the N-terminal end of viral fusion glycoproteins

is often found to be hydrophobic, rich in Glycine residues. They destabilize bilayers and promote

lipid-mixing between liposomes. They are required for the viruses to fuse their lipid envelopes to the

host cell membranes and transfer their DNA/RNA into the host cells. Many of these peptides are

found to be α-helical and insert in the membrane at an oblique angle. They can lower the transition

temperature of phosphatidylethanolamine from bilayers to hexagonal phase, which indicates that

they promote negative curvatures. They can also lower the critical tension required to rapture the

membrane.

Transmembrane peptides They are hydrophobic segments of transmembrane proteins or their

designed analogues [6, 7]. The transmembrane proteins constitute a large percentage of the mem-

brane proteins. However, although they present a challenge to the traditional methods due to their

large size and the complicated surrounding membrane environment, their components (transmem-

brane peptide) are relatively easier to study. These peptides are mainly composed of hydrophobic

residues. Besides, they can modify the membrane thickness or promote lipid segregation.

The boundary between these peptides is quite vague. One example is melittin, which can be

considered either as an antimicrobial peptide or toxin because of its profound antibacterial and

toxic effects. It can also be considered fusogenic [8] because it can induce vesicle fusion in anionic

lipids. The difference between antimicrobial peptides and cell penetrating peptides is also unclear:

many antimicrobial peptides can induce lipid flip-flop and transfer themselves to another side of

the membrane. One example is buforin[9]. Alamethecin can be considered as a transmembrane

peptide because it can adopt both transmembrane and surface orientation. There is also no simple

criterion to distinguish them based on their composition and structure. Cationic residues and hinge

domains are commonly found in all these peptides.
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1.2 Transmembrane peptide orientation.

1.2. Transmembrane peptide orientation.

The position and orientation of a peptide in the membrane are crucial for determining the peptide

function [10, 11] or mechanism [12].

The relative location of a peptide can be determined as the insertion depth. The orientation of

a peptide can be defined by two kinds of angles: the angle by which the peptide tilts away from

the membrane normal(“tilt” angle τ) and the angle by which the peptide rotates around the main

axis(“azimuthal angle” ρ ).

Figure 1.1.: Relative placement of a helical peptide in lipid bilayers. The peptide position is
defined by its depth of insertion, d, and a pair of orientational angles, tilt (τ) and the azimuthal
rotation (ρ). With the membrane normal (N) aligned with the z-axis, the distance d is the z
coordinate of the peptide center of mass, with a z = 0 set arbitrarily at the center of the lipid
bilayer. τ is the angle formed between the molecular long helix axis (H, from the C-terminus to
the N-terminus) and the membrane normal. ρ is the angle between the direction of the peptide
tilt and a vector perpendicular to H pointing to the Cα carbon of a reference residue (Glycine in
most studies of WALP/KALP peptides). The figure is adapted from Strandberg et al. [13].

1.2.1. Hydrophobic mismatch theory.

The peptide orientation can be explained by the concept of the hydrophobic mistmach theory. This

theory is based on the “mattress” model that assumes the membrane is a elastic medium (“mat-

3



1.2 Transmembrane peptide orientation.

tress”) that has a single spring constant [14]. The difference between the peptide hydrophobic

length and the membrane hydrophobic thickness is called mismatch. If the peptide hydrophobic

length is longer than the membrane hydrophobic thickness, it is called positive mismatch. Other-

wise, it is called negative mismatch. Membrane and peptide both have their own ways to respond

to the mismatch. Under positive mismatch, a clear response by the peptide is that it can increase

its tilt angle to fit with the membrane. The peptide can also oligomerize with other peptides

to minimize the exposed polar/nonpolar surface. Although energetically expensive, conformation

changes like kinking may also be possible. The membrane can respond either by adjusting its local

thickness or changing its phase properties or undergoing lateral phase segregation (i.e. lipid rafts).

Among these adaptations, the tilting should be a primary response of small peptides. First, the

membrane thickening is not quite significant in X-ray diffraction experiments [15]. Second, peptide

tilting is more energetically favorable than lateral sorting or oligomerization [16].

Figure 1.2.: Possible responses to positive hydrophobic mismatch. a) helix tilting; b) acyl chain
stretching; c) oligomerization; d) backbone deformation/distortion; e) backbone kinking/flexing;
f) switching to a non-transmembrane state, i.e., binding to the membrane interface. The figure
is obtained from Holt and Killian [7].

1.2.2. Model peptides for studying peptide orientation.

Designed peptides provide a more desirable way to understand hydrophobic mismatch. The hy-

drophobic segment can be constructed by repeats of hydrophobic residues. Leucine, alanine, or

their combination are normally used to create segments with different hydrophobicity. In some

cases, several flanking residues are added at the termini of the hydrophobic segment to restrict the

tilt angle and to enhance the solubility of the peptide. Tryptophan, a residue that highly prefers

membrane interface, is normally used as flanking residue. Polar residues, such as lysine, are also

occasionally used. The flexible side chain of lysine is able to ”snorkel” into the water, allowing the

backbone of lysine residue to be buried in the membrane and thus to have a smaller peptide tilt.

4



1.2 Transmembrane peptide orientation.

1.2.3. Peptide orientation determined from solid state NMR.

Solid state NMR is a unique technique for determining the structure and dynamics of membrane

proteins. Because molecules do not tumble in the solid state, solid state NMR provides much

broader transitions than that of solution NMR. As a result, the anisotropic information can be

obtained. Such information is extremely useful for us to understand the overall orientation of

molecules in anisotropic systems.

There are several ways to determine peptide orientation from solid state NMR. Depending on the

probe used, different fitting methods can be applied to extract the peptide orientation from the

angular information of individual probes. Two major methods are used: PISEMA[17, 18] and

GALA[19, 20]. For both methods, theoretical spectra can be calculated from the ideal geome-

try of the peptide. The peptide orientation can be obtained by fitting theoretical spectra with

experiments.

Figure 1.3.: Illustration of the orientation of NMR tensors and examples of “PISA wheel”. Left
panel shows the location of NMR probe (15N ) and the orientation of the NMR tensors. Right
panel shows the example spectrum of a helical peptide with different tilt angles. The blue dots
on the figure showed the location of peaks of different 15N label. The lines are the theoretical
lines resulting from rotating a helix around its axis at different tilts. The figure is adapted from
Dürr et al. [21].

PISEMA is an abbreviation for Polarization Inversion Spin Exchange at the Magic Angle. In this

method, the amide nitrogen atoms on the backbone are labeled with 15N . Two tensors can be

measured: the 15N chemical shift and the 1H–15N dipolar coupling. The chemical shift tensor −→σ

is asymmetric. Its principal axis frame is denoted (−→σ11,−→σ22,−→σ33) and the corresponding principal

5



1.2 Transmembrane peptide orientation.

values are denoted σ11,σ22,σ33. The value of σ is given by:

σ = σ11(B⃗0 · σ⃗22)2 + σ22(B⃗0 · σ⃗22)2 + σ33(B⃗0 · σ⃗22)2 (1.1)

where B⃗0 is the direction of NMR magnetic field.

The dipolar tensor −→γ is traceless and axially symmetric with unique rotation axis µ⃗NH in the

direction of covalent bond between 15N and H atoms. If γ|| is the value of γ when the direction

ofB⃗0 is the same as µ⃗NH , then:

γ =
γ||

2
(3(B⃗0 · µ⃗NH)2 − 1) (1.2)

The orientation of µ⃗NH and −→σ11, −→σ22, −→σ33 are related with the peptide orientation. The value of

σ and γ of residues on the helical wheel of a ideal helix will fall onto a ellipse ( so-called “PISA

wheel”) whose location and shape are affected by the orientation of the helix.

Another method is called “Geometric Analysis of Labeled Alanines” (“GALA”). The alanine

residues on the peptides are labeled with deuterium (2H ). The quadrupole splitting of deuterium

is related to the orientation of C-2H covalent bond:

∆vQ =
3e2qQ

4h
(3cos2β − 1) (1.3)

e2qQ
h is the quadrupole coupling constant (QCC), β is the angle between the applied magnetic field

(B0) and the C-2H bond. Without any molecular motion, the quadrupole coupling constant for

aliphatic carbon-hydrogen bond is 168 kHz [22]. However, due to the rapid rotation of alanine

methyl groups, the QCC for alanines is reduced to 1/3 of its original values[23]. Also, β should be

the angle between B0 and the average vector of the three C-2H bounds (the same direction as the

Cα − Cβ bond of the alanine). The angle β can be evaluated from the geometry of an ideal helix.
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1.2 Transmembrane peptide orientation.

For WALP peptides, QCC values between 47 and 56 kHz give similar tilt angles[19].

With several alanine labels, the theoretical splitting can best fit with the experimental measure-

ments (Figure 1.4). With the correct tilt/rotation angle, the theoretical splittings should have

minimal deviation with the experimental values:

rmsd =
1

N

√√√√ N∑
i

(vtheoreticali − vexperimental
i )2 (1.4)

Figure 1.4.: Illustration of relationship of peptide orientation and NMR probes with the 2H-NMR
spectrum. Left, the Cβ atom of the alanine residues is labeled with deuterium (2H). The fast
rotation of the deuterium atoms makes the average vector of the three Cβ−2H bonds to be
equivalent to the vector of Cα −Cβ bond. Right, example quadrupole splittings for labels on an
helix wheel. The lines are the the theoretical curves resulting from rotating the helix around its
helix at different tilts. The figure is adapted from Bechinger et al. [24].

1.2.4. Discrepancy between theory and solid state NMR result from 2H NMR

The tilt angles of transmembrane peptides should be determined mainly by the extent of hydropho-

bic mismatch. This idea is supported by MD simulations in coarse-grained [25] and all-atom models

[26]. The remarkable correlations between tilt angle and hydrophobic mismatch were observed for

several natural peptides and protein fragments, such as the TM helix of the M13 major coat pro-

tein (determined by fluorescence spectroscopy)[27], the pore-lining segment of influenza A virus
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1.3 Antimicrobial peptides

M2 protein (by EPR)[28], the cell-signaling peptides containing nuclear localization sequences [29],

and the channel-forming domain of Vpu from HIV-1[30](by PISEMA 15N NMR).

The tilt angles of WALP and KALP determined from 2H NMR studies are, however, much smaller,

which disagrees with the hydrophobic mismatch theory [31]. It was proposed that rapid motion of

peptides would reduce the measurement of 2H NMR splittings and lead to an underestimation of

tilt angles[32]. The PISEMA method is expected to be less sensitive to peptide motion than the

“GALA method”, because the average Cα − Cβ bond directions with respect to the helix axis is

close to the magic angle, whereas the average N-H direction is far from the magic angle. In recent

studies, WALP is first found to have small tilt angles by 15N NMR[33] but subsequent researches

using 15N NMR[34, 35, 36] and fluorescence spectroscopy[37] indicate larger tilt angles. The large

tilt angle predicted by hydrophobic mismatch theory is also supported by MD simulations [38, 39].

Furthermore, it is reported that 2H NMR data can indeed be better interpreted by introducing

peptide dynamics in the form of Gaussian fluctuations of the orientation angles [40, 34]. Incorpo-

rating the anisotropic information into molecular dynamics also is reported to lead to moderate tilt

angles[41, 42] .

1.3. Antimicrobial peptides

1.3.1. General Aspects

1.3.1.1. Therapeutic uses of antimicrobial peptides and their advantages and disadvantages.

The spectrum of antimicrobial peptides is broader than that of traditional antibiotics. They can

act effectively against gram-positive/negative bacterium, fungus, tumor cells, parasites, and even

virus. The antimicrobial peptides can thus be of great therapeutic importance.
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Table 1.1.: List of Cationic Antimicrobial Peptide Drugs, Company Responsible for Commercial-
ization, Testing Status, and the Disease it is Designed to Treat. The table is obtained from
Mcphee and Hancock [43].

Compund Company Testing status Disease drug designed to treat
Pexiganan Magainin Pharmaceuticals Phase III completed Infection of diabetic foot ulcers
Iseganan IntraBiotics Corporation Phase III halted prematurely Ventilator-associated pncumonia
rBPI21 Xoma Ltd. Phase III completed Severe bacterial meningitis
Omiganan Migenix (formerly Micrologix) Phase III completed Infrection at site of in-dewelling catheter insertion
IMXC001 Inimex Pharmaceuticals Preclinical Sepsis

The killing induced by AMP is usually quite fast, and their minimum lysis concentrations are the

same as or at least not much higher than their minimum inhibitory concentrations. Even though

some cases have been reported, it is quite difficult to develop a resistance to AMP, because they

could have multiple targets and the main target is the membrane itself; reconstructing the mem-

brane completely is nearly impossible for biological organisms and will affect the normal functions

of the cells. Compared to conventional antibiotics, the loss of peptide activity due to resistance is

trivial: only two- to four- fold increment in effective concentrations is observed [44].

There are also some disadvantages which might limit their usages: 1) many of these peptides

aggregate in water solutions, which can easily percipitate and lose their activities. 2) the activities

of many peptides are highly sensitive to salt concentration (such as LL-37). In some environments

with high salt concentration (such as in lungs), they will become quite ineffective. 3) compared to

the conventional antibiotics, their potency is lower while their cost is critically higher. Therefore,

currently these peptides might not be an economical alternative to the conventional antibiotics.

4) some peptides such as melittin, even though they are highly potent, have high cell toxicity.

However, antimicrobial peptides will likely show more potentials in therapeutic applications with

the improvement of our understanding of them.

1.3.1.2. Sources of AMPs

In general, almost all living organisms can produce a certain amount of AMPs. Arthropods have far

more diverse species than any other classes in the plant and animal kingdoms. They are frequently

exposed to potential pathogens but rarely be infected. It is not surprising that the currently well-

studied antimicrobial peptides have been mainly characterized in anthopods, including melittin,
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mastorparans, cecropins, and so on. Most of these peptides are actually toxins, only part of which

are produced by the innate immune system.

Amphibian skin is another amazing source of AMPs because enormous quantities and diversity of

antimicrobial peptides can be easily isolated from it and studied. The first such peptide, bombinin,

was identified more than 30 years ago [45]. Subsequently, magainins were isolated from xenopus

skin in 1980s and have been extensively studied ever since[46, 47, 48, 49, 50]. Until very recently,

amphibian peptides remained one of the largest and best studied group of antimicrobial peptides.

The innate immune system of most organisms also produces a large variety of antimicrobial pep-

tides as a response to pathogenic invasion. These homologous peptides comprise two major fam-

ilies, defensins and cathelicidins. Mammalian defensins are β-sheet peptides with 29-40 amino

acid residues and intramolecular cysteine-disulfide bonds [51]. They are a large family of cationic

and relatively arginine-rich antimicrobial peptides. The cathelicidins comprise a large amount of

cathelin-containing precursors of antimicrobial peptides. Cathelin is an inhibitor of cathepsin L. It

is a highly conserved domain at the carboxyl terminus of a 15–18 kDa precursor [52]. In response

to pathogenic invasion, cathelicidins are cleaved to release the active antimicrobial peptides located

on their carboxyl terminus.

1.3.1.3. Structure of AMPs

The antimicrobial peptides have various structures. Although there are also other possibilities, the

structures of most antimicrobial peptides are generally divided into four groups:
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Figure 1.5.: A)-D) Examples of antimicrobial structures: A) Magainin 2 (α helix) B) Protegrin-1
(β hairpin) C) NK-lysin ( helical bundle) D) Indolicidin (random coil). E) Number of peptides
for each structure category in APD2 database[53]. Percentages were calculated based on peptides
that have known structure.

Amphipathic α-helical peptides are perhaps the most well studied group. Most peptides from this

group are unfolded or have part β-sheet structure in aqueous solution but fold into α-helices on

membranes. Flexible hinges are also commonly found in these peptides.

β structured peptides are another large structural group. To form an amphipathic structure, the

β peptides have to bend to allow anti-parallel hairpins to form. However, this is quite difficult for

small peptides because of the entropy loss of forming such structures. Either disulfide bonds or a

cyclic backbone is generally observed in many β antimicrobial peptides because they help stablize

the hairpin structure by lowering the enthalpy.
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Some antimicrobial peptides have multiple secondary structure segments and packed tertiary struc-

tures. Defensin is one of such peptide groups that are composed of multiple β-sheet structures. The

NK-lysin is a 78 residue protein, containing 4 α helical segments that are connected with disulfide

bonds [54, 55].

Some antimicrobial peptides have random coiled structures. These peptides are often rich in cer-

tain amino acids. This group includes the bactenecins and PR-39, both of which are rich in proline

(33–49%) and arginine (13–33%) residues; prophenin, which is rich in proline (57%) and phenylala-

nine (19%) residues; indolicidin, which is rich in tryptophan residues; and histatin, which is rich in

histidine.

1.3.2. Mechanism

There have been many techniques used to determine the mechanism of antimicrobial activity.

However, different views are provided by different methods. There are still quite a lot of debates

on how these peptides act. Many models have been suggested. They are not completely in conflict

with each other, but only concentrate on different aspsects of antimicrobial peptide actions.

1.3.2.1. Modes of peptide actions

Membrane disruption or metabolism? It has been generally accepted that the membrane per-

meabilization/disruption is central in the killing of microorganisms. This idea has recently been

challenged by the increasing evidence of antimicrobial activity in the absence of membrane dis-

ruption. TWF, an analog of tritrpticin, showed very low membrane disrupting activity but had

strong bactericidal activity [57]. Another example is buforin[58], which translocates into cell and

inibits cellular functions. There are many possible mechanisms that do not require membrane per-

meabilization or disruption, such as inhibition of DNA and protein synthesis, chaperone-assisted

protein folding, enzymatic activity, cytoplasmic membrane septum formation, and cell wall syn-

thesis. Most of them require a specific intracellular target. Table 1.2 lists these peptides that

have intracellular targets [59]. Even though the antimicrobial peptides can kill the cells through

intracellular mechanisms, such examples are rather rare and many of them may be more effective
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1.3 Antimicrobial peptides

Figure 1.6.: Possible mechanisms for antimicrobial peptides. The figure is adapted from Teixeira
et al. [56].

through membrane-related mechanisms. Moreover, since the peptides have to cross the cell mem-

brane to reach their intracellular targets, formation of transient pores is mostly likely to happen

in the uptake process, considering evidence of membrane receptor assistance is quite rare. Indeed,

for typical antimicrobial peptides, translocation is completely coupled to pore formation and lipid

flip-flop [60, 61, 62].

Pore formation One possible mechanism of membrane permeabilization is through formation

of pores inside the membrane. Two types of pores can be generally induced by the antimicrobial

peptides: “barrel-stave” pore and “toroidal” pore. More details about pore formation mechanism

will be discussed later in the section “pore formation induced by membrane active peptides”.

Carpet Model The “carpet” model was first proposed to describe the mode of action of der-

maseptin S [63], but it has subsequently been used to describe the mode of action of other an-

timicrobial peptides, such as dermaseptin natural analogues [64, 65], cecropins [66], the human

antimicrobial peptide LL-37 [67], caerin 1.1 [68], Trichogin GA IV [69], and diastereomers of lytic
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Table 1.2.: Antimicrobial peptides that are suggested to have intracellular mechanisms.
Membrane-bound structure, suggested internalization mechanism and effect on microbial func-
tions of intracellular-targeting antimicrobial peptides are listed. The table is adapted from Nico-
las [59].

Name Membrane-bound Structure Uptake Mechanism Intracellular targets
Pyrrhocoricin Reverse turns at the termini bridged Receptor⁄ docking component on inner membrane Dnak; DNA and protein synthesis

by an extended segment
Apidaecin Receptor⁄ docking component Dnak; DNA and protein synthesis
Drosocin Receptor⁄ docking component Dnak; DNA and protein synthesis

> MIC: membrane permeabilization⁄ disruption DNA?
Histatin-5 Amphipathic α-helix < MIC: receptor-mediated endocytosis Vacuole (nonlethal)

(heat shock protein 70, permease); Mitochondrial F1F0-ATPase
MIC: transient membrane leakage
(membrane potential-dependent)

Buforin-2 Amphipathic α-helix Transient toroidal pores DNA?
Indolicidin Extended boat-shaped amphipathic structure No uptake DNA synthesis?
Tachyplesin I β-Hairpin with two disulfide bonds Transient pores DNA?

peptides [70, 71]. These peptides are found to have in-plane orientation at the lysis concentration.

They are suggested to partition on the surface of membrane and accumulate to an extremely high

local concentration. They will act as “carpets” so that they can break down the membrane barrier

when a critical surface coverage is reached. However, it is not clear how the membrane breaks

down under a high peptide concentration.

One possibility is that peptides induce positive curvature in the membrane because they generate

void spaces between acyl-chains. When the positive strain is large enough, this certainly leads to

toroidal pore formation or even micellization. Another possibility is that accumulation of positively

charged peptide on one side will create a transmembrane voltage to such an extent that electro-

poration will be induced. Because AMPs are highly cationic and bind strongly to the membrane,

neutralization of bacterial surface charge would be also likely at high P:L ratios. This phenomenon

would be expected to critically affect membrane function as well as integrity. In fact, taking into ac-

count the peptide and membrane charges, an analysis of published data reveals that neutralization

does occur along threshold events displayed by several AMPs [72, 73, 74, 75]. As such, membrane

charge neutralization coupled with saturation of the bacterial membrane is a likely killing mech-

anism, at least for some peptides.Recently, it has been suggested that the surface coverage itself

may induce membrane curvature even when membrane insertion is absent [76].

Clearly, this mode is not a universal mechanism for antimicrobial activity, but instead is an extreme

case [77]. Although high peptide densities have been observed on the surface of bacterial cells [76],
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most of them may bind to cell wall or outer membrane. The actual concentration on the cell

membrane may not be quite high. In most cases, membrane activities have been demonstrated at

reduced peptide-to-lipid ratios [49] .

1.3.2.2. Models of peptide-lipid interaction

The previous models focus mainly on the exact events that lead to membrane lysis and cell death.

There are several models focused on why and how the membrane defects are formed under the

influence of antimicrobial peptides.

Detergent-like activity An frequently referred mechanism is “detergent-like mechanism”. This

mechanism suggests that all antimicrobial peptides, since they are amphipathic molecules, can

disintegrate the membrane in a way similar to detergents.

The detergents affect membrane structure in different ways based on the level of their concentra-

tions: at very low detergent-to-lipid ratios they can have a neutral effect on model membranes

or even stabilize them [78, 79]; at moderate concentration, opening can form temporarily; at high

detergent/lipid ratio, detergents can micellize the membrane and create a huge opening in the

membrane.

Take melittin for example, it has pronounced effects on the phase behavior of DPPC at rather low

peptide concentrations (lipid-to-peptide molar ratio of 1000/1)[80, 81]. The same phenomenon also

occurs to the detergent cetyltrimethylammonium chloride [79]. However, at high melittin concentra-

tions (lipid-to-peptide molar ratio of 15/1), disk-shaped particles were found in the DMPC/melittin

mixture [82, 83], suggesting a detergent-like solubilization of the membrane under these experimen-

tal conditions. Below the gel to fluid phase transition temperatures of the pure lipid, the presence of

intermediate amounts of melittin (< 5mol%) results in the reversible disintegration of the bilayers

into disks [82, 84].

This model does not conflict with either the ”carpet” model or the pore model that were mentioned

previously. The latter two models actually are different results of the detergent-like activities of

antimicrobial peptides.
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Positive Curvature induced by peptides Another hypothesis is that antimicrobial peptides will

affect the curvature stress of the membrane. The spontaneous curvature of membrane is suggested

to be affected by the geometric shape of the lipids. That is, only if the sizes (cross section areas)

of head group and acyl chain are balanced, planar membranes can form. Otherwise, if the head

groups have a larger cross section area than acyl chains, the lipids tend to form micelles and tubes(

hexagonal lipid phase HI ) that has high positive curvature ; if the head groups have a smaller

cross section area than acyl chains, the lipids tend to form inverted micelles and inverted hexagonal

lipid phase HII .

As amphipathic molecules, antimicrobial peptides favors partition into the head group region and

thus make the overall head group area larger than the acyl chains. As a result, a positive curvature

stress is generated. To release this stress, the planar membrane will be reorganized into structures

such as toroidal pores or micelles that have high positive curvatures (Figure 1.7g)-i)). The positive

stress accompanied with peptide insertion is indirectly measurable by the phase transition tem-

perature from fluid lamellar phase to hexagonal phase [85] and is evidential for several peptides

[50, 86, 87].

Electroporation induced by unbalanced distribution of cationic peptide This model has been

proposed to interpret membrane pore formation by annexin V [89]. The fundamental idea of this

model is that the accumulation of cationic peptides on one side of the membrane will create a

transmembrane voltage. For highly cationic peptides, the transmembrane voltage can reach 0.2

volts [54], which is large enough to induce electroporation [90].

Peptide-induced lipid segregation Cationic peptides have been shown to induce lateral phase

segregation of zwitterionic lipid from anionic phospholipids. Formation of such lipid-peptide domain

itself does not lead to toxicity. However, the boundary between lipid domains is prone to the

formation of defects [91, 92, 93, 94]. Such phase boundary defects have been suggested to be

responsible for the increased leakage of liposomes at the phase transition temperature, where gel and

liquid crystalline domains coexist [95]. The importance of induced lateral phase separation has been
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Figure 1.7.: Relationship between lipid shape and preferred lipid phase and possible results of
the positive curvature induced by antimicrobial peptides. a)-c) the three types of lipid shapes:
a) cylinder (for example, PC lipids). b) cone (for example, PG lipids). c) inverted cone (for
example, PE lipids). d)-f) the three lipid phase of these lipids: d) LαLaminar phase. e) HI

phase. f) HII phase. g)- i) possible results of peptides that induce positive curvature stress. g)
toroidal pore with peptide inserted to the pore. h) toroidal pore without requirement of peptide
insert. i) completely break up the membrane into micelles. The figure is adapted from Haney
et al. [88].

specifically proposed as a mechanism contributing to the antimicrobial activity of a designed α/β-

peptide [91], flexible sequence-random polymer [93], cateslytin [94], and oligo-acyl-lysine (OAK)

[92].

1.3.3. Origin of the selectivity

1.3.3.1. The difference in membranes.

The elementary component of all biomembranes is the phospholipid bilayer. However, in terms

of composition and cell energetics, biomembranes of prokaryotic and eukaryotic cells differ signifi-

cantly. Table 1.3 listed the lipid components of several organisms.

The major neutral component of prokaryotic cell membrane is phosphatidylethanolamine (PE), but

eukaryotic cell membranes contain three diffferent lipids: phosphatidylcholine (PC), sphingomyelin
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(SM), and phosphatidylethanolamine (PE). PC and SM are bilayer forming lipids which favors

formation of a planar membrane. PE has a tendency to induce negative curvature. Prokaryotic

and eukaryotic membranes thus have significantly different mechanical properties.

Both prokaryotic and eukaryotic cell membranes contain anionic components. Hydroxylated phos-

pholipids phosphatidylglycerol (PG), cardiolipin (CL; effectively a dimer of PG), and phosphatidylser-

ine (PS) all sustain a net negative charge and are normally found in both membranes. However, the

distribution is not the same. The anionic lipids in eukaryotic cell membranes are mainly comprised

of PS. They concentrate primarily in the inner leaflets of the membranes that are not exposed to

antimicrobial peptides. However, the major anionic lipids of prokaryotic cell membrane are PG and

CL, which are found in both leaflets of the membrane. The anionic lipid of a typical Gram-negative

bacteria is around 20-30% of the total lipids . The anionic lipid of typical Gram-positive bacteria

is much higher, at a range between 60-100% of the total lipids. The difference in the distribution

of the anionic lipids is traditionally considered to be the major cause of the selectivity of cationic

antimicrobial peptides because these peptides are easily attracted to the anionic surface of bacterial

membranes.

However, human erythrocytes, for example, contain also a large number of highly negatively charged

sialic acid-containing carbohydrate moieties in the form of glycoproteins and glycosphingolipids,

which form their outer glycocalix barriers. Therefore, cationic antimicrobial peptides need first to

cross this layer in order to reach the cytoplasmic PC membrane.

Unlike prokaryotic cell membranes, another important difference is the presence of sterols, such

as cholesterol and ergosterol. The cholesterol has been demonstrated to have an influence on the

activity of several antimicrobial peptides [96, 97, 98].

The membranes of HIV viruses are also significantly different from their host cell membranes [104].

The content of cholesterol is about 2 times higher than that of the host cell membranes.

Cancer cell membranes typically carry a net negative charge due to a higher than normal expression

of anionic molecules, such as PS ( about 9% of the total phospholipids of membranes) [105, 106]

and O-glycosylated mucins [107, 108]. In addition, the negative membrane potential of cancer cells

may also contribute to the selective cytotoxic activity of anticancer peptides [48].
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Table 1.3.: Lipid composition of Cell membranes of different organism. OM: outer membrane.
CM: cell membrane.

Lipid (%)

Microorganism
Escherichia coli Staphylococcus aureus Saccharomyces cerevisiae Erythrocyte

(Gram-) (Gram+) (Fungi)
OM CM Outer Inner

Leaflet Leaflet
Cardiolipid(CL) 6 12 4.1 0.2 — —
Phosphatidylglycerol(PG) 3 6 76.5 — — —
Lysylphosphatidylglycerol(LPG) 16.0 — — —
Phosphatidylserine(PS) — — 33.6 — 29.6
Phosphatidic acid (PA) — — — 3.9 — 2.2
Phosphatidylinositol(PI) — 17.7 — 1.2
Phosphatidylethanolamine(PE) 90 82 — 20.3 11.1 43.9
Phosphatidylcholine(PC) — 16.8 44.8 14.0
Sphingomylin(SM) — — 42.1 9.1
Sterol — Ergosterol Cholesterol
Reference Anisimova et al. [99], Lu et al. [100] Joyce et al. [101] Rest et al. [102] Virtanen et al. [103]

The difference between mammalian cell membrane and fungus cell membrane is much smaller.

Many peptides act indiscriminately against those two type of organism [109].

1.3.3.2. Does selectivity really exist?

When it comes to the definition of ”selectivity”, it has generally been used in such a loose way that

its strict definition has never been taken into account. The experimental assays for antibacterial

activity and hemolytic activity are quite different from each other: 1) the minimum inhibitory

concentrations are measured under bacterial cell concentration of 1× 105 − 1× 106 colony-forming

units/mL. The hemolysis assays are performed with hematocit values of 1-10%, which is about

1× 108− 1× 109 cell/ml; 2) the eukaryotic cells are much larger than the bacterium. The diameter

of a typical erythrocyte is around 10 µm while the diameter of a typical bacterium is 0.1 µm.

3) the criteria are different in the two assays: the MIC is measured as the concentration without

growth of bacterium but the hemolysis assays measured the cellular content leakage; Inhibiting cell

growth is clearly easier than completely breaking down the cell membrane. 4) the time scale is also

quite different. The bacterial growth is monitored for over 24 hours while the hemolytic activity is

measured in 30 minutes to 1 hour.

Indeed, reducing the erythrocyte concentration to 6 × 105 cell/ml, only 10 µM of magainin is

required for complete membranal lysis [110]. However, in the same study, different modes of action

can be visualized in bacterial and mammalian membranes. In the vesicle experiments whose lipid
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concentration can be easily controlled, it is frequently observed that many antimicrobial peptide

causes more lysis on vesicles whose lipid components are similar to bacterial membranes than on

those whose lipid components are similar to eukaryotic cell membranes. The term ”selectivity”

thus is more complicated than we previously assumed and therefore should be used in a more strict

sense.

1.3.4. Linking mechanism to activity

To design novel peptides that possess maximum antibacterial activity and minimum hemolytic

activity, we must establish a relation between the peptide properties and the biological activities,

no matter qualitative or quantitative.

1.3.4.1. Biophysical factors that affect biological activities

Mutagenesis studies provided extensive information on how the biophysical properties of antimi-

crobial peptides would affect the activity of the peptides.

Peptide Charge One of the most important features of antimicrobial peptides is their net positive

charge. Indeed, the α helical peptide can also be hydrophobic or even slightly anionic. Gramicidin

A is a mostly hydrophobic peptide to form a helical transmembrane structure. Alamethicin is

anionic and less selective against bacterium and eukaryotic cells. However, these cases are rare.

The majority of these peptides have multiple cationic side chains, which make them very favorable

to treat anionic membranes of bacteria and cancer cells. The positive net charge is suggested to be

a main reason that these peptides exhibit selectivity over host cells.

Increase in the net charge of the peptide will inevitably result in increased antimicrobial activity,

as has been demonstrated in a number of studies [111, 112, 113]. However, increment of charge

will also have other side-effects on the peptide structure in which occasionally causes reversed

relationship[111, 114]. Raising net charge beyond a certain threshold will no longer increase the

antimicrobial activity [115].

20



1.3 Antimicrobial peptides

Amphipathicity Amphipathicity reflects the balance of hydrophobic and hydrophilic domains

within a protein. Amphipathicity is normally described quantitatively as hydrophobic moment

[116]. It can be calculated from the structures of the peptides, which, in most of cases, are assumed

to be an ideal α-helical structure. Hydrophobicity potential is the extension of the hydrophobic

moment concept, depicting both the hydrophobicity gradient along a peptide sequence and the

hydrophobicity contours around the helices [117].

Increased hydrophobic moment results in a significant increase in the permeabilization and hemolytic

activity of model peptides against target membranes.

The amphipathicity is not limited to α-helical peptides, but also include the β-sheet antimicrobial

peptides. This β-sheet amphipathicity is characterized by a variable number of β-strands, with

relatively few or no helical domains, organized to create both polar and non-polar surfaces. These

findings have demonstrated that residue-specific modifications in hydrophobicity enhance the selec-

tivity among cationic peptides. For example, studies based on synthetic derivatives of gramicidin S

have revealed that reductions in hydrophobicity will significantly increase selective toxicity against

microorganisms, with an approximately 10,000-fold increase in the estimated therapeutic index of

such peptides [118].

Hydrophobicity Hydrophobicity is a quite essential feature of antimicrobial peptide membrane

interactions, as it governs the extent to which a peptide can partition into the lipid bilayers.

Although hydrophobicity is required for the effective membrane permeabilization, increasing levels

of hydrophobicity are strongly correlated with mammalian cell toxicity and the loss of antimicrobial

specificity. Therefore, many antimicrobial peptides are moderately hydrophobic such that they

optimize activity against microbial cell membranes.

Polar angle Polar angle is a measurement of the relative proportion of polar versus nonpolar

facets of a peptide conformed to an amphipathic helix. For example, in a hypothetical α-helical

peptide, in which one facet is exclusively composed of hydrophobic residues and the other is solely

composed of charged residues, the polar angle would be 180◦. If the peptide has larger hydrophobic

domains, the polar angle will be reduced.
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In numerous studies of native and synthetic peptides, a smaller polar angle is associated with

increased capacity to permeabilize membranes [119, 120, 121]. Even in the context of reduced

membrane affinity, peptides with smaller polar angles induced greater membrane permeabilization,

translocation, and pore formation rates [121]. However, although the rate of pore formation was

greater for peptides with smaller polar angles, the rate of pore collapse was also higher. These results

suggest that peptides with smaller polar angles achieve less stable pore structures, compared with

peptides having larger polar angles. Greater stability of pores formed by the latter peptides could

result from larger charged surfaces, and/or more peptide molecules per channel. These concepts

are consistent with those observed in native peptides, showing that peptide PGLa (100◦) is more

readily translocated than magainin 2 (180◦; [50]).

Chain length The size of the peptides also correlates positively with their biological activity. In a

research, a series of peptides containing simple sequence repeats, (RW)n-NH2 were tested [122]. The

effective concentrations against bacterium and erythrocytes are found to have a linear relationship

with the peptide length (n). Chemical cross linking that artificially increases the peptide size also

increases the activity of the peptide [123].

Helicity Previous mutagenesis studies always lead to unclear conclusions on the role of helicity in

the peptide activity because it is hard to maintain other peptide properties when modifying peptide

helicity. Dathe used a series of design peptides named “KLAL” to study the effect of helicity on

the peptide activity and concluded that helicity has a positive effect on antimicrobial activity [113].

Shai added D-amino acids into several typical antimicrobial peptides [71, 70, 124]. Introducing

D-amino acid to the peptide will disrupt the helical structure. Changing two adjacent residues to

their D-enantiomers will yield even greater reduction in helical content. Based on these studies, it

is generally believed that reduced helicity will greatly decrease the permeabilizing activity against

neutral and moderately negatively charged lipid vesicles whereas having low or even no effect on

the permeabilizing activity against highly negatively charged membranes [71, 70, 124].

It is generally accepted that many membrane peptides will fold in the membrane [125]. The

formation of α helix in the membrane exerts a negative influence on the total membrane binding
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energy. It is therefore not quite surprising that the helicity plays an important role in the biological

activity. In highly anionic membranes, the contribution of helix formation is overriden by the highly

negative contribution of electrostatic interaction.

Oligomerization ability Many antimicrobial peptides are able to oligomerize in the solution and

membrane. This ability is found to be associated with the hemolytic activity of these peptides.

Melittin is one example of peptides that oligomerize in the aqueous solution. It is suggested that

melittin contains a leucine zipper-like motif in its sequence that is responsible for the aggregation

[126, 127]. Mutations on this motif will reduce the hemolytic activity of melittin but won’t af-

fect its antibacterial activity. Another example is pardaxin, whose C terminus is responsible for

the aggregation in membrane. Without its C terminus, the peptide preserves antibacterial ac-

tivity with their hemolytic activity significantly reduced. Other examples includes LL-37, which

binds to zwitterionic membranes in oligomeric state and binds to anionic membranes in monomeric

state[128]; and dermaseptin B, which has higher ability to self-associate and to permeate zwitteri-

onic membranes[129].

The exact connection between oligomerization and hemolytic activity still remains unclear. One

possibility is that the oligomerization state can act as an intermediate state of the pore formation.

The existence of aggregates may also have an advantage in vivo: in human wounds and blister

fluids, resistance to proteolytic digestion can influence the life span of the peptide and its efficacy.

Interfacial activity Wimley [130] suggested that the antimicrobial activity is correlated with its

interfacial activity, which includes the ability to partition into membrane-water interface and the

ability to affect lipid packing . The first is correlated with the amphipathicity while the latter is

related with “imperfect amphipathicity”. Several peptides have been designed to verify this theory

[131].

1.3.4.2. Connection between partition energy and activity

No matter how complicated the mechanism of antimicrobial peptides is, the actions of most an-

timicrobial peptides can be divided into two steps: the first one is that the peptide binds to the
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membrane surface; the second step is to accumulate to a critical concentration until the peptide

starts to kill the cell.

The effective concentration (EC) of peptide is defined as the sum of moles of peptide(nb) on mem-

brane and in water(nf ) divided by the total volume (Vtotal).

EC = (nb + nf )/Vtotal (1.5)

Because partition coefficient is defined as Kc = nb/VL

nf/VW
(VL and Vw are the volume of lipid and

water respectively), so nf = nb
KcVL

Vwater and :

EC =
nb
nL

nL
Vtotal

+
nb

KcVL

Vwater

Vtotal
(1.6)

Because Vw ≈ Vtotal and VL = nLvL (moles of lipid times molar volume of the lipid), the above

equation can be finally converted to:

EC = P ∗/L(
1

KcvL
+ [L]) (1.7)

if P ∗/L is the critical peptide to lipid ratio (nb/nL) that cell dies and [L] is the concentration of lipid.

This equation (Equation 1.7) was used by Melo et al. [132] to predict the effective concentration of

two peptides . vL is about 0.68 L/mol for DOPC/DOPE lipids. [L] depends on the experimental

condition and the size of the organism. In typical condition of MIC measurement ( for CFU around

1×105), [L] is about 20-70 nM. In typical condition of hemolytic measurement ( cell concentration of

5 % v/v), [L] is around 90 µM . Compared to the range of MIC and EC50 ( ≥ 0.1µM and≥100µM),

[L] is often negligible.
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Kc in Equation 1.7 can be calculated from the partition energy of peptide in membrane:

−RTlnKc = ∆G0
c (1.8)

However, for most antimicrobial peptides, Kc varies with the peptide concentration [133]. This is

because there is an insertion of a peptide into membranes increases the cost of energy, considering

the electrostatic repulsion between the free peptides and the membrane bound peptides or the

elastic expansion of the membrane result by peptide insertion. The further binding of peptides will

be significantly reduced. Therefore, we must take that energy cost into account:

−RTlnKc = ∆G0
c + E(P/L) (1.9)

The energy cost of binding a peptide to membrane surface is a function of surface concentra-

tion(P/L) of the peptide. Huang suggested it to be the elastic energy of membrane expansion

[134, 135], so that:

−RTlnKc = ∆G0
c +

Ka

2

A2
P

AL
P/L (1.10)

where AP is the surface area occupation of a peptide, AL is the area per lipid, Ka is the area

compressibility modulus. The elastic energy does not only prevent peptides from binding to the

membrane but also forces peptides to reorient to transmembrane orientation. In the second case,

pore formation is observable. Huang further suggested that the critical peptide surface concentra-

tion to form pore can be calculated as[136]:

P ∗/L =
∆G0

p→s

KA(A2
P /AL)(1− β)

(1.11)
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where ∆G0
p→s is the energy difference between the surface binding state and the pore state, β is

a parameter that can be either positive or negative. If β is positive, the pore formation tends to

reduce the thickness of the membrane. If the β is negative, the pore formation will increase the

thickness of the membrane.

1.3.4.3. QSAR models

To predict biological activities from peptide structures, one can establish quantitative Structure

Activity Relationship (QSAR) models.

The first steps of establishing QSAR models is building a training set that contains peptides with

measurable structure and activity descriptors. Statistical methods can be used to establish the

mathematical relationship between structure descriptors and activity descriptors. The most simple

method is the widely used multiple linear regression. Fractional factorial design (FFD) algorithm

sometimes can be used to help pick up the descriptors that contribute more significantly to a linear

model[137]. Machine learning methods may also be applied to the model building. Cherkasov and

colleague used Artificial Neutron Network (ANN) to screen useful descriptors from hundreds of

structure descriptors [138, 139, 140, 141].

For a group of peptides that have similar structures, one to four structure descriptors are enough

to describe a biological activity. Pathak et al. [142] established a relationship between the min-

imal inhibitory concentration and three structure descriptors: hydrophobicity , amphipathicity,

α helicity. For β peptides, the activities of cyclic analogs of protegrin-1 can also be fitted into

equations of two variables: charge and lipophilicity of nonpolar surface[143]. Juretic focused on the

antimicrobial peptides produced by frog skins. They found that a “D-descriptor” which describes

the angle between the hydrophobic and hydrophillic residue clusters alone can effectively determine

the therapeutic index of the peptide [144]. Other than these factors, in vitro/in vivo aggregation

are also demonstrated to be important in determining the biological activity[145].

The descriptors that are normally used in ligand-protein studies[137, 146, 147] or the descriptors

collected from MD simulations [148] can also be used to predict antimicrobial peptide activities.

However, large numbers of descriptors are required in those cases because they are only loosely

correlated with the activity descriptors so that each of them contribute little to the linear model.
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1.4 Pore formation induced by membrane active peptides

Instead of finding the QSAR relationship, sometimes, the sequence patterns of active antimicrobial

peptides can also be established [149, 140, 150]. These patterns cannot help us determine the

activity of an antimicrobial peptide but can be used to discriminate non-antimicrobial peptides

from antimicrobial peptides.

1.4. Pore formation induced by membrane active peptides

The formation of transient pores in lipid bilayers is a crucial step in many biological processes

including the transport of molecules and ions across membranes, apoptosis, membrane fusion,

and drug & gene delivery [151, 152]. Recent experiments[153, 154] and computer simulations

[155, 156, 157, 158, 159, 160, 152] of protein-free bilayers in the fluid phase have provided new

insights on the localized density perturbations of membranes and the formation of transmembrane

pores.

1.4.1. Pore formation without peptide

Lipid bilayers separate the contents of all biological cells from the outside world. Their hydrophobic

interiors turn them into very effective barriers for charged species. The spontaneous formation of

pores in lipid bilayers is rare but can happen under electric [161, 162], and mechanical [163, 164]

tensions or when the temperature is close to phase transition temperature[165, 166].

Figure 1.8.: Types of pores formed inside membrane.

Two types of pores can be formed in the membrane depended on the stages of poration (Figure 1.8).

At the first stage, a so-called “hydrophobic pore” is formed under thermal fluctuation, ion penetra-

tion, or other external forces. At this stage, the pore is merely an opening in the membrane; there
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is no separation between the water channel and acyl chains. As the pore enlarges, it becomes highly

unfavorable because exposing the hydrophobic membrane interior to water is energy consuming.

The energy of hydrophobic pore can be calculated as [167]:

E = 2πRhσ0(R) (1.12)

where σ0(R) is the interface tension between hydrophobic lipid tails and water, R and h are the

radius of the pore and the thickness of the membrane respectively. The interface tension is not a

constant as one could intuitively assume. Instead, when the pore is small enough ( Less than a

length ρ, normally equal to 1 nm), the overlapping of water layers would significantly reduce σ0

[168]. Hence, an empirical function had been suggested [ref]:

σ0(R) = σ0(∞)I1(R/ρ)/I0(R/ρ) (1.13)

where In(x) is modified Bessel function of n-th order.

A more sophisticated model was suggested by assuming the water molecules exist in vapor form

inside narrow hydrophobic pores[169]. If no external tension is added, the energy of a ”vapor pore”

is suggested to be [169]:

E =
KA

2A0
(A−A0 − πR2)2 + 2πRhγtv + 2πR2γwv (1.14)

where KA is the compression modulus, A0 and A are the initial and final areas of the membrane;

γtv and γwv are the line tensions of the acyl chain and head groups respectively.

When the pore enlarges, it will fast evolve into “hydrophilic pores”, in which the lipids around the

pore region reorient to line the pore surface with head groups. The energy of hydrophilic pore is
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proposed by “classic nucleation theory” [170]:

E = 2πγR− πσR2 (1.15)

where γ is the edge energy ( “line tension”) of the pore wall and σ is the mechanical surface tension.

In Equation 1.15, the γ also is not a constant when the pore radius is small. The packing of lipids

along the wallside of a narrow pore leads to substantial deformation of molecular orders. The

contribution of this deformation to pore energy steeply rises when R approaches the size of the

lipid heads [165]. Unfortunately, the energetic of this deformation process is not well understood

and the energy of “hydrophilic pores” with small radius can only be speculated.

Tolpekina et al. [157]and Notman et al. [169] extended the above equation to elastic membranes

without external surface tension:

E =
KA

2A0
(A−A0 − πR2)2 + 2πRλ (1.16)

in which KA, A0, A , and γ are defined previously.

Based on the above theories, pore formation is unlikely under zero or negative surface tensions.

Even a pore opens due to the thermo fluctuations, it would reseal quite quickly. If a surface tension

is applied, the pores formed in the membrane still would not be stable. They would reseal if the

pore size is too small or enlarge to infinity if the pore radius exceeded a certain threshold.

Such a phenomenon is indeed observed. In GUVs, under tensions driven by adhesion of the vesicle

to appropriately treated surfaces, or by intense optical illumination in the presence of membrane

embedded fluorescent probes, a small opening can lead to an extremely large pore(10 - 20 µm in

radius) [171]. This pore is, however, transient. After several seconds, when the inner liquids leak

out and the membrane tension is reduced, the membrane will reseal. The kinetic process of pore

evolution can be well fitted into Equation 1.15 assuming the osmotic pressure changes with the

percentage of leakage.
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The free energy of pore formation can also be obtained from simulation methods [154, 160, 172].

The results also agreed witht the above models quite well.

1.4.2. Pores induced by the peptides

Based on the equations given above, the formation of a pore is possible only if : 1) there is an

external surface tension that stretches the membrane. 2) there are some molecules that can reduce

the energy of a lipidic pore. In the first case, the pores formed in the membranes are not stable:

it will close immediately after the pore opens or enlarges until a large fraction of enclosed content

leaked out. Peptides indeed can induce positive surface tension that lead to such cascade: magainin

can induce transient pores in GUVs that open up to 100µm and reseal to pores with much smaller

radii [173].

In more cases, stable pores were observed: Huang crystallized the pores and then visualized them

with x-Ray and cryo-EM [174, 175, 176]. LL-37 could increase the area of a GUV and create stable

pores on the membrane after a critical point [177]. Although the hydrophobic pores are quite

energetically unfavorable in their nature, formation of such pores is much easier with the assistance

of transmembrane peptides because the amphipathic peptide can separate the hydrophobic acyl

chains from water. Such type of pores are also called barrel-stave pores because peptides have to

form a well-defined bundle surrounding the water channel.

Forming hydrophilic pores is also likely to be accelerated by the antimicrobial peptides. Such types

of pores are often termed as “worm-holes” or “toroidal pores”. Well organized structure is not

necessary [178]. The reason peptides can facilitate and stabilize the formation of hydrophilic pores

is not quite clear right now. Antimicrobial peptides are generally considered to be able to reduce

the line tension of the membrane[179]. This can reduce the energy barrier for pore formation but

is not enough for pores to be metastable. To create a stable pore, the peptide must contribute a

negative free energy to create a local energy minimum at certain radius.
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1.4.3. Peptides inducing pores

1.4.3.1. alamethicin

Alamethicin is a peptaibol peptide which contains the non-proteinogenic amino acid residue Aib.

It is produced by the fungus Trichoderma viride. It can induce multiple level conductances un-

der transmembrane voltage [180, 181] and membrane tension [182]. The conductance levels are

reproducible by different experiments. Each discrete level can be explained by a corresponding

oligomerization state. Neutron in-plane scattering also suggested that the pores formed by alame-

thicin in DLPC have an inner radius of 9 Å and an outer radius of 20 Å[183]. The thickness of

the pore wall (11 Å) agrees with the diameter of an alamethicin helix [184]. The requirement of a

well organized structure suggests that the pore formation mechanism of alamethicin complies with

“barrel stave” model.

The structure of alamethicin pore was solved later by X-ray diffraction analysis[185]. The electron

density distribution map clearly indicates that the head groups are not present on the pore wall,

which further supports the ”barrel-stave” model. High-resolution EC-STM images also showed that

the alamethicin form well-defined 2D nanocrystals in which pore to pore distance is about 19 Å

[186].

Native alamethicin channels exhibit either cation selectivity or anion selectivity depending on which

end of the channel is at the low salt side of the membrane [187]. When the glutamine residue at

position 18 in the sequence is replaced by a lysine residue, an anion-selective channel can be obtained

no matter which end of the channel was at the low salt side of the membrane [187].

Even though alamethicin has a net charge of -1, its activitiy is not quite sensitive to the presence

of anionic lipids [188].

1.4.3.2. magainin

Magainin, a peptide in Xenopus laevis skin, was found to be active against bacteria, fungi, and

viruses but it has low toxicity against normal cells. More recently, magainin was reported to

selectively lyse tumor cells without killing healthy vertebrate cells [189]. Interestingly, PGLa,

another peptide that is found in frog skin, can synergistically enhance the activity of magainin [50].
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The structure of magainin is mainly helical, with a long α-helix at the N terminus and a short

π−helix at the C terminus. However, at peptide-to-lipid molar ratios of 1:10 a mixture of α-helical

and β-sheet conformations are detected by means of FTIR and rotational echo solid-state NMR

spectroscopy in the gel state DPPG and DPPC/DPPG 1:1 membranes[190] .

Determined from solid state 15N−NMR , magainin orients parallel to the membrane surface when

the concentration of magainin 2 is between 0.8 and 3 mole% [191]. Half of the peptides were found

to change to perpendicular orientation in DMPC:PG(3:1) when P/L is increased to 1/10 [192].

Similar orientation change is observed by ATR-FTIR, from which a tilt angle of 20◦ is determined

[193]. This change to transmembrane orientation suggests a pore formation mechanism for the

magainin. Besides, magainin can also induce lipid “flip-flop” [61]. Such action also is accompanied

by pore formation [61]. Leakage kinetics showed that the magainin pore could be tetrameric [194]

or pentameric [195].

In contrast to pores formed by alamethicin, a large range of conductivities of the pores, starting

at 1.8 pS, has been detected[196]. The size of pores can be determined directly from Neutron

diffraction [197, 192], X-Ray diffraction [198], Cryo-EM [199] or indirectly from osmoprotection

[200, 173]. With all these methods, the pore size was found to vary with the concentration of

magainin. The ”Worm-hole” model (or later called “toroidal pore”) was proposed for magainin to

explain the pore size of magainin determined by neutron diffraction experiment [192]. The inner

radius determined by this experiment is 15 - 25 Å with corresponding outer radius of 35 - 42 Å.

The difference between the inner and outer radius of magainin pores cannot be explained by the

thickness of a helix. The toroidal pore model was also supported by its selectivity for cations [49],

because, without reorientation of anionic lipids, the magainin bundle will create a positive potential

in the pore, which favors anions over cations.

“Detergent-like” and “Carpet” model could also be plausible explanations for magainin’s lytic

activities. 31P−NMR showed that magainin causes the formation of disk-like micelles in POPC

bilayers but not in anionic ones [201]. Spontaneous buckling of membrane was observed in µs

level simulations [202]. Studies on the kinetics of pore formation in GUV indicated that the pore

formation induced by magainin has two successive stages: a transient but huge pore is first formed

and then this pore reduces its size and stabilizes to several pores with much smaller size (< 35 Å)
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[173].

The molecular mechanisms for magainin are quite different on eukaryotic and bacterial membranes

[110]. The peptide forms pores with a diameter of v2.8 nm in B. megaterium, and translocates

into the cytosol. In contrast, it significantly perturbs the membrane of CHO-K1 cells, allows large

molecules (diameter >23 nm) enter into the cytosol, induces membrane budding and lipid flip-flop,

and accumulates in mitochondria and nuclei. Under the same surface bound peptide concentration,

the leakage induced by magainin is slightly higher in lipid vesicles with higher anionic lipid fractions

[203, 204].

1.4.3.3. melittin

Melittin, the major component of the honey bee venom, is a 26-residue hemolytic and membrane

active peptide [205].

In aqueous solutions, melittins aggregate into tetramers, which is further promoted by high salt,

melittin concentration, and pH. The three-dimensional structure of melittin tetramer has been

determined by X-ray crystallography at high resolution [206, 207] . A leucine zipper motif was found

in the melittin sequence, which is responsible for the high tendency of aggregation[208, 127, 209].

The ability to aggregate is crucial for melittin’s hemolytic activity. Mutations that destroy the

leucine zipper motifs will greatly reduce the hemolytic activity without affecting the antibacterial

activity [208, 127, 209].

Compared to magainin, melittin can easily adopt transmembrane orientation. Like alamethicin,

transmembrane potential can easily affect the orientation of melittin in membranes [210, 211].

The energy cost of transferring a melittin molecule to transmembrane orientation is so little that

transmembrane orientation is also observed in MD simulations [212].

In earlier studies, melittin was suggested to form barrel-stave pores. But the peptide concentration

required for poration is much higher than real channel forming peptides which can form pore at a

peptide/lipid ratio as low as 1/10000 [213].

Pores formed by melittin have discrete multilevel conductances [214, 215]. However, these levels

are not that well-defined and vary in different experiments. Like magainin, the pore size increases
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with rising peptide/lipid ratio [216, 112, 217]. In zwitterionic lipid vesicles, the inner radius of a

melittin pore is about 17.5–22.5 Å while the outer radius is about 35–40 Å[218, 219]. These results

are consistent with the studies by osmotic protection for erythrocytes that showed an estimated

inner pore radius of ~12.5–15 Å at high melittin concentrations [220, 217]. Like the pores formed

by magainin, the difference between the inner radius and outer radius is also too wide for a helix.

The activity of the pore formation of melittin is also suggested to be related with the spontaneous

curvature radius [221], which further supports the toroidal pore model. In this study, higher and

faster leakages are observed in membrane with positive spontaneous curvature. However, in contrast

with magainin, melittin pores showed selectivity for anions over cations [210], which is hard to be

explained by the toroidal pore model.

Presence of negatively charged lipids in the membrane had been shown to inhibit membrane lysis

by melittin and this inhibition is enhanced at increased surface charge density [83, 222, 223]. Dual-

color fluorescence-burst experiments also indicated that melittin induced leakage through different

mechanisms in neutral and anionic lipids: in neutral lipids, melittin induces pore formation; in

anionic lipids, melittin induces vesicle fusion [224].

1.4.3.4. protegrin

Protegrin-1 (PG-1) is an 18 residue peptide, isolated from porcine leukocytes with antimicrobial

activity. The structure of protegrin is a β-hairpin stabilized by disulfide bonds [225, 226].

PG-1 was reported to form anion-selective channels in planar phospholipid bilayers, even in anionic

ones [227]. The conductances of protegrin pores are in well separated discrete levels, indicating

that the pores have orderly structures[227].

The PG-1 peptides aggregate into NCCN antiparallel dimers in DPC micelles [228]. However, in

neutral POPC bilayers, NCCN parallel structure seemed more consistent with solid state NMR

experiments [229] . In simulations [230], both parallel and antiparallel dimers can be organized

into octamer pores that are stable for at least 30 ns. We later found that NCNC parallel structures

might make more stable octarmeric pores[231].

At low levels of hydration or temperatures, the protegrin pores can be crystallized[175]. The X-ray
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diffraction pattern for protegrin pore is similar to that of magainin instead that of alamethicin.

Atomic Force Microscopy (AFM) can also be used to visualize the protegrin pore structure. In

dioleoylphosphatidylserine (DOPS)/palmitoyloleoyl phosphatidylethanolamine (POPE) bilayers, a

pore is composed of 3-5 subunits, where each subunit can be a protegrin dimmer [232]. The inner

and outer radii of the pore are 6.5-7 Å and 26.5-27.5 Å respectively [232]. Based on this evidence,

the pores formed by protegrin should be toroidal pores.

As a cationic peptide, protegrin binds to anionic membranes with high affinity [233]. The interac-

tions of protegrin to zwitterionic and anionic lipids are, however, different. Revealed by 2H NMR

and 31P NMR, the head groups of phosphatidylcholine (PC) lipids show significant orientation dis-

order when protegrin is added while those of phosphatidylglycerol (PG) lipids stay in an isotropic

phase [234]. Wi and Kim [234] later tried to fit the spectra into theoretical models. They found

that the solid state NMR spectrum of PC lipids agrees with an elliptic toroidal pore model, al-

though the spectrum of PG lipids does not. Considering the factor that protegrin can induce pores

with even higher stability in anionic membranes [227], such pores must have been formed without

the requirement of reorienting the lipid head groups. Explicit simulation of an octameric pore in

POPE/POPG(3:1) membranes also confirmed that the pore structure resembles partially toroidal

and partially barrel-stave pore [235].
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2.1. Implicit membrane model

In the EEF1 [236] and IMM1 [237] implicit solvation models, the effective energy (Weff ) of a solute

is the sum of the intra-molecular energy of the solute (E) and its solvation free energy (∆Gslv):

Weff = E +∆Gslv (2.1)

E is calculated from the CHARMM19 force field, and ΔGslv is obtained as the sum of atomic

contributions, each calculated from a Gaussian solvent exclusion model:

∆Gslv =
∑
i

∆Gslv
i =

∑
i

∆Gref
i −

∑
i

∑
j

2∆Gfree
i

4π
√
πλir2ij

Vjexp(−
(rij −Ri)

2

λ2i
) (2.2)

where, the first term is the sum over all atoms whose solvation free energy is ∆Gref
i when it is fully

accessible to solvents, and the second term is the solvation free energy loss due to the shielding of

the atoms by their neighboring atoms: ∆Gfree
i is a value close to but not identical to ∆Gref

i , so

that the deeply buried atoms have zero solvation free energy; Ri is the van der Waals radius of the

atom i; rij is the distance between atom i and a neighboring atom j; Vj is the volume of atom j;

and λiis a correlation length describing how fast the solvation free energy density diminishes with

distance. The transition of ∆Gref
i from water to hydrophobic core of the membrane is described
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as a linear combination of the values for water and cyclohexane (mimicking hydrocarbon core):

∆Gref
i (z) = f(z)ΔGref,water

i + (1− f(z))ΔGref,chex
i (2.3)

where f(z) is a transition function that describes the transition of solvent from water to mem-

brane hydrophobic core (represented by cyclohexane), which is defined as a function of the the z

coordinate( z axis is assumed to be membrane normal in the model):

f(z′) = z′n/(1 + z′n), z′ =
|z|

(T/2)
(2.4)

The electrostatic interaction between two solute atoms was estimated by the distance dependent

dielectric model [238]. In this model, the dielectric constant ϵi,j that used to calculate the electro-

static interaction between two partial charges i and j relies on the distance ri,j between the two

charges:

ϵi,j = ri,j (2.5)

Because the dielectric constant in membrane is much lower than that in water, the Equation 2.5

was modified to an empirical equation:

ϵi,j = r
fi,j
i,j (2.6)

where fi,j = a + (1 − a)
√
f(z′i)f(z

′
j), and a is an adjustable parameter that we chose to be 0.85.

At this value, we found that the model gives membrane insertion or adsoption energies in correct

magnitude [237]. This model gives reasonable result with low computational cost.
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2.2. Implicit membrane model for planar anionic membrane

In the model presented in the previous section, the membrane is assumed to be neutral. To describe

the effect of anionic lipids on peptide binding, the electrostatic interaction energy between solute

atom i and the membrane is calculated as the sum over all atoms of the product of the electrostatic

potential at that point, with the partial charge of the atom [239]:

WGC =
∑
i

qi ∗ ϕ(r⃗i) (2.7)

If the charges of anionic lipids distribute uniformly on an infinite planar surface, the electrostatic

potential in the ionic solution adjacent to the membrane can be calculated from Gouy-Chapman

theory [240], an analytic solution of the Poisson-Boltzmann equation:

ϕ(d) =
2kbT

zq
ln

[1 + αexp(−κd)]
[1− αexp(−κd)]

(2.8)

In this equation (Equation 2.8), kb is the the Boltzmann constant, T is the Kelvin temperature, z is

the valence of the counter ions, q is the unit charge,κ is the inverse Debye length, d is the distance

to the charged plane, and α is defined as:

α =
exp(qϕ(0)/2kbT )− 1

exp(qϕ(0)/2kbT ) + 1
(2.9)

κ can be calculated as κ =
√

2ρz2q2

ϵ0ϵwkbT
, where ϵ0 and ϵw are the permissivity of vacuum and relative

permissivity of water (ϵw = 80) respectively, and ρ is the number of ions per volume.

ϕ(0) is the potential on the charged plane and can be calculated from the charge density of the
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2.3 Implicit membrane model for pores

plane σ0:

ϕ(0) =
2kbT

F
sinh−1[

σ0√
8ϵ0ϵwkbTρ

] (2.10)

where F is the Faraday constant and other parameters are the same as defined above. In our

model, the charged plane is assumed to be O Å outside the hydrophobic core (O = 3 Å to mimic

the distance between the phosphate and carbonyl groups of PG lipids), thus d = |z| − T/2 − O.

Inside membrane (d < 0), the potential is assumed to be equal to ϕ(0). The surface charge density

σ0 is calculated by anionic lipid fraction times the net charge per lipid divided by area per lipid (

σ0 = fa ∗ q ∗ z/AL).

2.3. Implicit membrane model for pores

The membrane model in section 2.1 was extended to pores with two different geometric shapes

[241, 242]. To describe pore shapes, the transition function f(z′) was replaced by f(r′, z′) because

the solvent components now change in both radial and axial directions:

f(r′, z′) =
z′n

1 + z′n
+

1

1 + r′n
− z′n

(1 + z′n)(1 + r′n)
(2.11)

in which z′ was defined in previous section. r′ is the normalized radial coordinate (r′ = r/R).

For a pore that possesses a cylindrical shape, the pore radius R is a constant (R0). Typical pores

that have this type of geometric shape are ion channels or barrel-stave pores. For toroidal pores

that have curved pore surface, we defined another geometric shape whose R follows a parabola

relationship with z′:

R = R0 +K0z
′2 (2.12)
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2.4 Numerical solution of Poisson-Boltzmann equation

In Equation 2.12 the constant R0 is the pore radius at the membrane center and K0 is used to

describe the curvature of the pore.

2.4. Numerical solution of Poisson-Boltzmann equation

The electric potential ϕ(r⃗) generated by a charge distribution ρ(−→r ) in a polarizable continuum

with dielectric constant ϵ(−→r ) can be described by Poisson’s equation:

∇[ϵ(−→r )∇ϕ(−→r )] + ρ(−→r ) = 0 (2.13)

For biomolecules in electrolytes, it is convenient to assume that there are two types of charges: fixed

charges of the biomolecules and mobile charges of the counter ions in solution. The distribution of

the ions can be modeled as a Boltzmann distribution. As a result, Equation 2.13 can be turn into

the following equation, namely Poisson-Boltzmann equation:

∇[ϵ(−→r )∇ϕ(−→r )] + 4π
∑
i

c∞i ziqλ(
−→r )exp[−ziqϕ(

−→r )
kbT

] + 4πρ(−→r ) = 0 (2.14)

where c∞i and zi are the concentration and valence of the ion species i and λ(−→r ) is a parameter

that describe the accessibility of a position to ions (0, unaccessible; 1, fully accessible).

For complex distribution of fixed charge ρ(−→r ), there is no analytical solution for Equation 2.14.

Numerical solution can be achieved by Newton methods which discretize the continuous solution to

a finite lattice, start with an initial guess for the ϕ(r⃗) of each lattice point and iteratively improve

the guess by converting the equation into a linear equation using current solution. Different soft-

ware packages provided different discretization methods and equation solvers. A software package,

APBS[243], utilizes cubic lattices and a multilevel solver that solves the Poisson-Boltzmann equa-

tion on a coarser level of discretion first and use the solution to speed up the calculation of finer

levels [243].
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2.4 Numerical solution of Poisson-Boltzmann equation

To obtain an accurate ϕ(r⃗), the boundary potential must be correctly given [244]. For membrane

systems whose fixed charges are close to the boundary, it is difficult to give correct initial estimation.

One way to solve this issue is to start with a system whose boundary is far away from the fixed

charges and continuously move the boundary to the fixed charges[244]. The system to be studied

is first placed in the center of a large lattice box whose boundary is far away from the system of

interest. The space between system of interest and boundary is filled with ionic solutions. In this

case, it is reasonable to assume that the potential at the boundary is zero. The Poisson-Boltzmann

equation will be solved on the lattice and then the solution is used to calculate the boundary

potential of a smaller lattice whose boundary is closer to the system of interest. By continuously

reducing the lattice size and focusing on the system of interest, we can obtain more and more

accurate ϕ(r⃗).
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3. Orientation of transmembrane peptides

The orientation of transmembrane peptides was suggested to comply with the hydrophobic mis-

match theory. That is, when a peptide has a longer hydrophobic segment than the membrane

hydrophobic thickness, the peptide will tilt to fit its hydrophobic segment with the membrane.

Based on this theory, the tilt angles of a series of designed peptides should be moderate. This is

verified by multiple methods, such as 15N-NMR and FTR-IR. However, the observed tilt angles

from solid state 2H- NMR experiments are small. Here, we examined the peptide orientation in MD

simulations using implicit and all-atom membrane models. We observed that the peptides adopted

moderate tilt angles as suggested by the hydrophobic mismatch theory. We further explored the

energy landscape of peptide orientation. The optimal tilt angle at each membrane thickness also

agreed with the hydrophobic mismatch theory. The energy barrier for rotation is small so that

the peptides can have rapid rotation motions. Using the angular information obtained from the

solid state NMR experiments, we restrained the peptide side chains in the MD simulations. The

tilt angles of the generated structure ensembles are small. To make the peptide orientation agree

with the MD simulations, the motion averaging of the NMR spectrum at small time scales must

be considered.

3.1. Method

3.1.1. Peptide conformation

The peptide conformations were constructed as ideal α-helices by assigning the ϕ/ψ angle of the

peptide backbones to be -47◦and -57◦. The sequence of the four peptides we studied are :

WALP23 : GWW(AL)nLWWA-NH2
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3.1 Method

WLP23 : GWW(L)nLWWA-NH2

KALP23 : GKK(AL)nLKKA-NH2

KLP23 : GKK(L)nLKKA-NH2

The constructed conformations were minimized in implicit solvent using the steepest descent

method and then used for MD simulations.

3.1.2. Implicit simulations

To simulate the peptide orientation in implicit membranes, the minimized conformation of each

peptide was first oriented parallel to the membrane normal with its mass center placed at the

origin of the coordinate system. For each peptide, we ran four simulations at different membrane

thicknesses (see Table 3.1) in the IMM1 neutral membrane model[237] and each simulation lasted

10 ns.

Illustration of how tilt and rotation angles are defined in literature can be found in Figure 1.1.

To calculate the tilt/rotation angles, we first calculated three vectors: the helix axis H⃗ , the

perpendicular line R⃗ from the reference atom ( the Cα atom of the glycine residue) to helix axis,

and the cross product of R⃗ and H⃗. Then we projected the z axis to the R⃗ and R⃗ × H⃗ plane. The

tilt angle of the peptide was calculated as the angle between the membrane normal (z-axis) and

the helix axis. The rotation angle was calculated as the angle between R⃗ and the projection of z

(z′). The tilt and rotation angles were calculated as the average values of all conformations in the

last 5 ns of each simulations.

3.1.3. Explicit simulation

The final conformation of WALP23 in the implicit simulation at membrane thickness 23.5 Å was

used for explicit simulations.

Two completely different membrane systems were built:

In the first system, pre-equilibrated DMPC lipids were randomly placed round WALP23 to create

a membrane around it. The hexagonal simulation box was used to make sure the lipids distribute

43



3.1 Method

more uniformly around the peptide. Several simulations were carried out with different surface

tensions or with fixed surface area (see Table 3.2). In each simulation, the system was heated and

equilibrated for 4 ns with the peptide’s backbone atoms that are constrained in their intial positions

and then the simulation was continued for up to 20 ns with the constraints removed. CHARMM27

parameter set was used for the simulations of the first system.

In the second system, WALP23 was inserted into a well-equilibrated DMPC membrane in the

orthogonal shape at a higher hydration level. The lipids that were overlapped with the peptide

were removed. The system was also heated and equilibrated for 4ns with constraints on the peptide

backbones and then continued 20 ns without any constraints. Only one simulation was carried out

with constant surface area. CHARMM27r parameter set was used for the simulations of the second

system.

The details of simulations are listed in Table 3.2. All simulations were carried out using the NAMD

simulation package. The tilt and rotation angles were determined in the same way as in the previous

section. The membrane thickness was calculated as the distance in z axis between the average mass

centers of the carbonyl groups in the upper and lower leaflets.

3.1.4. Energy landscape

To construct the energy landscape of peptide tilt, each of the four peptides constructed in subsection 3.1.1

was tilted and inserted into membranes with thickness ranging from 10 – 30 Å and step size of 1

Å. In each membrane, the tilt angle of the peptide was changed from 0◦ to 90◦ with step size of

5◦. In each tilt/thickness combination, the peptide was simulated for 200 ps to allow the peptide

to find its optimal conformation and then the system was energy minimized with 1000 steps of

steepest descent. To maintain the tilt angle of the peptide, its Cα atoms were restrained in a

cylinder whose radius is around 2.6 Å and the main axis coincides with the initial peptide axis.

The mass center of the peptide was initially placed at the center of the membrane and was allowed

to move freely between ±T/2 if T is the thickness of the membrane hydrophobic core. For each

tilt/thickness combination, we calculated the transfer energy ∆W of the final conformation by

transfering the peptide from membrane to water and calculating the difference in effective energy

(∆W =Wmemb −Wwater) .
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3.1 Method

To construct the energy landscape of peptide rotation, only one membrane thickness was studied (

T=23.5 Å ). Each peptide was tilted from 0◦ to 90◦ with step size of 5◦and rotated from 0◦ to 360◦

with step size of 10◦. The same method was used to constrain the tilt angle and the mass center.

The peptide’s rotation angle was constrained by constraining Cα atom of the reference residue

glycine on a plane that is parallel to the helix axis and that passes through the initial position of

the Cα atom of the glycine residue. For each tilt/rotation combination, the peptide was simulated

for 200 ps and then energy minimized with 1000 steps of steepest descent. For each tilt/rotation

combination, we calculated the ∆W of the final conformation.

The energy landscape was constructed by plotting ∆W against tilt angle and membrane thickness

or tilt and rotation angles. Because the tilt and rotation angles might deviate slightly from the

constrained values, the acutal tilt and rotation angles were used to prepare the plots. The contour

maps was generated with gnuplot.

3.1.5. MD simulations with angular constraints

To obtain structures that agree with solid state NMR data, we applied constraints to the intra-

molecular angles (β) to make them stay close to the experimental values (β̄) . The constraint

energy has a harmonic form:

E =
N∑
i

ki ∗ (βi − β̄i)
2 (3.1)

The angle β is normally a angle between a chemical bond and the direction of the magnetic field

(z axis). The MMFP module was modified to provide the functionality of constraining a bond

orientation to a given direction. The constraint can be called using the following command under

CHARMM:
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3.2 Peptide orientation in MD simulations

mmfp

geo vector -

force k tref β̄ -

xdir 0.0 ydir 0.0 zdir 1.0 -

sele atom1 end -

sele atom2 end

end
where the direction of the magnetic field is defined by its three components in x (xdir), y (ydir),

z(zdir) directions (in our case, it points to z axis); the bond vector is defined by two atoms (“sele

... end”, the first atom is the origin of the vector, the second atom is the end of the vector).

For 2H NMR, the angle β̄ between Cα-Cβ bond vector and magnetic field direction can be cal-

culated from the 2H NMR quadrupole splitting (QS) using the following equation (derived from

Equation 1.3 ):

β̄ = ±acos(1±
4∆vQ
3QCC

) (3.2)

We calculated β̄i of different alanines from Table 3.3. Because for each alanine there are four

possible β̄i given by Equation 3.2, combinations were generated. For each combination of β̄i angles,

a short simulation (500 ps) was carried out with each labeled alanine constrained to its experimental

orientation (a force constant k of 100 kcal/mol/rad2 was used for all alanines ). The last 250 ps

of these simulations were combined together and the conformations were ranked by their potential

energy and rmsd (Equation 1.4). Conformations with both potential energy and rmsd in the lowest

10% were included in the final structure ensemble. The peptide orientation were calculated from

the conformations in the final ensemble.

3.2. Peptide orientation in MD simulations

First, the tilt angles of four peptides — WALP23, WLP23, KALP23, KLP23 — that have different

flanking residues and hydrophobic segments were calculated from the implicit simulations and
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3.2 Peptide orientation in MD simulations

compared to the GALA method. Table 3.1 shows the results. The tilt angles calculated from the

implicit simulations are larger and more significantly affected by the membrane thickness than the

ones obtained from the GALA method. The hydrophobicity of the central segment does not affect

the tilt angle critically. Compared to the interface favoring residue tryptophan (W), the polar

residue lysine (K) makes the peptides tilt smaller in the implicit simulations. This is different from

the observation based on the GALA method, which is understandable: the polar residues prefer

to stay in the water rather than on the membrane surface, which pushes the peptides to be more

closely parallel to membrane normal.

Table 3.1.: Peptide orientation in implicit MD simulations at different membrane thicknesses.

Peptide Membrane Hydrophobic thickness GALA tilt MD simulation
Å /◦ /◦

WALP23
di-18:1 PC 26.5 4.8 13.3
di-14:0 PC 23.5 5.2 24.0
di-13:0 PC 21 7.5 32.8
di-12:0 PC 19.5 8.1 36.9

KALP23
di-18:1 PC 26.5 4.8 12.0
di-14:0 PC 23.5 7.6 17.8
di-13:0 PC 21 9 24.8
di-12:0 PC 19.5 11.6 31.1

WLP23
di-18:1 PC 26.5 4.5 10.1
di-14:0 PC 23.5 8.1 18.5
di-13:0 PC 21 8.9 32.6
di-12:0 PC 19.5 11.4 36.8

KLP23
di-18:1 PC 26.5 6.4 10.9
di-14:0 PC 23.5 8.3 14.3
di-13:0 PC 21 9.4 22.4
di-12:0 PC 19.5 10.6 28.1

We also carried out simulations in all-atom models. In these simulations, the surface tension was

changed to stretch the membrane to different thicknesses. The tilt angles in these simulations are

even larger than the ones we found in the implicit simulations and have a correlation with the

membrane thickness. Hydration level may also affect the tilt angle; in a simulation with increased

hydration level (Table 3.2 MD_Orth), the tilt angle of the peptide is smaller. Even so, the tilt

angle is much larger than the ones given by GALA method.

Although tryptophan residues tend to anchor the peptides to the membranes, the tilt and rotation
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3.3 Energetic maps of peptide orientation

angle of WALP23 are not very restrained. The tilt angle can fluctuate up to ±10◦ and the rotation

angles can vary between 0-100◦. The rotation motion is especially significant: the peptide can

change its Azimuthal rotation angle for 50-100◦ in 10 ns.

Table 3.2.: Orientation of WALP23 in the explicit DMPC membranes.

Name P/L ratio Periodic box Hydration Level Surface Tension Membrane thickness Tilt Simulation Length Force Field
(L:W) (Carbonyl-Carbonyl)

MD_Hex 1/100 Hexagonal 1:13.6 55.0 Å2 fixed area 28 Å 35◦ 20ns Charmm27
MD_Hex+40 1/100 Hexagonal 1:13.6 +40 dyn/cm 22.5 Å 40◦ 9ns Charmm27
MD_Hex+80 1/100 Hexagonal 1:13.6 +80 dyn/cm 17 Å 62◦ 20ns Charmm27
MD_Orth 1/62 Orthogonal 1:28.7 60.5 Å2 fixed area 25 Å 27◦ 19ns Charmm27r

3.3. Energetic maps of peptide orientation

3.3.1. tilt angles in different membrane thickness.

Using an implicit membrane model, it is possible to explore the energy landscape of peptide tilt.

We calculated the transfer energy from water to membrane ( ∆W ) of peptides at different tilt

angles (τ) and different membrane thicknesses. This quantity (∆W ) is preferred over the absolute

effective energy (W) because it shows the energy cost of inserting a peptide into the membrane.

In Figure 3.1, we plotted the ∆W against tilt angle and membrane thickness. At each membrane

thickness (T), we observed that each peptide has an optimal tilt angle τ0 at which the transfer

energy ∆W is at its mimimum. τ0 changed with T following τ0 = A ∗ acos(TL ) (the red thick lines

inside the figure), where L is the hydrophobic length of the peptide and A is an empirical constant

that might be related with the hydrophobicity of the center segment. Based on the graph, WLP23

and KLP23 have slightly shorter hydrophobic length L but higher hydrophobicity A than WALP23

and KALP23; their optimal tilt angles increased faster with the membrane thickness.

The energy differences between the optimal tilt angles and the other tilt angles are affected by both

the hydrophobicity A and the flanking residues. Buring lysine or trytophan residues in membranes

is quite unfavorable, so that all four peptides have much higher energy at tilt angles larger than

optimal tilt. The differences (∆∆W ) in∆W between those tilt angles and the optimal tilt angles are

between 20-50 kcal/mol. The WALP23 also have quite unfavorable energy (∆∆W ≥20 kcal/mol)

at small tilt angles (< optimal tilt) in thin membranes ( T ~ 10-15 Å) while WLP23 have even
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3.3 Energetic maps of peptide orientation

higher ∆∆W . In contrast, small tilt angles are only slightly unfavorable ( ∆∆W < 10 kcal/mol)

for lysine flanked peptides KALP23 and KLP23.

Figure 3.1.: Transfer energy ∆W of peptides at different membrane thicknesses and tilt angles.
The thick red lines were drawn based on cosine functions.

3.3.2. Rotation angles of transmembrane peptides

The correlations between tilt and rotation of the peptides were also studied (Figure 3.2). Flanking

residues play an important role in the rotation angle ρ. Under the optimal tilt angles (around 20-30◦

determined from Figure 3.1), both WALP23 and WLP23 have a range (the darker regions pointed

by red arrows) of rotation angles that have more favorable ∆W (~5 kcal/mol lower) than other

rotation angles. To rotate around the helix axis, WALP23/WLP23 should also overcome several

energy barriers (the isolated red regions at tilt ~20-30◦ in which the ∆W is 5-10 kcal/mol higher

than the other rotation angles). In contrast, KALP23 and KLP23 have no difficulty in rotating

around the helical axis; the energy differences between different rotation angles are quite small
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3.4 Refinement of peptide orientation using solid state NMR data

(<5 kcal/mol). This is understandable: tryptophan prefers anchoring the membrane interfaces and

has a quite rigid structure while lysine can rotate freely. However, even for tryptophan flanked

peptides, the energy barrier won’t exceed 15 kcal/mol. All four peptides could have fast rotation

motion around their axes.

Figure 3.2.: Transfer energy ∆W of peptides at different tilt and rotation angles in DMPC mem-
brane (hydrophobic thickness= 23.5 Å).

3.4. Refinement of peptide orientation using solid state NMR data

The traditional GALAmethod suffers from two major problems: 1) the peptide structure is assumed

to be an ideal helix. 2) the measurement of NMR spectra subjects to molecular motions. MD

simulations can be used to obtain structure ensembles from solid state NMR. Similar to the structure

refinement using distance information, the angles of several NMR probes can be constrained to the

experimental values and MD simulations can be carried out to sample the conformational space

until structures with both low potential energy and high agreement with NMR data were found.

We modified the CHARMM source code to incorporate constraints for NMR angles. To test whether

the angular constraint can be used to extract overall peptide orientation, we calculated the angles of
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3.4 Refinement of peptide orientation using solid state NMR data

several alanine side chains with respect to NMR axis (assumed to be z axis) from a free simulation.

Constraining a peptide with the obtained angular information in another simulation, the overall

orientation of peptide in the constraint simulation matched with the original simulation (result not

shown).

We thus used our method to refine the peptide orientation with the following NMR data shown in

Table 3.3. The possible alanine side chain orientations were calculated from the listed quadrupole

splitting |∆γq| as stated in the method section and the corresponding alanine residues were con-

strained in the MD simulations to experimental orientations. Because a |∆γq| value may correspond

to four different alanine orientations, we carried out multiple simulations to explore all possible

combinations. The structure ensemble with both low energy and rmsd to experimental spectra was

filtered from the generated trajectories.

Table 3.3.: List of experimental 2H-NMR quadrupole splittings. An asterisk beside a number
means that the value was estimated from neighboring residues.

Peptide Membrane |∆γq| Source
Ala 5 Ala 7 Ala 9 Ala 11 Ala 13 Ala 15 Ala 17 Ala 19

van der Wel et al. [19]WALP19−
Ax − d4

DLPC 7.2 3.3 11.3 2.6 14.0 0.0 NA NA
DMPC 6.6 7.8 8.7 4.6 12.8 0.0 NA NA
DOPC 4.4 11.4 7.0 6.8 11.9 1.5 NA NA

WALP23−
Ax − d4

DMPC 9.3 1.0∗ 11.3 2.0∗ 12.8 1.0∗ 12.3 2.0 Strandberg et al. [20]

The tilt angle and rotation angle distributions in the result structure ensembles are shown in

Figure 3.3. The tilt angles are quite small (≤15 ◦) and do not follow the trend of hydrophobic

mismatch. The rotation angles are not quite restricted to certain value.
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3.4 Refinement of peptide orientation using solid state NMR data

Figure 3.3.: Tilt and rotation angle distributions of WALP19 and WALP23 peptides in the struc-
ture ensembles refined with NMR restraints.

In latest studies [42], a similar method was used to incorporate the solid state NMR constraint

into the simulation. Similarly, if only one peptide is used in the simulation, the determined tilt

angle is small. However, if the system contains several peptides(≥32) and assumes the theoretical

quadrupole splitting to be an average value of all peptides, the resulting tilt angle is quite close to

that of explicit simulations.

In general, the intensity of the NMR spectrum indicates the probability of observing a certain

conformation to exhibit certain spectrum shift. The location of the peaks should be only related

to the distribution of conformations. If this is the case, simulating one peptide and 32 peptides
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3.4 Refinement of peptide orientation using solid state NMR data

won’t lead to dramatically different results. However, the molecule can move much faster than

NMR spectrum can resolve. The interval of interconversion between different conformation states

can be much smaller than the NMR time scale. Thus, we would get an unresolved spectrum

which represents the average conformation of an structure ensemble. The quadrupole splitting

should be calculated from that average conformation and the NMR spectrum should be a result

of distribution of many of these average conformations. This raises a question: is the molecular

motion fast enough to confuse the NMR spectroscopy? The retention time of peptide tilt/rotation

motion is in the scale of tens of nanoseconds. The time scale of scalar coupling is normally in

the range of microseconds. The rapid motion of peptide in liquid membranes will have quite a

significant effect on the NMR spectrum. Fortunately, such an effect has been corrected by recent

studies assuming the theoretical quadrupole splittings are calculated from a structure ensemble

with various tilt and rotation angles[245, 34, 35].
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4. Pore formation in anionic membranes

Many membrane active peptides induce pores, either transient or stable ones. Their abilities to

induce pores are crucial for their biological actions. Two types of pores can be induced by membrane

active peptides: barrel-stave or toroidal. In a barrel-stave pore, the peptides form a bundle that

separates the water from the hydrophobic interior of the membrane. In a toroidal pore, the lipids

themselves bend and line the pore surface with head groups. Many of the membrane active peptides

are highly cationic. Their pore formation abilities should be affected by anionic lipids significantly.

However, the effect of anionic lipids on the pore formation is sometimes ambiguous: magainin, a

cationic peptide, induces pores in anionic membranes at lower concentration than in zwitterionic

ones [203, 204]; melittin, which is even more cationic than magainin, has lower pore formation

ability in membranes containing anionic lipids[83, 222, 223, 224, 217].

In this section, a theoretical method to model pores in anionic membrane is provided to explain

the lipid preference of magainin and melittin by their transfer energy to anionic pores. In this

method, the electrostatic potential is obtained from numerical solutions of the Poisson-Boltzmann

equation and used to calculate the electrostatic interaction energy between peptides and membrane

in the IMM1 implicit membrane model. A double charge layer model is used to incorporate the

effects of the membrane dipole potential. The inhomogeneity of the charge density in the toroidal

pores, characterized by explicit membrane simulations, is also included in the model. Using this

method, the transfer energy of a peptide to different pores can be calculated. The transfer energy

of magainin and melittin to toroidal pores varied with the membrane anionic content, in correlation

with their lipid selectivity that had been observed experimentally. This model was also used to

determine the stablility of three models of protegrin pores. We found that the NCNC parallel

structure is more stable than the other two models proposed by the experiments.
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4.1. Method

4.1.1. Geometric modelling

For a planar membrane, any property (dielectric constant, charge density etc.) can be described by

a one-dimensional function f(d) , in which d is the distance to the membrane surface. To calculate

the value of a property at a point r⃗ adjacent to a curved membrane surface, we can approximate

the curved surface by its tangent plane at the point r⃗′ on the surface closest to r⃗ . Now d becomes

the distance between r⃗ and r⃗′, i.e. the shortest distance between r and the membrane. Under

this approximation, the 3-dimensional function f(r⃗) can be obtained from the corresponding one-

dimensional function f(d) by simply calculating d. This approximation should be perfectly valid

for membrane systems, because the membrane properties normally only change dramatically in the

membrane interface region where d is small enough. The distance d can be calculated using a fast

marching algorithm, or from an analytical solution of ∂d/∂(r⃗′) = 0 if better accuracy is desirable.

The surface of the toroidal pore in our model is defined as the interface between hydrophobic core

and polar head groups, given by the equation: {r⃗ : g(r⃗)=0}, where g in cylindrical coordinates is:

g(r, z) =


r −R0 −K0(z/(T⁄2))2 , r < R0 +K0

z − T/2 , r≥R0 +K0 and z > 0

z + T/2 , r≥R0 +K0 and z < 0

(4.1)

For barrel-stave pores, we assume the pore shape to be cylindrical. The head groups are not

present on the pore wall and solvent environment transits sharply from hydrophobic core to water;

a different method is thus used to model this discontinuity. The distribution function f(d) inside a

cylindrical region of the planar membrane is set equal to the value in solution (f(∞)).

4.1.2. Explicit simulations

Explicit simulations were first carried out using NAMD[246] before we modeled the pores in implicit

models to determine the charge distribution on the pore surfaces. Using the geometric modeling
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method introduced above, geometric restraints were added to NAMD to create and maintain pore

shapes in pure lipid membranes using the distance based harmonic and Gaussian restraint functions:

Harmonic restraint : W (d) = k(d− d0)
2 (4.2)

Semi−Harmonic restraint(inside) : W (d) =


0 , d− d0 ≤ 0

k(d− d0)
2 , d− d0 > 0

(4.3)

Semi−Harmonic restraint(outside) : W (d) =


k(d− d0)

2 , d− d0 ≤ 0

0 , d− d0 > 0

(4.4)

Gaussian restraint : W (d) = k(1− exp�(−(d− d0)
2

�2 )) (4.5)

,in which k is the force constant, d is the distance to the membrane surface, and d0 is the shift of

restraint center from the membrane surface. To save computation time, the restraint energy values

inside the periodic cell were pre-calculated at the beginning of the simulations. The restraint on

each atom in the simulations was looked up from the table based on the location of the atom. The

restraint forces were calculated as the first order derivatives of the restraint energy. If the location

of an atom does not fall exactly on a grid point, its restraint energy and forces were calculated

from tri-linear interpolation of the 8 adjacent grid points.

These restraints were applied to planar bilayers to create a R0 = 20 Å, K0 = 20 Å pore inside the

membranes. 100% DMPG and DMPC/DMPG(1:1) mixture planar bilayers were constructed as

initial systems using CHARMM-GUI[247] and equilibrated for 1 ns. Both systems were constructed
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to have an area of 90 Å × 90 Å, 212 lipids and a lipid/water ratio of 1/36.5. The ion concentration

(NaCl) was set to 0.1 M with additional Na+ counterions added to neutralize the lipid charge. Then

the restraints were applied using the following protocol: first, a 1 kcal/mol harmonic restraint was

applied to the head groups to push them to the pore surface. At the same time, 0.5 kcal/mol semi-

harmonic restraint (inside) to the lipid tails and 2 kcal/mol semi-harmonic restraint (outside) to the

waters were also applied to make sure the lipid tails stay inside the membrane and the waters stay

outside the membrane (the restraint force constants were empirically chosen). Under such restraints,

the membrane systems were simulated for 2 ns. Then the restraints on the lipid tails and waters

were removed. The restraint on the head groups was changed into a Gaussian restraint with force

constant of 1.0 kcal/mol and correlation length (σ) of 0.5 Å to maintain the pore structure but not

overly disturb the head group distribution. The simulations were continued for 20 ns to equilibrate

the pore system. The last 1 ns was used to analyze the head group distribution. All simulations

above were carried out under the NPγT ensemble using NAMD2.8 and the CHARMM36 force field

[248]. Since this new version solved the problem of area per lipid shrinkage during the simulations,

surface tension γ was kept at zero to create a tensionless membrane environment.

To calculate the head group distribution, the locations of the head group centers of mass were

determined and mapped onto a 3D-lattice (0.5 Å resolution). We then counted the probability

of a head group appearing in each grid point during the last 1 ns of the simulations. To get

a smoother distribution, Gaussian smoothing was used by assuming that the probability p of a

head group appearing at position d Å away from its center of mass is a Gaussian function of d (

p =
exp(− d2

σ2 )´
exp(− d2

σ2 )dd
). For each grid point on the lattice the contributions from different head groups

and frames were summed up and averaged. The standard deviation σ of the Gaussian function was

chosen to be 4.548 Å so that the center of mass locates within an area of 65 Å2, corresponding to

the average area per lipid in membranes.

4.1.3. Electrostatic model for anionic membrane

The dielectric properties of the bilayer are represented by a five-slab model (Figure 4.1). The

dielectric constant ϵ(d) depends on the distance (d) to the surface of the hydrophobic core as
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follows:

ϵ(d) =


ϵmemb , d < D

ϵhead , 0 ≤ d ≤ D

ϵwater , d > D

(4.6)

Figure 4.1.: Electrostatic model for Poisson-Boltzmann calculations illustrated for a planar mem-
brane. The dielectric constant ϵ, ion accessibility λ and charge density ρ are defined as a function
of the distance to the hydrophobic core surface (d). The charges inside the head group area are
considered to be distributed in two layers of charge with opposite sign (represented by + and
- respectively). Each charge layer is considered to be distributed in a Gaussian function with
density �+/�− and width �+/�−. The negative charge layer is fixed to the location of phosphate
groups in PG membranes (solid line, O− = h, where h = 3 Å). The separation of the two charge
layers is defined as Sep ( Sep = O− −O+).

where ϵmemb is the dielectric constant inside the membrane and has a value of 2. Inside the interfacial

region the dielectric constant, ϵhead , is 10 in order to match the theoretical calculations for the

region close to carbonyl groups [249, 250, 251, 252]. The width, D, of this region is 3 Å so that
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the boundary is around the phosphate group. This would resemble the head group region better

than considering the whole head group region dielectric medium: the region above the phosphate

groups should have a dielectric constant and ion permeability similar to water [252]. In solution

the dielectric constant ϵwater is 80. The ion accessibility factor is defined as:

λ(d) =


0 , d ≤ D

1 , d > D

(4.7)

so that ions cannot penetrate below the phosphate groups. The ions were assumed to be monovalent

and have a radius of 2 Å. Setting the ion accessibility boundary on the membrane surface reproduces

better the Gouy-Chapman theory [253].

In order to mimic the membrane dipole potential, we defined two layers of charges as previous work

[254]. The charge density of each layer was defined as a Gaussian distribution function:

ρ(d) =
∑
i

ρi√
2πσ2i

exp[−(d− oi)
2

2σ2i
] (4.8)

where ρi is the charge per area for each charge layer, oi is the offset of the center of each charge layer

from the membrane surface, and σi is the Gaussian width. i is + and – for the positive and negative

charge layers, respectively. The charge density ρ+ was set to +1q/A (A is the area per lipid, 68 Å2

as for DOPC/DOPG membranes; q is the charge of a proton). ρ− was set to–(1 + Zl ∗ anfr)q/A

(anfr is the fraction of anionic lipids and Zl is the net charge of an anionic lipid molecule). The

negative charge layer is located on the plane of the phosphate groups (o− = h), consistent with the

implementation of the Gouy-Chapman theory in IMM1[239]. The positive charge layer was placed

below the negative charge layer (o+ = h − Sep) so as to create a positive dipole potential in the

membrane interior. The value of Sep was adjusted to best match experimental data (see Results).

In toroidal pores, the head group density, and thus the charge density, may not be uniform on the

curved surface. We considered this effect by introducing an inhomogeneous toroidal pore model. In
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this model, the charge density on the pore rim is assumed to be equal to that of the planar membrane

(ρ0), while the charge density per unit area in the pore is assumed to change quadratically with

|z′|:

ρ(z′) = ρ0 ∗ [h+ (1− h) ∗ z′2] (4.9)

The quadratic function is chosen based on the lipid headgroup distributions in Figure 4.2 and

Figure 4.3. The homogenenity factor (h) is used to describe the ratio of the charge density in the

center of pore wall over the charge density in the pore opening. If h = 1, ρ(z′) ≡ ρ0; the pore is a

homogeneous toroidal pore. Explicit simulations were used to estimate the proper value of h, but

the entire range of values was tested to obtain insights into its effect.

4.1.4. Finite Poisson Boltzmann Calculation

The PB equation was solved numerically using a finite element method implemented in the APBS

package [243]. The space was discretized into a finite lattice box. Each grid point was assigned a

dielectric constant value, ion accessibility factor, and charge density by the distribution functions

presented above. Instead of using the value at the grid center, we used the average value in the grid

volume for better accuracy. The distribution maps of these values are saved in openDX format,

readable by APBS.

All membrane systems studied have dimensions 240Åx240Åx240Å and are centered at the origin

of the coordinate system. These membranes are embedded into cubic boxes with edge length 640

Å filled with aqueous ion solution (0.1 M). The boundary potential was set to the Multiple Debye-

Hückel boundary conditions. For improved accuracy, focusing was used, i.e. the calculation was

successively run in cubic boxes with edges of 480 Å, 240 Å, 120 Å, and 80 Å. For each run, the

potential of the previous run was used as the boundary potential. All these boxes were divided into

a 161x161x161 grid. The electrostatic potential was finally obtained in a region of 80 Å x 80 Å x

80 Å of the membrane and at a final resolution of 0.5 Å.

Creating these focusing systems and carrying out the PB calculations for a single membrane took
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about 20 minutes with a currently available single processor core (i7 2.0 Ghz). A membrane

preparation package (mbuild) similar to APBSmem [255] was developed to automate and customize

the calculation process.

4.1.5. Implicit Simulations

The IMM1 Gouy-Chapman module in the CHARMM program was modified so that the ana-

lytical Gouy-Chapman electrostatic potential (ϕGC) is replaced by the numerical solution of the

Poisson-Boltzmann equation (ϕPB). Tri-linear interpolation was used to get the ϕPB value and its

derivatives at any given point.

For initial application of the model we chose the well-studied antimicrobial peptides magainin

[256] and melittin [207] as model peptides. The peptide structures were obtained from the PDB

database[257] (PDB codes: 2mag and 2mlt, respectively). For the simulations of the peptides on

planar membranes, the peptide was placed on the membrane surface with its helical axis parallel

to the membrane. The peptides were oriented so that the hydrophobic side faces the membrane

interior. The peptides were first restrained on the surface using a planar restraint for 5 ns, and

then simulated freely for 3 ns. The simulation time is similar to the previous version of IMM1 and

1 ns simulation takes around 1 CPU hour on a single 3.0GHz core.

For pore simulations, we also rotated the peptide so that the hydrophobic residues are facing the

pore wall and aligned them with the pore wall (center of mass located at z = 0, r = R0 , and the

helical axis parallel to membrane normal). The peptides were first restrained inside the pore for 5

ns. This was done using a planar restraint , i.e. the restraint energy is zero if the peptide center of

mass is inside the pore (|z| < T/2) or a harmonic function of the distance to the membrane surface

planes (|z| − T/2) with force constant 5 kcal/Å2 if the peptide center of mass is outside the pore.

An additional 3 ns simulation was then performed without the restraint. If the peptide did not

stay inside the pore during the 3ns, the trajectory was discarded and the last 2 ns of the restrained

simulation was used for analysis.

All simulations were repeated four times using different initial random velocities. In all simulations,

the temperature was kept constant at 298 K and the Verlet integration method was used. The

binding energy of the peptides to the membrane was estimated by the effective energy change
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(ΔW) upon transferring the peptide from the membrane (Wmemb) to water (Wwater), keeping the

conformation fixed. The preference of the peptides for pore walls relative to the planar membrane

was estimated by the relative binding energy (ΔΔWeff = ΔWpore−ΔWplanar). The last 3 ns of the

trajectories were used to calculate the binding energy except for cylindrical pores, for which the last

2 ns of restraint simulations were used. The final values were averaged for the four simulations and

the error bars were calculated as the standard deviation of ΔΔWeff among the four simulations.

4.2. Lipid distribution in toroidal pores

For toroidal pores, it is natural to expect that the head group density on the pore surface will

be lower than that on the planar membrane because the same numbers of headgroups are now

distributed over a larger area. Before constructing our implicit membrane model for pores, we

carried out explicit membrane simulations to study the distribution of lipid head groups in toroidal

pores restrained at R0= 20 Å and K0= 20 Å. These simulations showed a nonuniform head group

density. For pores in pure DMPG membranes, the density of lipid head groups in the pore center

was determined to be about 60-70% of that at the pore opening (Figure 4.2). This conclusion is

also true in DMPC/DMPG mixed membranes, where the head group densities of both DMPC and

DMPG in the pore center was around 50-60% of that at the pore opening (Figure 4.3). Lipid de-

mixing was not observed, as the DMPC and DMPG in the pore had almost the same distributions.

Similar head group distributions were observed in pores formed in pure DMPC without restraints.

However, the pore structures were not stable when the restraints were removed, the pore collapsed

with the membrane surface tension γ = 0 dyn/cm, or enlarged to infinity when γ ≥ 26 dyn/cm

(results not shown).
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4.2 Lipid distribution in toroidal pores

Figure 4.2.: Distribution of DMPG head groups in a toroidal pore. The pore shape is constrained
to be R0 = 20 Å, and K0 = 20 Å. a) DMPG head group distribution in the radial (R) and axial
(Z) direction. b) Top and side views of the membrane, in which the orange balls represent the
DMPG head groups, the blue dots represent the water molecules and the grey lines represent the
lipid tails. c) Figure a) viewed from the axial direction (Z). d) Figure a) viewed from the radial
direction(R).
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Figure 4.3.: Distribution of DMPG/DMPC head groups in a (1:1) mixed toroidal pore after 20
ns simulation. The pore shape is constrained to be R0 = 20 Å, and K0 = 20 Å. a) DMPC head
group distribution. b) DMPG head group distribution. c) Figures a&b viewed both from the
radial direction (R), in which red represents DMPC and black represents DMPG. d) side and
top views of the membrane, in which the orange balls represent the DMPG head groups, green
balls represent the DMPC head groups, the blue dots represent the water molecules and the grey
lines represent the lipid tails.

4.3. Calculating Electrostatic potential in membrane

4.3.1. Calculating Electrostatic potential in planar membrane

We first tested the electrostatic model described in subsection 4.1.3 on planar membranes. In

symmetric anionic membranes, the electrostatic potential has two major components: a positive

dipole potential (ϕDP ) inside the membrane and a negative surface potential (ϕS) outside of it.

Figure 4.4a shows the dependence of the potential across the membrane on the separation between

the two charge planes for a 100% anionic membrane. The surface potential calculated from the

present model agrees with the one calculated using the Gouy-Chapman theory and does not depend

on the value of Sep. Figure 4.4b shows that the surface potential is only affected by the membrane
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excess charge, following an exponential relationship with the anionic lipid fraction. For lower values

of the anionic lipid fraction, the calculated surface potential is still in good agreement with the

Gouy-Chapman theory (deviation less than 1%, data not shown).

By changing the separation (Sep) between the charge layers, we can adjust the strength of the

head group dipole and, consequently, the dipole potential in the membrane interior (Figure 4.4a).

When Sep is equal to or larger than 1.0 Å the potential inside the membrane is positive. As can

be observed in Figure 4.4b, the excess negative charge due to the presence of anionic lipids makes

the dipole potential lower than in zwitterionic membranes.
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Figure 4.4.: Electrostatic potential across planar membranes. The center of the membrane is at
Z = 0 Å. Only one of the symmetric sides of the membrane is shown. The boundary between
the hydrophobic core and the head group area is at Z = 13 Å and the negative charge plane is
at Z = 16 Å. a) Electrostatic potential for a 100% anionic membrane with different Sep values.
The black line shows the potential calculated using the Gouy-Chapman theory (IMM1-GC), the
potential inside the membrane in this case is set as a constant value equal to the surface potential.
b) Electrostatic potential with Sep = 1.0 Å at different anionic fractions.

In the present model, the dipole potential of a 100% zwitterionic membrane is between 190-320

mV when the charge layer separation is between 1.0 and 1.5 Å. The dipole potential of a 100%

anionic membrane is 191 mV lower. The true values of the dipole potential have not yet been

unequivocally determined. Measurements of the transfer rate of hydrophobic ions have inferred the

dipole potential of PC bilayers to be around 200-300 mV [258, 259, 260]. The value measured for

a PC monolayer is about 400-500 mV [261, 262]. The values calculated from molecular dynamics
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simulations of explicit lipids vary from 500 to 1000 mV depending on the hydration level and force

field used [263, 264, 265, 266, 267]. Knowledge about the dipole potential inside anionic and mixed

membranes is even more scarce: anionic lipids are suggested either to reduce [262] or increase

[268, 269] the dipole potential of the membrane. The dipole potential values obtained with our

model for zwitterionic membranes using Sep = 1.0-1.5 Å are close to the dipole potential established

for PC bilayers using hydrophobic ions. The dipole potential difference between 100% zwitterionic

and 100% anionic membranes is similar to the difference between PG and PC monolayers [262].

4.3.2. Calculating Electrostatic potential in membrane pores

We studied two possible types of pores induced by antimicrobial peptides: cylindrical (hydrophobic,

pore lining consisting of acyl chains) and toroidal (hydrophilic, pore lining consisting of lipid head

groups). Both pores were built using the models shown in Figure 4.1, as described in Methods.

Figure 4.5 shows an example of the electrostatic potential distribution in a cylindrical and a toroidal

pore in a 100% anionic membrane. Both pores shown have radius 13 Å and the toroidal pore has

a curvature factor K0 = 10 Å. The electrostatic potential had a similar distribution for larger

pore radii and curvature factors. In a 100% zwitterionic membrane the potential distribution

is qualitatively similar but the magnitude and gradient of the potential are lower outside the

membrane and higher in the membrane interior.

As can be observed in the electrostatic potential map of Figure 4.5a, both the absolute value and

the gradient of the potential on the wall of the cylindrical pore are very low (in absolute value)

compared to those on the membrane surface. The potential inside the pore is also very low in

absolute value and is hardly affected by the positive dipole potential (Figure 4.6). This indicates

that the dipole potential should not have a large effect on the transportation rate of ions and

peptide binding in this type of pores.

The electrostatic potential map of the homogeneous toroidal pore of Figure 4.5b shows that the

potential distribution is similar to that of a planar membrane. In comparison to the cylindrical

pore, the potential inside the pore is more negative due to the contribution of the charges on the

interior of the pore surface. Also, the potential in the membrane interior near the toroidal pore is

not uniformly distributed. However, the gradient is small compared to the head group region and
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Figure 4.5.: Distribution of the electrostatic potential in pores in 100% anionic DOPG membranes
(Sep = 1.0 Å) in the radial (R) and axial (Z) direction. a) Cylindrical pore with radius R0 = 13
Å. b) Toroidal pore with R0 = 13 Å and K0 = 10 Å and h = 1.0. c) Toroidal pore with R0 =
13 Å and K0 = 10 Å and h = 0.0.
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Figure 4.6.: Electrostatic potential ϕ at the membrane center (z = 0 Å) of a cylindrical pore with
radius 10 Å, normalized by the dipole potential of the planar membrane region (ϕDP ).
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thus should not have a large effect on peptide binding.

We also considered the case of an inhomogeneous toroidal pore, where the charge density is not

uniformly distributed on the pore surface. In the extreme case, when h = 0, the pore center has no

head groups at all. Shown in Figure 4.5c, the electrostatic potential is relatively higher in the pore

center than for the homogeneous toroidal pore, while the potential gradient is significantly lower.

The potential distribution thus can be viewed as an intermediate between that of a homogeneous

toroidal pore and that of a cylindrical pore.

4.4. Peptide Binding to Anionic Membrane

4.4.1. Binding of peptide to planar membrane

We ran simulations of magainin and melittin bound to planar membranes with varying head group

dipole strength and anionic lipid fractions. The initial secondary structures were maintained in all

simulations. Only in membranes with extremely high head group dipole strength did we observe

significant conformational changes in some simulations.

Figure 4.7 shows the dependence of the binding energy on anionic lipid content. In all cases the

binding energy followed a linear relationship with the membrane surface potential, as expected

from the relationship between binding energy and surface potential (E = q ∗ ϕ). The results

obtained for magainin using two Sep values (1.0 and 1.5) are compared in Figure 4.7 to the results

of fluorescence measurements of the peptide partition coefficient [204]. It can be observed that

the slope of the correlation obtained with Sep=1.0 Å agrees better with the experimental value

than the one obtained with Sep=1.5 Å. The agreement with experiment is better than that of our

previous model based on the Gouy-Chapman theory[239]. Furthermore, the binding energy values

are of the same order as the experimental ones and those given by the Gouy-Chapman theory.

Magainin and melittin have a net charge of +4 and +6, respectively. When Sep = 1.0 Å, the

effective charges of the peptides, calculated from the slope of the fitted line in Figure 4.7, are +2.3

and +4.5, respectively (+1.2 and +3.8, when Sep = 1.5 Å). The difference between the effective and

the net charge can be explained by the inhomogeneous electric environment of the membrane. For
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Figure 4.7.: Binding energy of peptides to planar membranes with different surface potential ϕS (Z
= 16 Å). The experimental values for magainin are calculated from dissociation constants. Results
obtained with the Gouy-Chapman theory (IMM1-GC[239]) are also included for comparison.
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magainin, the effective charge calculated from fluorescence measurements of the partition coefficient

[204] is +2.1. This good correlation further supports the selection of Sep = 1.0 Å .This value was

thus used for the rest of this study.

4.4.2. Binding of peptide to cylindrical pores

After validation of the model on planar membranes, we ran simulations of the same peptides

bound to the walls of cylindrical pores. Two hydrophobic membrane thicknesses were tested: one

close to that of DMPC/DMPG membranes (23.5 Å) [270] and one close to that of DOPC/DOPG

membranes (26 Å) [270, 271]. The pore radius is assumed to be half of the membrane thickness.

This is done because the width of the water-membrane transition region in IMM1 depends on the

thickness of the membrane or the radius of the pore and membrane binding affinity is affected

somewhat by this width.

The transfer energy (∆∆W ) reflects the intrinsic propensity of the peptide to form pores (coop-

erative effects are considered in Discussion). Figure 4.8a shows the transfer energies (∆∆Weff ) of

magainin and melittin from the planar membrane surface to the cylindrical pore wall. Transfer

of both peptides is favorable only in zwitterionic membranes. For magainin the transfer energy is

more favorable in DMPC than DOPC pores, while the opposite is observed for melittin. This is

likely due to the fact that the hydrophobic length of the two peptides matches better the thick-

ness of the corresponding membrane. For both peptides, the ∆∆Weff increases with the anionic

lipid fraction in the membranes. This is largely due to the increasingly unfavorable electrostatic

interaction energy ∆∆WPB (Figure 4.8b). This is understandable: as membrane charge increases,

the cationic residues of magainin and melittin increasingly prefer the charged membrane surface

instead of the neutral cylindrical pore wall.

Two representative conformations of magainin and melittin in zwitterionic cylindrical pores are

shown in Figure 4.8c and d, respectively. Both magainin and melittin are long enough to align

with the pore wall quite well, but a slight tilt of the peptides was always observed. The tilt angle

could result from the fact that the hydrophobic residues on both peptides do not align perfectly in

a straight line.
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Figure 4.8.: Binding of magainin and melittin to cylindrical pores. Black bars: thicker membranes
mimicking DOPC/DOPG. Red bars: thinner membranes mimicking DMPC/DMPG. a) Transfer
energy of magainin and melittin from planar membrane to cylindrical pore calculated from the
restrained simulations. b) Electrostatic interaction energy difference of magainin and melittin
from planar membrane to cylindrical pore calculated from the restrained simulations. c) Lowest
energy conformation of magainin when bound to a cylindrical pore with radius R0 = 11.75 Å in
DMPC membrane (T = 23.5 Å). d) Lowest energy conformation of melittin when bound to a
cylindrical pore with radius R0 = 13 Å in DOPC membrane (T = 26 Å). Colors on the peptides:
red, negatively charged residues; blue, positively charged residues; green, neutral polar residues;
white, nonpolar residues.
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4.4.3. Binding of peptide to toroidal pores

The transfer energy of both peptides from flat membrane to toroidal pores was always found to be

negative. The dependence of the transfer energy on the curvature factor of the pore did not exhibit

a clear trend. Below, we focus on the data in pores with K0 = 15 Å because they connect more

smoothly with the planar membranes surrounding the pores than pores with K0 = 10 Å but have

lower curvature at the pore center compared to pores with K0 = 20 Å.

Since there is no need for the peptide to span the full length of the toroidal pore surface, it

is natural to expect that peptide binding to toroidal pores should be insensitive to membrane

thickness. Indeed, the preference for the thinner membrane was no longer observed for magainin

in toroidal pores: the binding energy of peptides to toroidal pores is not correlated with membrane

thickness. However, melittin binds more favorably to pores in the thicker membranes (hydrophobic

thickness 26 Å).

In toroidal pores, the transfer energies of magainin and melittin showed a different pattern of

dependence on anionic lipid content and h factor (Figure 4.9). In pores with h ≤ 0.6 the transfer

energy of magainin decreases with anionic content while that of melittin increases. At h = 0.6

the dependence of both peptides on anionic content is small and for h = 1.0 the transfer of both

peptides becomes less favorable as anionic content increases. It is also observed that for both

peptides ΔΔWeff decreases when h increases in zwitterionic membranes (0% anionic). In 100%

anionic membranes this trend diminishes for magainin but is maintained for melittin.
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Figure 4.9.: The transfer energy (ΔΔWeff ) from planar membranes to toroidal pores with differ-
ent anionic lipid fractions and inhomogeneous factors (h). The pore radius R0 is 13 Å and the
curvature factor K0 is 15 Å. a) ΔΔWeff for magainin. b) ΔΔWeff for melittin.

Insights into the origin of these trends are obtained by Figure 4.10 and Figure 4.11, which provide

the lowest energy configurations of the two peptides at different conditions. In zwitterionic mem-

branes (anfr = 0), both peptides locate closer to the center of the pore as h increases, accompanied

by a more favorable transfer energy. This is due to favorable interactions of the peptides with the

double charge layer of the model (mimicking the lipid headgroups). When the headgroup density is

low at the pore center, the peptides stay close to the rim and the transfer energy is smaller. In 100%

anionic membranes, as h increases, magainin remains on the membrane surface but its orientation

flips. This flip, which is observed at all anionic fractions between h = 0.3 and 0.6, may be the

reason that the transfer energy does not change much with h at high anionic fraction. Melittin on

the other hand, changes configuration dramatically as h increases. It inserts into the hydropho-

bic core at low h (which incurs a desolvation cost of the Thr residues) and is on the membrane

surface at high h. This is likely the cause of the decrease in transfer energy as h increases in the

fully anionic membranes. Examining now Figure 4.10 and Figure 4.11 horizontally, in pores with

h ≤ 0.3 the behavior of the two peptides is very different as anionic fraction increases. Magainin

stays on the membrane surface but locates deeper in the pore as anionic fraction increases. Melittin

on the other hand, driven by the strong interactions of the charged residues near the termini with

the membrane surface charge, straddles the pore and inserts its neutral middle segment into the

membrane hydrophobic core, and thus the transfer energy becomes less favorable. In pores with

h = 1.0, the transfer energy of both peptides increases with anionic fraction as the energy on the
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flat membrane decreases more rapidly than that in the pore.

Figure 4.10.: Lowest energy conformations of magainin in toroidal pores with different anionic
lipid fractions (anfr) and inhomogeneous factors (h). The pore radiusR0 is 13 Å and the curvature
factor K0 is 15 Å. Colors on the peptides: red, negatively charged residues; blue, positively
charged residues; green, neutral polar residues; white, nonpolar residues.
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Figure 4.11.: Lowest energy conformations of melittin in toroidal pores with different anionic lipid
fractions (anfr) and inhomogeneous factors (h). The pore radius R0 is 13 Å and the curvature
factor K0 is 15 Å. Colors on the peptides: red, negatively charged residues; blue, positively
charged residues; green, neutral polar residues; white, nonpolar residues.

4.5. Binding of protegrin octamers to anionic membrane pores

Protegrin has been suggested to form NCCN parallel dimers in membranes[272]. Such structure is

unlikely to be energetically optimal because the hydrophobic faces of the two monomers are pointing

to different directions. However, many proposed protegrin pore structures rely on assemblies of

NCCN dimers [230, 232]. We constructed three different models for protegrin octameric pores and

tested their transfer energy and stability in the implicit membrane model.

Shown in Table 4.1, out of the three models, NCNC)par barrel has the most favorable effective

energy (<W>) and transfer energy to pre-formed lipidic pores (<∆W>). The effective energy

and transfer energy of NCCN)par is significantly lower than NCCN)anti and NCNC)par. As-

suming the line tension is 7 pN[273], the formation energy of a pore with radius R0= 15 Å is
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9.5 kcal/mol (2πR0γ). Formation of octameric pores in neutral membranes is energetic favorable

for both NCCN)anti and NCNC)par models, providing a possible explanation for the toxicity of

protegrin.

Table 4.1.: Average effective energies and transfer energies (kcal/mol) from water to the pore of
octameric barrels in toroidal pores from 5-ns simulations.

K0 = 10 Å K0 = 15 Å K0 = 20 Å
Neutral membrane

NCCN)par <W> -3311±19 -3335±10 -3364±13
<∆W> +10.9±1.0 +11.2±0.3 +10.9±0.6

NCCN)anti <W> -3366±10 -3378±4 -3374±11
<∆W> -5.8±0.5 -10.3±0.9 -12.8±0.6

NCNC)par <W> -3388±11 -3393±7 -3395±8
<∆W> -19.1±0.7 -19.3±1.0 -20.4±0.2

30% Anionic membrane
NCCN)par <W> -3568±11 -3563±6 -3579±15

<∆W> -37.6±1.4 -39.5±4.1 -37.7±4.0
NCCN)anti <W> -3598±3 -3592±7 -3590±5

<∆W> -61.1±1.1 -59.9±3.3 -58.8±2.8
NCNC)par <W> -3625±8 -3616±8 -3613±8

<∆W> -72.5±0.8 -69.0±0.4 -66.6±1.0

Correspondingly, shown in Figure 4.12, the NCCN)par barrel quickly collapsed to a two-layer β-

sheet in the simulations. Both NCCN)anti and NCNC)par are stable in the simulations. Our

finding suggested that the NCCN)par dimer observed in solid state NMR[272] is not favorable in

pores; instead the NCNC)par structure is most favorable. Interestingly, the NCCN)par was found

to be more stable in aqueous solution [274], consistent with the energy calculated from IMM1 ( not

shown). The observed NCCN)par structure might exist primarily in the water layer interacting

with the two lipid bilayers at the same time.
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4.5 Binding of protegrin octamers to anionic membrane pores

Figure 4.12.: Top views of the lowest-energy conformation of protegrin octamer models in 30%
anionic toroidal pores of R0 = 15 Å, K0 = 15 Å . (a) NCCN)par. (b) NCCN)anti. (c) NCNC)par.
The latter has the lowest effective energy and the most favorable transfer energy to the membrane.
The disulfide bonds are highlighted by orange licorice.
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5. Linking biological activity with biophysical

parameters

Antimicrobial peptides have many advantages over conventional antibiotics, which make them

excellent targets for drug design. They can selectively kill bacteria, being relatively benign to

eukaryotic cells. Their selectivity is assumed to be a result of their different affinity for bacterial

and eukaryotic cell membranes. In this section, MD simulations with an implicit membrane model

are used to study the binding of these peptides to planar membranes or pores. The theoretical

transfer energies calculated from the implicit membrane model are compared with the binding

free energies collected from experiments. Even though the transfer energy could not completely

reproduce the binding free energy, a linear relationship was observed between them.

Using the information obtained from the implicit membrane simulations, we tried to verify: 1)

whether the selectivity of the peptides can be explained by their different affinties to membranes

with different anionic lipid content. 2) whether their binding affinities to planar membrane surfaces

constitute the dominant factor for their biological activities. If not, what other factors would affect

their biological activities. 3) whether the ”carpet” model represents an upper limit for the activities

of antimicrobial peptides. 4) whether pore formation activity would enhance the activity of these

peptides. Finally, we tried to establish a quantitative relationship between physical properties of

the peptides and their activities against different organisms.

We observed that: 1) the hemolytic and antibacterial activities correlate differently with the anionic

lipid content of the membranes: hemolytic activity correlates best with 10% anionic membrane and

antibacterial activity correlates best with ≥30% anionic membrane. 2) Although the correlations

between biological activities and binding affinity to corresponding membranes are statistically sig-
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nificant, they are not extremely high. Other physical factors, such as surface area occupation,

insertion depth, and structural fluctuation, may also significantly affect the biological activities.

3) The membrane surface coverage by many peptides at the MIC is estimated to be much lower

than what would be required by the “carpet” mechanism. Those peptides that are active at low

surface coverage tend to be those identified in the literature as pore-forming. 4) The transfer energy

from planar membrane to cylindrical and toroidal pores was also calculated for these peptides. The

transfer energy to toroidal pores is negative in almost all cases while that to cylindrical pores is more

favorable in neutral than in anionic membranes. The transfer energy to pores correlates with the

deviation from the prediction of the carpet model. Quantitative Structure-Activity Relationships

can also be established using the crucial physical properties.

5.1. Method

5.1.1. Implicit simulation of antimicrobial peptides.

MD simulations of AMPs were conducted in planar membranes with anionic lipid fraction ranging

from 0% to 100% in physiological salt solutions (0.1 M monovalent salt), using the membrane model

presented in the Methodology. The structures of the studied peptides were obtained from the PDB

database. For NMR structures (most common) the lowest energy model for each peptide was

selected and energy minimized using the steepest descent method for 300 steps. The peptides were

placed on the membrane surface with their long axis parallel to the surface and rotated with the

nonpolar residues facing the membrane. Four simulations with different random initial velocities

were carried out. Each simulation consisted of 2 ns equilibration followed by 2 ns production. The

latter was used for analysis. To calculate the Δ<W>, we simulated the peptide for 100 ns and used

the last 50 ns for analysis. All simulations were carried out using the CHARMM program [275].

AMPs were also simulated inside cylindrical and toroidal pores using the standard IMM1 model

for neutral pores [242] and the numerical Poisson-Boltzmann approach for anionic pores [276]. All

pores have a radius of R0 = 13 Å. The toroidal pores have K0= 15 Å and h=0.6. Two anionic

fractions were studied: 10% and 30%. The peptides were placed adjacent to the pore wall with

their long axis parallel to the pore axis and their nonpolar residues facing the pore wall. Four
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simulations with different random initial velocities were carried out. Each simulation consisted of 3

ns equilibration followed by 3 ns production. The latter was used for analysis. The transfer energy

to the pores, ΔΔW, was calculated as the difference between the ΔW to the pore and the ΔW to

the planar membrane. To be consistent with the pore simulations, the ΔW to planar membrane

was calculated using the Poisson-Boltzmann potential [276] instead of the Gouy-Chapman theory.

5.1.2. Calculating physical properties from MD simulation

A list of the physical descriptors considered is shown in Table 5.3. The first five are standard

descriptors that can be obtained from the sequence.The overall hydrophobicity (H), hydrophobic

dipole moment (µH) and hydrophobic quadrupole moment (QH) of the peptides were calculated

using the method and the consensus scale introduced by Eisenberg[116]. The original PDB struc-

tures were used to calculate these values. The net charge (ncharge) was calculated as sum of the

charges of all ionizable groups at pH 7.

Additional descriptors were obtained from the MD simulations. The binding energy of the peptides

to the membrane was estimated by the average effective energy change (ΔWw→m) upon transferring

the peptide from the membrane surface (Wmemb) to water (Wwater), with conformation fixed. The

immersed volume V was calculated by constructing a grid lattice around the peptide and counting

the number of grids (0.1 Å) that are occupied by peptide atoms and at the same time are inside

the membrane (z< T/2) . The occupied area AS was calculated as the volume of peptide inside a

1 Å slab centered at the membrane surface (z = T/2) divided by the slab thickness.

The tilt angle of the peptide was calculated as the angle between the principal axis of the peptide

and the membrane normal (z axis). The insertion depth was calculated as the distance of the

lowest residue of the peptide to the membrane surface. It is a negative value when the peptide has

parts that are buried inside the membrane. The helix percentage was calculated using DSSP [277].

The electric dipole of the peptide was calculated using the coor dipole command of CHARMM.

Because the charged residues are neutralized in EEF1 and IMM1, we added back the charge to

the charged residues before the calculation. The origin of the coordinate system was transferred

to the peptide mass center when calculating the electric dipole. The number of hydrogen bonds

nhbond was calculated with cutoff distance 2.5 Å and cutoff angle 100°. The maximum fluctuation
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of the peptide (rmsf) is defined as the maximum value of the root mean square fluctuation of each

residue.

5.1.3. Data set

For comparison between experimental free energy and theoretical binding energy, 11 peptides were

simulated and their ∆W was calculated. Experimental binding free energies (∆G) were collected

from the literature and summarized in Appendix B. All binding free energy values were converted

to the molarity standard state (∆G0 , see Appendix A).

The study was then extended to a total of 53 helical or partially helical peptides with known PDB

structure selected from the APD database[53]. Large antimicrobial peptides (> 50 residues) and

beta structured peptides were not included in this study to avoid the complexity of additional

structural variables. The activities of the peptides against E. Coli, P. Aeruginosa (typical Gram-

negative bacteria), and S. Aureus (typical Gram-positive bacterium) were collected from literature

data. These three organisms are most commonly used for measuring antimicrobial activity. A table

listing the PDB id and activity of studied peptides can be found in Appendix B, where peptides are

grouped by their origin and family. All the data collected come from experiments with standard or

a variation of broth microdilution assay [278]. However, different colony formation units (CFU) are

normally used in different studies so we listed the CFU conditions together with the MIC values in

Appendix C. Data reported in µg/ml were converted to µM .

For comparing hemolytic activity, the peptide concentrations required to generate a certain extent

of hemolysis are also listed in Appendix C. Although the hemolytic assays were carried out in a

standardized way, the incubation time and cell suspension concentration vary in different studies.

These conditions are also listed in Appendix C. Only the concentration to generate 50% hemolysis

(EC50) was used to determine the relationship between hemolytic activity and peptide physical

descriptors.
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5.1.4. Fitting the biological acitivity to the ”Carpet” model

Based on Equation 1.7, we can obtain that:

MIC = P ∗ : L
1

vLexp(−∆G0
c

RT )
(5.1)

In the carpet model, it is reasonable to assume that the membrane loses its integrity when the

peptide covers a critical fraction (f∗) of area of the lipids. f can be calculated as:

f =
npAS

npAS + nLAL
(5.2)

Thus the critical P*:L is:

P ∗ : L =
f∗AL

(1− f∗)AS
(5.3)

and

MIC ∗AS =
f∗AL

(1− f∗)vL
exp(

∆G0
c

RT
) (5.4)

For the carpet model, we expect f∗ to be a constant value. In implicit simulations, As can be easily

obtained and ∆G0
c can be estimated from the transfer energy ΔW (see section 5.2).
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5.2. Can the implicit membrane model correctly predict binding free

energy?

Thermodynamic data for membrane binding in the literature are reported in a variety of standard

states. For comparison between them they need to be converted to the same standard state.

Appendix A describes how this is done and presents a compilation of data on AMPs.

The membrane binding free energy can be broken up into the following contributions: a) the

change in average effective energy, Δ<W>, which includes intramolecular and solvation free en-

ergy changes, b) translational and rotational entropy changes, c) the free energy of folding, if the

soluble form is disordered and the membrane-bound form has secondary structure, and d) the dis-

aggregation free energy, if the peptide is aggregated in solution [279]. Using an implicit model

it is relatively straightforward to obtain Δ<W>: for each peptide, we place it on the membrane

or in water and calculate the difference in average effective energy in MD simulations. However,

peptides that are unfolded or aggregated in solution this simple approach is not sufficient.

For peptides that are disordered in solution and fold into a helix upon membrane binding, a useful

approach might be to calculate the free energy of the transition from membrane-bound helix to a

helix in solution. This value should be added to the free energy of helix unfolding in solution, which

for these peptides should be a small number, not more than 2-3 kcal/mol [239]. The translational-

rotational entropy of peptide adsorption to a membrane has been estimated as 1.3 kcal/mol [280]

and is likely to be similar for different peptides. The effective energy of membrane binding of the

helix is estimated from the average transfer energy, <ΔW>, obtained by averaging the difference

in effective energy between membrane and aqueous phase for every conformation generated during

the membrane simulation. <ΔW> has the added advantage of a lower statistical uncertainty than

Δ<W>. According to this rationale, <ΔW> should be systematically more negative than the

experimental binding free energy by a few kcal/mol.

We pursued both approaches and computed <ΔW> from 4-ns simulations on the membrane and

Δ<W> from separate 100-ns simulations both on the membrane and in solution. The results are

listed and compared with the experimental binding free energies in Table 5.1. <ΔW> is more

negative than the ΔG in all cases except for Dermadistinctin K and mastoparan X. Compared to <
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ΔW>, the values of Δ<W> are closer to the values of ΔG. In these long simulations, we observed

that most peptides maintained their initial structure on the membrane but became partially or

completely unfolded in water. Only Dermadistinctin K and mastoparan X stayed mainly helical in

water. This may indicate that, although these peptides are unstructured in solution [281, 282], the

free energy of helix unfolding we neglected in <ΔW> is smaller in these two cases than usual.

Table 5.1.: Comparison of the experimental binding free energy with Δ<W> and <ΔW>.
* Interpolated from other anionic fractions.

Peptide PDBid Lipids ∆G0
c < ∆W > ∆ < W > Ref

Alamethicin 1amt DOPC -5.77 -8.6±0.2 -8.2±0.4 Lewis and Cafiso [283]
Mastoparan X 2czp POPC -4.7 -4.2±0.8 -4.0±0.6 Almeida and Pokorny [284]
δ-hemolysin 2kam POPC -6.0 -12.6±0.5 -17.6±7.7 Clark et al. [285]

CM-15 2jmy DMPC -4.72 -8.3±0.9 -5.1±1.8 Bastos [75]
DMPG -5.49 -15.5±0.3 -14.1±3.2

Dermadistinctin K 2k9b egg PC -3.97 -3.1±1.7 -2.5±3.1 Verly et al. [286]
LL-37 2k6o SOPC -6.16 -12.7±0.4 -1.8±3.8 Sood et al. [287]

SOPC/POPG(7:3) -8.79* -19.1±1.9 -6.9±3.6
Magainin 2mag POPC -3.7 -5.4±0.6 -1.8±3.1 Gregory et al. [204]

POPC:POPG(3:1) -5.98 -10.7±1.0 -7.6±2.8
Melittin 2mlt DOPC -5.1 -13.1±0.7 -5.4±1.2 Beschiaschvili and Seelig [288]

POPC/POPG(8:2) -8.2 -18.6±2.5 -17.0±4.1
Pardaxin 1xc0 POPC -6.21 -22.1±0.8 -7.0±2.3 Rapaport and Shai [289]
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Figure 5.1.: Correlation between theoretical binding energy and experimental binding energy
∆Gexp. Binding energy values that are measured in anionic membranes are marked with (*).
Upper panel, < Δ W>. Lower panel, Δ < W>.

Scatter plots that compare ΔG with < ΔW> and Δ<W> are shown in Figure 5.1. A strong linear

relationship can be found between <ΔW> and ΔGexp:

∆Gexp = 0.196± 0.045 ∗∆ < W >w→m −3.43± 0.60, R2 = 0.71 (5.5)

The correlation between ΔG and Δ<W> is much weaker (Figure 5.1b). Extending some of the

simulations up to 1000 ns did not improve the results significantly. Excluding the points that clearly

do not fit (CM-15(*), Melittin(*), pardaxin), a linear relationship between Δ<W> and ΔGexp can
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also be established but with higher uncertainty:

∆Gexp = 0.341± 0.176 ∗∆ < W >w→m −3.80± 0.97, R2 = 0.32 (5.6)

All-atom explicit simulations also exhibit significant deviations from experimental binding free

energies. Several cases are listed in Table 5.2 and compared to transfer energies using the present

implicit model. In some cases, the binding free energies calculated from explicit simulations are

comparable to <ΔW>. In other cases, the <ΔW> from implicit simulations is closer to the

experimental value than the explicit simulation result. As explained above, an important missing

factor in these calculations is conformational entropy. For β antimicrobial peptides which have

relative rigid structure, the transfer energy <ΔW> is closer to the binding free energy.

Even though not directly comparable with experimental binding free energy, <ΔW> can still be

quite useful in practice thanks to its linear relationship with ΔGexp. Calculating <ΔW> also

requires much less computing effort because 4 ns simulations can already give good correlation

between <ΔW> and ΔGexp.

Table 5.2.: Comparison of transfer energy with binding free energy calculated from umbrella sam-
pling. + The experimental value is obtained for a truncated lactoferricin which has less charge,
so the actual value should be more negative. * The standard state of the experiment is assumed
to be ΔG0

c .

Peptide Membrane ΔG0
c,sim ΔG0

c < ΔW> Ref.
Lactoferricin DOPC -1.05±0.39 -0.9 ±0.1 Vivcharuk et al. [290]

DOPG -5.4±1.3 -7.38+ -7.9±0.7 Jing et al. [291], Tolokh et al. [292]
Protegrin DMPC/DMPG(7:3) -2.4±0.8 -7∗ -5.3 ±1.1 Lai et al. [293], Vivcharuk and Kaznessis [294]
Indolicidin DOPC -0.05±0.46 -7.25 -1.1±1.2 Andrushchenko et al. [74], Yeh et al. [295]

DOPC/DOPG(7:3) -1.94±0.56 -8.97 -5.5±0.8
Melittin DOPC -13.92 ±1.35 -5.4 -13.1±0.7 Allende et al. [221], Irudayam and Berkowitz [212]
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5.3. Correlation between binding energy and biological activity.

5.3.1. Correlation between experimental membrane binding free energy ∆Gexp and

biological activity

To examine the relationship between membrane partition and biological activity, we collected from

the literature minimum inhibitory concentrations (MIC) for antibacterial activity and 50% hemoly-

sis concentrations (EC50) for hemolytic activity. Appendix C lists the collected data. Appendix B

lists experimental binding free energies from the literature. Because concentrations are exponen-

tially related to energies (see Equation 5.4), we plot the natural log of MIC and EC50 against the

binding energy to neutral or anionic membranes in Figure 5.2. There is considerable scatter in the

data, but some correlations are visible. The linear correlation coefficient (R) between the ln(MIC)

and binding energy to anionic membrane is 0.46 and 0.62 for anionic lipid fraction 25-30% and

50% respectively. The correlation for 100% anionic membrane, however, is negative largely due to

a single data point: CM-15 is quite effective even though its membrane binding is rather weak.

The binding energy to neutral membrane has a weak negative correlation (R= -0.32 ) with the

ln(MIC), indicating that the electrostatic interaction between anionic lipids and cationic peptides

is important for antibacterial activity.
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Figure 5.2.: Correlation between experimental binding energy and biological activity. The lines
are the best fit lines. a) ΔGanionic in 25-100% anionic lipid and antibacterial activity against E.
Coli. b) ΔGneutral and hemolytic activity. c) ΔGneutral and antibacterial activity. d) ΔGanionic

and hemolytic activity. The data points are chosen from Appendix B. The unit of MIC and
EC50 is µM.

The linear correlation coefficient between the ln(EC50) and neutral membrane is 0.60. However,

the correlation between ln(EC50) and anionic membrane is similar (R= 0.57 and 0.91 for anionic

lipid fraction 25-30% and 50% respectively).

5.3.2. Correlation between theoretical transfer energy < ∆W > and biological activity

For many peptides, the experimental binding free energy is not available, especially to anionic lipids.

These can be obtained theoretically for different anionic fractions using an implicit membrane model

and molecular dynamics simulation. We ran simulations under different anionic fraction (anfr) and

calculated the correlation coefficient (R) between <ΔW> and natural log of biological effective

concentrations (Figure 5.3a). The antibacterial activity against all three organisms correlates best

with transfer energy to ≥ 30% anionic lipid membrane and quickly diminishes as the anionic
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fraction approaches 0%. The correlation to hemolytic activity is largely independent of anionic

fraction; it is actually somewhat larger for 10% anionic fraction. It is difficult to say whether

this slight increase in correlation is significant. It is worth noting, however, that the erythrocyte

membrane contains around 30% phosphatidylserine (PS) in the inner leaflet [103]. Considering

that the antimicrobial peptides can form pores, translocate through the membrane or induce lipid

flip-flop in the membrane, it is conceivable that they could interact with the anionic lipids in the

inner leaflet. Also, the outer leaflet of erythrocyte membrane contains glycoproteins and glycolipids

which all possess chains of anionic sialic acid [296, 297].

-25 -20 -15 -10
-2

0

2

4

6

-20 -15 -10
0

2

4

6

8

ln
(M

IC
)

W30% anionic  kcal/mol

R=0.33

ln
(E
C
50

)

W10% anionic  kcal/mol

R=0.36

0.0 0.2 0.4 0.6 0.8 1.0
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

R

Anfr

 E. Coli
 P.Aeruginosa
 S.Aureus

Figure 5.3.: Correlation between transfer energy and biological effective concentrations. a) The
effect of anionic lipid fraction (Anfr) on the correlation coefficient (S) between transfer en-
ergy <ΔW> and biological effective concentrations. b) ln(MIC) against E. Coli c). ln(EC50)
against red blood cells. The <ΔW> and effective concentration values shown here are listed in
Appendix C. The unit of MIC and EC50 is µM.

Specific scatter plots of the data are shown in Figure 5.3b&c. The linear correlation coefficient

is slightly lower, due to the increased sample size and the difference between <ΔW> and ΔG,

but still is statistically significant. These data, together with those of the previous section lead to

similar conclusions: a) there is a statistically significant correlation between binding energies and

biological activities, b) electrostatic interactions are important for antimicrobial activity but much
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less so for hemolytic activity, and c) the scatter in the plots shows that membrane affinity is not

the sole determinant of activity.

5.4. Correlation between other properties and biological activity.

The correlation between biological activity and binding energy is evident but not strong. This

strongly indicates that membrane binding energy is not the only factor affecting the biological

activities. Antimicrobial peptides are well known for their structure diversity. Even when we

limited the range to helical peptides, the peptide can be as short as 13 residues (IsCT) or as long

as 42 residues (moricin, 1kv4); the charge can range from -2 (alamethicin,1amt) to +12 (CAP18,

1lyp); the peptide can be highly helical (alamethicin ,1amt) or mainly unfolded (SMAP29, 1fry);

it can also be highly linear (mastoparan M, 1d7n) or have multiple flexible hinge (moricin,1kv4).

As a result, the behavior of the peptides on the membrane interface is quite different. Figure 5.4

shows several typical conformations on anionic membranes. The peptide can insert deep into the

hydrophobic core (8 Å, alamethicin, 1amt) or only penetrate shallowly (1 Å, such as fowlicidin-2,

2gdl); the tilt angle of the peptide can range from 80° (pardaxin) to 120° (such as fowlicidin-1,

2amn). The structure can be quite stable ( rmsf < 0.9 Å, such as mastoparan M, 1d7n) or can

have large fluctuations ( rmsf > 5 Å, such as moricin). The conformations on neutral and anionic

membranes are similar. The only difference is that the binding energy is less negative and the

peptide inserted less into the membrane.
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Figure 5.4.: Example conformations of antimicrobial peptides on anionic membranes. The grey
area indicates the hydrophobic core of the membrane. The dotted line indicates the location of
phosphate groups. The colors on peptides indicate the residue type: Red: acidic residues; Blue:
basic residues; white: polar residues; green: uncharged polar residues. Moricin(*): an alternative
conformation of moricin with same total energy.

Empirical correlations between peptide physicochemical properties and their antimicrobial activities

have been investigated in the past [142, 298, 143, 149, 138, 299]. MD simulations offer additional

descriptors that go beyond peptide sequence and secondary structure (Table 5.3). The correlations

between these descriptors and the biological effective concentrations are shown in Table 5.3. The

Spearman correlation coefficient is used because it is not affected by the actual mathematical

relationship between effective concentration and descriptor. Because the MIC and EC50 increase

when the activity of the peptide decreases, positive correlation in Table 5.3 means unfavorable

effect on the activity.
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Table 5.3.: Correlation between the biological effective concentrations and biophysical descrip-
tors. The p values are given in the parenthesis (two tails T-test, probability that the actual
correlation is below the given value). The descriptors were calculated from 30% anionic mem-
brane simulations and neutral membrane simulations respectively for correlating with MIC and
EC50.

Biophysical Factor MIC EC50
E.Coli. Hemolytic

Npept = 44 Npept = 19

ΔW Transfer energy of peptide from water to membrane surface. 0.46 (1.7E-03) 0.30 (2.1E-01)
H Hydrophobicity. -0.09 (5.8E-01) -0.08 (7.4E-01)
µH Hydrophobic moment. -0.45 (2.4E-03) -0.56 (1.3E-02)
QH Hydrophobic quadrupole -0.39 (8.2E-03) -0.45 (5.1E-02)

ncharge The net charge of the peptides. -0.46 (1.7E-03) -0.13 (5.9E-01)
nres Number of residues. -0.36 (1.3E-02) -0.23 (3.4E-01)
V The immersed volume of peptide in the hydrophobic core of the membrane. -0.15 (3.4E-01) -0.22 (3.6E-01)
As Area of peptide occupied on the membrane surface. -0.40 (7.6E-03) 0.12 (6.3E-01)
Tilt The angle between peptide helix axis and membrane normal. 0.05 (7.6E-01) 0.29 (2.2E-01)

Depth The penetration depth of peptide residue into the hydrophobic core. -0.14 (3.7E-01) -0.48 (3.7E-02)
Calculated as the distance between the deepest residue and the membrane surface.

Helix% The percentage of helical structure. 0.25 (9.8E-02) 0.05 (8.3E-01)
nhelix The number of helical residues. -0.13 (3.9E-01) -0.25 (3.0E-01)

< nhbond > The number of hydrogen bonds per residue that were formed inside the peptide. -0.02 (8.8E-01) -0.02 (9.2E-01)
nhbond The number of hydrogen bonds. -0.28 (6.5E-02) -0.08 (7.4E-01)
rmsf The maximum fluctuation of any residue in the simulation.* -0.42 (4.3E-03) -0.17 (4.9E-01)
Delec The electric dipole possessed by the peptide. -0.25 (9.6E-02) 0.39 (0.9E-01)

Not surprisingly, the electrostatic interaction is crucial for selectivity: ncharge correlated signif-

icantly with the antibacterial activity but not so well with the hemolytic activity. Peptide size

(nres) also correlates positively with the biological activity as previously revealed [300]. As found

by previous studies [142, 143], amphipathicity is an important factor determining the activity of

the peptide, even surpassing in importance the overall hydrophobicity [301]. Interestingly, the

hydrophobic quadrupole, which can serve as measure of imperfect amphipathicity [242], is also an

important determinant of biological activity.

MD simulation provides additional information that could help us identify important new activity

determinants. As described in previous sections, the transfer energy ΔW correlates with both

antibacterial and hemolytic activity. We observed that the antibacterial activity and hemolytic

activity are affected differently by membrane insertion, tilt angle and AS . The membrane insertion

(both insertion volume V and insertion depth, the latter showing stronger correlation) positively

correlates with the hemolytic activity but not antibacterial activity, consistent with the result for

the tilt angle; the closer the tilt angle is to 90◦, the less active the peptide is against erythrocytes.

The surface area occupation AS is positively correlated with the antibacterial activity but not the

hemolytic activity. It has been found that the angle subtended by polar residues is important to

94



5.4 Correlation between other properties and biological activity.

both antimicrobial activity and hemolytic activity [120]. Decreasing the angle will increase both

the insertion into the membrane and the membrane surface area occupation of the peptide. The

fact that electric dipole of the peptide is unfavorably correlated with hemolytic activity is also

consistent with this trend: increasing the peptide dipole increase interactions with the head groups

and will enhance the binding to membrane interface while at the same time reduce the insertion

into membrane hydrophobic core.

The effect of helicity and structural flexibility is sometimes ambiguous in experiments. Increas-

ing the number of proline residues in a peptide significantly reduced its channel-forming activity

and thus both antimicrobial and hemolytic activities [302]. The increased flexibility and reduced

helicity of D-amino acid containing peptides normally abrogated their hemolytic activity but did

not diminish their antibacterial activity [71, 70, 303, 67]. Recent research however showed that

proline-containing peptides have higher antibacterial activity and lower hemolytic activity Vermeer

et al. [304]. We observed that the structural flexibility (reflected by the structural fluctuation in

the MD simulations) is positively correlated with both antibacterial and hemolytic activities. This

may be due to a lower entropy cost upon membrane binding, and thus a lower membrane binding

free energy. Alternatively, flexibility might be required at subsequent steps, such as pore forma-

tion. The number of helical residues (nhelix) and hydrogen bonds (nhbond) are positively correlated

with the biological activities. However, increasing the helical percentage has a negative effect on

the biological activities, possibly because structural flexibility is reduced. The average number of

hydrogen bonds per residue (< nhbond >) also has no correlation with biological activity. Hemolytic

activity generally correlates more with helix formation and antibacterial activity correlates more

with structural flexibility.

Using the collected biophysical descriptors, we can also establish a relationship between biological

activity and biophysical factors using multiple linear regression:

ln(MIC) = 12.63+0.01821∗∆W30% anionic−0.03737∗As+3.919×10−5 ∗A2
s−0.2741∗depth

+ 0.3614 ∗ sin(tilt)− 0.1310 ∗ rmsf − 0.2430 ∗ ncharge R2 = 0.46 (5.7)
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5.4 Correlation between other properties and biological activity.

ln(EC50) = 11.93 + 0.1574 ∗∆W10% anionic + 0.01342 ∗Delec − 0.1814 ∗ depth

− 1.223 ∗ rmsf − 0.08303 ∗ helix%− 0.1410 ∗ ncharge R2 = 0.79 (5.8)

In the above equation, adding or dropping a descriptor will reduce the correlation. The minimum

set of parameters one needs to describe the biological activities is quite different for antibacterial

activity and hemolytic activity. Using these two equations, the predicted value agreed quite well

with the actual values (Figure 5.5). The mean square error is between ± 1.5. Compared to other

QSAR studies, the correlation of predicted ln(MIC) with actual values is rather low. Considering

that the protocol of MIC/EC50 measurement allows difference in concentration of 2 fold and the

fact that our data points are chosen in different peptide families, the observed error is reasonable.
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Figure 5.5.: The predicted biological activity compared with the actual biological activity. a) the
ln(MIC) calculated for E.Coli. membrane. b) the ln(EC50) calculated for Erythrocyte membrane.
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5.5 Quantitative relationship between other biological factors and biological activity.

5.5. Quantitative relationship between other biological factors and

biological activity.

5.5.1. Prediction of the ”carpet” model

The ”carpet” model of AMP action proposes that peptides accumulate on the membrane surface

until a critical point is reached at which the membrane disintegrates [12, 305]. In this simple

model, AMP activity depends on only two parameters: the membrane affinity of the peptide and

the critical surface coverage that a certain type of membrane can withstand. The latter is not

known, but it is reasonable to assume that it will fall in the range 50-90%. In subsection 5.1.4

we derived a simple equation relating the MIC or the EC50 to these two parameters. If we insert

Equation 5.5 into Equation 5.4, we obtain:

ln(MIC ∗As) =
0.196 < ∆W >

RT
− 3.43

RT
+ ln

f∗

1− f∗
+ lnAL − lnvL + ln(1× 106) (5.9)

where the last term is a converstion factor from µΜ to M. Figure 5.6 plots the calculated <ΔW>

against ln(MIC*As) or ln(EC50*As) and the Equation 5.9 with AL=65 Å and vL=0.76 M−1 [132]

and different values of f∗. The f∗=0.9 line is close to the upper points in the plot, corresponding

to peptides that are rather inactive compared to their computed binding affinity. A large number

of points fall below the f∗=0.5 line, i.e. they are more active than the carpet model predicts. This

could be an indication that these peptides act by a more efficient mechanism, for example pore

formation.
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Figure 5.6.: Biological activity of peptides plotted against theoretical transfer energy. a) activity
against E. Coli. b) activity against red blood cells. The lines correspond to the theoretical
expectation from the carpet model for different value of the critical surface fraction covered. The
red points are the peptides proposed to adopt “pore forming” mechanism. The green points are
the peptides proposed to adopt ”carpet” mechanism. The black points are the peptides that have
unknown mechanism.

It is interesting to compare the position of each peptide in these graphs to experimental data

suggesting their mechanism of action. In Appendix D, we collected information on the mechanism

of various peptides suggested in the literature. It should be noted that most of these proclamations

are based on circumstantial evidence that may be in conflict with another. For example, LL-37

was found to orient mainly parallel to membrane surface by Polarized ATR-FTIR spectroscopy

[67] but partly perpendicular to the membrane surface by oriented CD spectroscopy [177]. Another

example is pardaxin, which was originally referred to as a pore forming peptide [306] but more recent

experiments suggested that it could adopt the ”carpet” mechanism in the presence of anionic lipid

or cholesterol [98, 307, 308]. Sometimes, the conflict is reconcilable: magainin is suggested to act

through the “carpet” mechanism on eukaryotic cell membranes but not on bacterial membranes

[110]. However, the stable pore formed in anionic membranes is preceded by formation of a large

opening [173], similar to the ones observed in “carpet” mechanisms. Also, many of the suggestions

are based on in vitro experiments that may not be entirely relevant to in vivo activities.

Keeping these caveats in mind, we marked the data points on Figure 5.6 according to the proposed

mechanism for each peptide. The peptides proposed to be ”carpet” like are marked by green color.

They distribute above the f∗ = 0.5 line. The peptides proposed to be ”pore forming” are marked by
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5.5 Quantitative relationship between other biological factors and biological activity.

red color. The majority of them lie below the f∗ = 0.5 line, but there are some outliers, primarily

gaegurin-4 (2g9l) and LL37 (2k6o). The mechanism of LL-37 (2k6o) is controversial: it has been

suggested to form pores [177] but also to act as a ”carpet” [67, 309, 310, 311].

5.5.2. Correlation between transfer energy to pores and deviation from the ”carpet”

model

Figure 5.7.: The correlation between transfer energy to pores and deviation of ln(MIC ∗As) and
ln(EC50 ∗ As) from predictions of the “carpet” model. cyl: the pore is a cylindrical pore with
R0=13 Å. tor: the pore is a toroidal pore with R0=13 Å, K0=15 Å, h=0.6. The anionic fractions
of the lipids are 10% and 30% respectively for ln(MIC ∗ As) and ln(EC50 ∗ As). The red lines
are the best fit lines.

Pore formation is a complex process with many contributions: peptide-lipid interaction, possibly

peptide-peptide interaction, and the lipid deformation energy. But since forming a lipidic pore is

energetically unfavorable [167], if a peptide tends to induce pore formation, the transfer energy of

a single peptide to lipidic pores should be favorable. In previous work [242], four antimicrobial

peptides were found to bind more strongly to toroidal pores than to the planar membrane. Here

we extend this work to a larger number of peptides and to anionic pores [276]. We calculated

the transfer energy of the peptides to pre-formed cylindrical and toroidal pores in neutral, 10%

anionic and 30% anionic membrane of radius R0= 13 Å. The values are shown in Appendix E.

We observed that all peptides have favorable transfer energy to anionic toroidal pores. Transfer
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5.5 Quantitative relationship between other biological factors and biological activity.

energy to cylindrical pores in anionic membranes is only favorable for a few peptides. In neutral

membrane, the transfer energy to both pores is favorable for most peptides. Pardaxin (1xc0) has

unfavorable transfer energy to any type of pore in neutral and 10% anionic membranes even though

a pore formation mechanism was proposed for it [306]. The peptide changed into a hairpin like

structure in the toroidal pores. It may be that the peptide adopts a specific structure that we

have not been able to sample and that this is a metastable structure. Peptide-peptide interactions,

which we haven’t taken into account in this study, may also contribute to stabilizing the pore [312].

If pore formation makes the peptide more effective than the “Carpet” model would predict, we

should observe that the reduction in ln(MIC ∗ As) and ln(EC50 ∗ As) from the value expected

from the carpet model is positively correlated with the transfer energy to pores. Figure 5.7 shows

that this indeed is the case: the more negative the ΔΔW, the more likely is the ln(MIC ∗ As) or

ln(EC50 ∗As) to be lower than the values predicted by ”Carpet” model using f∗= 0.9. The corre-

lation is significant (p-Value ≤ 0.1 ) except between Δln(MIC ∗ As) and ΔΔWtor. Interestingly,

the transfer energy to cylindrical pores is more highly correlated with Δln(MIC ∗ As) than the

transfer energy to toroidal pores, even though the transfer energy to the latter is more favorable.

This might be due to simplifications in the analysis, for example, toroidal pores induced by different

peptides may have different curvature K0 and inhomogeneous factor h, but we are assuming they

are constant in our simulations.
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6. Summary and Perspective

This thesis has studied various aspects of membrane active peptides. In this chapter, we summarize

our findings and propose future work that could extend our current findings.

6.1. Summary

Implicit membrane model provides an important tool to model membrane active peptides. It is

extraordinarily efficient and is able to estimate several important properties of peptides. It can also

be used to represent different geometric shapes other than planar membrane. For example, two

types of pores, barrel-stave (cylindrical) pores and toroidal (parabola) pores, that antimicrobial

peptides normally form can be modeled. In this thesis, we further extended it to include the

electrostatic interaction between cationic peptides and membranes pores. In this new model, the

head group dipoles were represented by a double layer model and the inhomogenous distribution

of charges on the pore surfaces was also considered.

In the first study, we proved that peptide orientation can be correctly predicted by the implicit

membrane model. The tilt angles of transmembrane peptides in the implicit membranes follow the

hydrophobic mismatch theory rather than the incorrectly interpreted NMR experiments.

The implicit membrane model can also be used to estimate the peptides’ binding affinity to the

membrane surface. By calculating the theoretical transfer energy, our study confirmed that the

binding affinity to membrane surface is an important factor in determining the antimicrobial pep-

tides’ activity but it is not the only one. Based on the correlation analysis, we are also able to

suggest the best representation of the respective biological membranes.
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Other properties collected from the implicit simulation were also found to be critical for antimi-

crobial peptides’ activities. Such information, hard to obtain from experiments, provides useful

insights that help us to identify new design criteria for novel antimicrobial peptides. Quantitative

structure-activity relationship can also be established using these properties.

The pore model provides additional information. As revealed in our study, the “Carpet” model

cannot describe the activities of all antimicrobial peptides. Most antimicrobial peptides can adopt a

more effective mechansim such as pore formation. The enhancement in biological activity by form-

ing pores is also directly correlated with the pore formation energy. Focusing on two antimicrobial

peptides, magainin and melittin, the pore model can be used to explain their different activities in

response to anionic lipids. The pore model can also help us to correctly identify the more stable

conformation of protegrin octameric pores.

6.2. Future work

Implicit membrane models have already provided useful information that can help us understand

the behavior of antimicrobial peptides. However, more efforts are still needed in the following areas:

6.2.1. Data quality

In our study, the biological activity data was collected from the different literature and the selected

antimicrobial peptides originated from different organisms. As a result, we observed highly scattered

data in the correlation studies. Using more standardized data sources and focusing on single

peptide property (while maintaning other properties the same), the complexity of research would

be significantly reduced. If we were able to acquire data from large-scale mutation studies, we

would be able to test our model in a more systematic way.

6.2.2. Quantitative model for ion flux through pores.

In this study, we observed that the transfer energy to pores affects the biological activity. However,

we remain unable to formulate a model that can connect the pore formation to the biological events
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such as cell death. Cell death is normally accompanied by the breakdown of the ion gradient. A

quantitative model that can connect the transfer energy to pores to the ion flux through pores

would be extremely helpful for predicting the activity of antimicrobial peptides. Bolintineanu

et al. [313], Bolintineanu and Kaznessis [314] have already done some pioneering work in this area.

Huang [315] also made some efforts in calculating biological effective concentrations from pore

formation energies. As a first step, we could collect the equilibrium constant of pore formation

through fluorescent measurements. A direct correlation between the transfer energy to pores and

the number of pores can thus be acquired.

6.2.3. Determine the peptide mechanism from the transfer energy to pores

In this study, we have calculated the transfer energy of several peptides to pores. We observed that

most peptides have favorable transfer energy to toroidal pores, at least in anionic membranes. These

peptides, however, are not limited to antimicrobial peptides. Many fusion peptides, cell penetrating

peptides, and apolipoprotein segments also transfer favorably into toroidal pores. Understanding

the reason why these distinct peptides all bind to toroidal pore favorably could help us find the

common features of these peptides and may also help us identify the difference between these

peptides.

6.2.4. Verify the transfer energy to pores through explicit simulations.

Since implicit membrane model may sometimes be a little over-simplified, we need to verify whether

the transfer energy calculated from implicit membrane model is reasonable before we can confidently

use it in our studies. In the thesis study, we provided a constraint method that can keep pores stable

in the explicit simulations, which allows us to calculate the potential of mean force of transfering

a single peptide from membrane pores to water. The calculated transfer free energy could be

compared with the values that are calculated from implicit model to validate the latter.
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6.2.5. Determining the pore formation energy.

In the current verion of implicit membrane model, the elastic deformation energy of pores is not

considered. This is an important quantity that determines whether the pore is stable or not.

There are already some theoretical studies focusing on the pore formation energy [154, 160, 172].

However, these methods either require the simplification of the molecules that prevents modeling

the effect of peptides[172], or require indirect measurements of pore formation energy[154, 160].

The geometric constraint method we introduced in the thesis can be used to constrain the lipids

to certain shapes. With some adaptation, this method can be used to calculate the pore formation

energy through umbrella sampling. The effect of peptide binding on the pore formation energy can

also be obtained easily. Based on this, we can even estimate the minimum number of antimicrobial

peptides to stabilize a toroidal pore. Such information can in turn enhance the implicit modeling

of pores.

6.2.6. Geometric Modeling of the membrane.

In this thesis, we have developed a tool to model complicated geometric shapes. It can be used to

build models for Poisson-Boltzmann calculation or constrain the shapes of lipid ensembles in the

explicit simulations. Although only two geometric shapes were provided so far, it is fairly easy to

extend the program to more complicated shapes. Extending the model to interesting geometric

shapes such as curved bilayers, micelles, tubules, fusion pores, etc. will help us understand a variety

of membrane activities that can be induced by membrane active peptides.
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A. Experimental methods for determining

binding affinity to membrane

A.1. Calculation of standard states

The standard membrane binding free energy can be defined based on a number of different equi-

librium constants. One is based on the peptide molarities in the lipid [PL] and aqueous phase [Pw]

[316]:

ΔG0
c = −RTlnKc , where Kc = [PL]/[Pw] (A.1)

where [PL] is defined as moles of peptide per volume of the lipid phase for membrane-inserting

peptides or per volume of the interfacial region for interfacially adsorbed peptides. An alternative

definition of the standard free energy is based on the mole fraction partition coefficient Kx :

ΔG0
x = −RTlnKx , where Kx =

nb/(nb + nL)

nf⁄((nf + nw)
(A.2)

in which nb, nf , nL and nw are the moles of bound peptide, free peptide, lipid and water molecules,

respectively . Because under most experimental conditions, nb << nL and nf << nw, Kx can be
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approximated as:

Kx ≈ nb⁄nL
nf⁄nw

(A.3)

ΔG0
x can be converted to ΔG0

c as follows [316]:

ΔG0
c = −RTln [PL]

[Pw]
= −RTln nb⁄VL

nw⁄Vw
= −RTln nb⁄(nLvL)

nf⁄(nwvw)

= −RTln nb/nL
nf/nw

+RTln
vL
vw

≈ ∆G0
x +RTlnvL/vw (A.4)

where VL and Vw are the total volume of the lipid and water, vw and vL are the molar volumes

of water (0.018 M−1) and lipid (0.76 M−1 , based on DOPC volume [317]) respectively. At room

temperature ( 298 K), used here and in most experiments, the term RTln( vLvw ) is equal to 2.2

kcal/mol.

Kx can be obtained by measuring the fraction of peptide bound to the membrane fb (fb = nb/(nb+

nf )) at different lipid concentrations [L]:

fb =
nb

nb +
nb/nL

Kx/nw

=
KxnL

KxnL + nw

=
Kx[L]

Kx[L] + [W ]
(A.5)

where [W] is the water concentration, close to 55.3 M at room temperature. Another definition of

the binding free energy is based on the association or dissociation constant (Ka or Kd) of peptide
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to membrane. So:

P + L→PL (A.6)

Kd =
1

Ka
=

[Pf ][L]

[PL]
(A.7)

ΔG0
a = −RTlnKa = RTlnKd (A.8)

where [Pf ] and [PL] are the concentration of free peptides and peptide/lipid complexes over the

entire volume of the system. The definition of [L] is a little ambiguous: because of the collective

behavior of the lipids, the membrane should be treated as an ensemble of lipids [133]. Here, we

assume the binding sites are lipid ensembles composed of n lipid molecules on average. [L] is thus

defined as the concentration of binding sites [Ln]. Because the lipid concentration is normally low,

Vsystem � Vw, thus [Pf ] is close to [Pw]. So:

ΔG0
c = −RTln [PL]

[Pw]
≈−RTln

nb⁄VL
[Pf ]

= −RTln [PLn]Vsystem⁄VL
[Pf ]

= −RTlnVsystem/VL
Kd/[Ln]

= RTlnKdv
′
L = ∆G0

a +RTlnv
′
L (A.9)

where v′
L is the molar volume of the lipid binding site. Kd can be measured from binding kinetics

or by fitting the titration curve to a binding model (see below). In most papers reporting Kd, v
′
L is

treated as vL. Because a lipid binding site can contain up to 10-20 lipids [318, 286, 319], neglecting
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A.1 Calculation of standard states

this can result in an energy difference of 1.36 to 1.77 kcal/mol.

Kd can be obtained from binding kinetics [320] or by one-site model[96]. In the latter, lipid

membrane is assumed to be a single site receptor that can be saturated with enough peptides and

the concentration-independent dissociation constant Kd can be calculated from fitting the following

equation:

Rb =
Rmax[Pw]

Kd + [Pw]
(A.10)

Rb is the molar ratio of bound peptide in the lipid (Rb = nb/nL). Rmax is the maximum capacity

of the binding site (Rmax= 1/n). Equation A.10 can be transformed into:

Kd =
(1− fb)[L]

nfb
− [P ](1− fb) (A.11)

if the fraction of bound peptide fb (fb = nb/(nf + nb)) is measured. In this equation, [P] and [L]

is the total concentration of peptide and lipid respectively.

In this paper we adopt ΔGc because of two main advantages over ΔGx and ΔGa. First, molarities

arise naturally in statistical thermodynamic treatments (see below) and second, it is independent

of the relative molecular size of the lipid and water, as it should intuitively. One disadvantage of

ΔGc is that the definition of the volume of the lipid phase VL is somewhat arbitrary and differs for

membrane-inserting and adsorbed peptides.

Alternative equilibrium constants can be found in the literature, for example [321]:

Kapp = Rb/[Pw] (A.12)

Kapp can be used to calculate ΔG0
c :
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A.1 Calculation of standard states

ΔG0
c = −RTln[PL]/[Pw] = −RTlnnb⁄VL

[Pw]

= −RTlnRbnL)⁄VL
[Pw]

= −RTlnKapp

vL

= ΔG0
app +RTlnvL (A.13)

One disadvantage of Kapp is that Kapp is not constant but changes with peptide concentration

[288]. This is because the peptide could saturate the membrane and prevent further binding;

when peptides get too crowded on the membrane, the electrostatic repulsion between charged

antimicrobial peptides becomes significant. For anionic membranes, the saturation happens easier

because the higher affinity of peptide to the membrane. To obtain a concentration-independent

partition coefficient, many papers maintained the peptide to lipid ratio at a very low value so

that the peptide-peptide interaction is negligible. This makes experimental measurements more

difficult. To allow a wider concentration range, some authors removed the electrostatic interaction

component from the binding free energy [288, 322, 323] using the following method.

Because of the electrostatic interaction between the membrane and peptide, the peptide concen-

tration in the aqueous solution immediately adjacent to the membrane [Pm] is:

[Pm] = [Pw]exp�(−zF0
ϕ0
RT

) (A.14)

where z is the charge of the peptide, F0 is the Faraday constant, and �0 is the electrostatic potential

on the membrane surface, which can be obtained from the Gouy-Chapman theory:

σ2 = 2000�0�RRT
∑

i
Ci,eq(e

− ziF0Φ0
RT − 1) (A.15)

where ϵ0ϵR is the dielectric constant, Ci,eq is the concentration of each ion species in the solution,
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zi is the charge of each ion species. σ is the charge density on the membrane surface, defined as a

sum of charges on anionic lipids and on surface bound peptides (e0 is the unit charge, AL and Ap

are the area of lipid and peptide molecules, XPG is the fraction of anionic lipid):

σ =
(e0⁄AL)(−XPG +Xbzp)

[1 +Xb(Ap/AL)]
(A.16)

Using [Pm], a partition coefficient K ′
app that is independent of peptide concentration can be ob-

tained:

K
′
app = Rb/[Pm] (A.17)

However, the binding energy ΔG′
c calculated fromK

′
app does not include the electrostatic interaction

between peptide and anionic lipids, which makes it unsuitable for our purposes. We corrected such

reported binding free energies by adding back the electrostatic interaction energy between peptide

and membrane:

ΔG0
c = ΔG′

c + zϕ (A.18)

where z is the effective charge of the peptide and � is the membrane surface potential calculated

from Gouy-Chapman theory.

A.2. Experimental Methods

The following experimental methods are commonly used to determine the binding energy:

CD titration In CD experiments [288, 119], the moles of bound peptide nb can be calculated

from the change in ellipticity θ because of conformational change upon peptide transfer from water
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solution to the membrane. By titrating a small amount of peptide solution into the lipid solution

or a small amount of liposome solution into the peptide solution, the binding isotherm can be

established. Or, the fraction of bound peptide fb can be obtained and used to calculate Kx or Kd

using Equation A.5 and Equation A.11.

Isothermal titration calorimetry (ITC) Small amounts of peptide are injected into liposome so-

lutions periodically (or reversely, liposomes are titrated into a peptide solution) [322, 324]. Heat is

generated in the binding reaction. The number of membrane-bound molecules is calculated from

the molar binding enthalpy and is used to calculate the molar ratio of bound peptide Rb. The

binding free energy can be calculated using the same method as CD experiments.

Fluorescence titration Another method used to obtain the binding isotherm is to measure the

fluorescence intensity of a tryptophan residue on the peptide or fluorophore labels attached to

peptide sidechains [63, 66]. The molar ratio of bound peptide Rb can be calculated from the

fluorescence intensity. Rb can be used to further calculate Kd using Equation A.10.

Fluorescence kinetics In this method, the resonance between a tryptophan residue on the peptide

and a fluorescent probe in the membrane indicates the extent of peptide binding. The rate of peptide

association (kon[L] ) and dissociation (koff ) to membrane surface can be measured [204]:

Pw

kon[L]




koff

PL (A.19)

One has to note that [L] is used in the literature instead of [Ln] so the reported Kd is actually nKd.

The fluorescence intensity can be expressed as:

F (t) = a0[1− exp�(−kappt)] + a1 (A.20)
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where a0 and a1 are constant and the apparent rate constant kapp is the sum of both directions:

kapp = kon[Ln] + koff (A.21)

kappcan be obtained by fitting the kinetic curves. By changing the lipid concentration, the rate

constant kon and koff can be determined. The dissociation constant Kd can be calculated as:

Kd =
koff
kon

(A.22)

Kd can be used to calculate the binding free energy using the relationship shown above. The

binding free energy calculated from the reported Kd is:

ΔG0
c = RTlnKdvL (A.23)

Surface plasmon resonance Another way to measure binding kinetics is surface plasmon reso-

nance [325]. By injecting peptide solution to a membrane surface illuminated by surface plasmon

polaritons, we can obtain the change in surface response with time during the association process.

The kinetics of association is assumed to be two steps: 1) fast association with lipid. 2) peptide

insertion into the membrane to form a tighter complex.

Pw + Ln

ka1




kd1

PL

ka2




kd2

PL∗ (A.24)

113



A.2 Experimental Methods

The rate constants ka1, ka2, kd1, kd2 can be calculated from the following differential equations:

(dR1)

dt
= ka1[P ](Rmax −R1 −R2)− kd11R− ka2R1 + kd2R2 (A.25)

dR2

dt
= ka2R1 − kd2R2 (A.26)

where R1, R2, Rmax are the surface response contributed by peptide lipid complex produced by

first step, second and 100% peptide-lipid complex respectively. The dissociation constant of step 1

and step 2 are kd1/ka1 and kd2/ka2 respectively. The overall dissociation constant is the product

of Kd1 and Kd2. The overall dissociation constant can be used to calculate the binding free energy

using Equation A.8.

Ultrafiltration or Reverse HPLC The peptide is mixed with lipid for sufficient time to allow full

binding. Then the solution is centrifuged through a filter [326] or run through HPLC [327] where

membrane and free peptide solution can be separated. The peptide concentration that remained

in solution and bound to the membrane thus can be determined. In this method, the partition

coefficient Kp is defined as:

Kp =
[Pb]/vw
[Pf ]/vL

(A.27)

Thus the binding free energy can be calculated as:

ΔG0
c = −RTlnKp +RTln

vL
vw

(A.28)

114



A.2 Experimental Methods

Tryptophan time-resolved fluorescence Because the life-time (τ) of tryptophan fluorescent ex-

cited by a laser pulse is dependent on the surrounding environment, the τ measured in peptide-lipid

mixtures has the following relationship with the fluorescence life time τw in water and τL in lipid

[75]:

τ =
τw +KpvL[L]�L
1 +KpvL[L]

(A.29)

where Kp = nb/(nLvL)
nf/(nwvw) . Kp can be obtained by fitting the above equation under different lipid

concentration. Based on the definition, Kp is actually Kc. Thus the binding free energy can be

calculated as:

ΔG0
c = −RTlnKp (A.30)

EPR The resonance intensity can be used to calculate the bound peptide ratio λ = nb/nf . By

titrating lipid into peptide solution, the partition coefficient Kc can be calculated from fitting the

following equation [283]:

1/λ =
1

Kcv
′
L

(1/[L]− vL) (A.31)

in the above equation, v′
L is the effective molar volume available for peptide and can be defined as:

v
′
L =

AL(d/2)

nLNa
(A.32)

The obtained binding free energy is ΔGc.

For all of the above experiments, because not all lipids of the vesicle are available for binding, the
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A.3 Theoretical methods

actual peptide/lipid ratio R∗
b is higher than the measured value Rb. For SUV, the outer leaflet is

about 60% of the total lipids, so the R∗
b should be Rb/0.6.The binding energy is 0.30 kcal/mol lower

if this is not considered. This correction may not be valid if the peptide can translocate across

the membrane. Unless there is strong evidence for translocation, we added 0.30 kcal/mol to the

binding free energy values when this effect had not already been corrected in the experiments.

A.3. Theoretical methods

The binding energy can be estimated using several theoretical methods:

Hydrophobicity scale An empirical way to calculate the membrane binding free energy is to use a

hydrophobic scale. The free energy contribution of transferring each amino acid from water to the

POPC interface was determined by Wimley and White [328]. The transfer free energy of a peptide

can thus be calculated as the sum of the contributions from all residues. This method utilizes the

peptide sequence and thus neglects the effects of secondary and tertiary structure. The calculated

values are not always in agreement with the measured binding free energy [285]. In this method

the reported binding free energy is ΔGx.

Binding free energy from the potential of mean force Umbrella sampling simulations can pro-

duce the binding free energy as a function of a reaction coordinate in MD simulations. The binding

free energy is calculated by integration of the PMF curves [290, 292]:

ΔG0
c = RTln([PL])/([Pw]) = −RTln[ 1

d

ˆ d

0
dze

−W (z)
kbT ] (A.33)

where z is the distance of the peptide center of mass from the membrane center and d is a cutoff for

z that defines the membrane-bound state. A similar method was originallly proposed by Ben-Tal
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A.3 Theoretical methods

et al. [329]:

ΔG = −RTlnK (A.34)

where K = CALNA

ˆ ∞

0
dz(e

−W (z)
kbT − 1) (A.35)

ALis the area per lipid, NA is the Avogadro constant, C is a unit conversion factor. In this equation,

the K is actually Kx/[W], so the ΔG0
c = −RTlnK +RTlnvL = ΔG+RTlnvL.

This method was used to compute the binding free energy of lactoferricin to POPC [290] and

POPG membrane [292], the binding free energy of protegrin to POPE/POPG(3:1) bilayers [294],

the binding free energy of indolicidin to DMPC and DMPC/DMPG(3:1) bilayers [295], and the

binding free energy of melittin to POPC bilayers [212] .

Starting from Equation A.35 one can express the standard free energy as the sum of the average

effective energy relative to the bulk (<W>) and terms of the form �plnp corresponding to transla-

tional and rotational entropy [236]. The entropic terms have been found to be rather small [280]

. This allows a faster estimate of the membrane binding free energy by simple implicit solvent

simulations without the need to compute the potential of mean force. This approach was followed

in a calculation of pH-dependent membrane binding free energies [330].
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B. Collected literature values for binding free

energy

The listed experiments are carried out in temperature close to room temperature. Unless specifically

stated, the room temperature is assumed to be 25ºC. a-f, the conversion and correction done to the

peptides. No conversion is needed for those articles reporting ΔGc.

a. Converted from ΔGapp. With Gouy-Chapman correction, where in the parenthesis is the effective charge of the peptide and
after the slash is the energy value with electrostatic interaction added back.

b. Converted from ΔGapp. The ΔGapp is measured at low peptide/lipid ratio. If present, the value inside the parenthesis is
the peptide concentration at which the Kapp was measured.

c. Converted from ΔGa, which is independent of peptide concentration. ΔGc = RTln(KdvL).

d. Converted from ΔGa but considering the binding site size. ΔGc = RTln(nKdvL). The binding site size n is in the
parenthesis.

e. Converted from ΔGx.

f. Monolayer correction applied, where the peptide is considered to bind only to the outer leaflet of the membrane ( the effective
lipid volume V

′
L=0.6VL).

g. Interpolated.

In red font are the data used in Figure 5.1.

Peptide Method Membrane Binding

Energy

ΔG0
c

(kcal/mol)

Original Data Ref

Magainin ITC POPC / POPG

(75:25)

-2.54 (3.7-

3.8)/-7.50a

Kapp=55.5M−1 Wenk and

Seelig [322]

-5.72

(1�M)b

Kapp=1.2×104M−1

ITC POPC SUV -4.74a Kapp=2000

M−1 under 30ºC

Wieprecht

et al. [324]

ITC POPC/POPG 3:1 under 45ºC Wieprecht

et al. [323]

LUV -3.14/-

8.16a

Kapp=110 M−1

SUV -2.64/-

7.65a

Kapp=50 M−1
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Collected literature values for binding free energy

Peptide Method Membrane Binding

Energy

ΔG0
c

(kcal/mol)

Original Data Ref

ITC POPC/POPG

(3:1)

under 23ºC Wieprecht

et al. [331]

SUV -6.0b Kapp=2x104

M−1

POPC SUV -3.7b Kapp=400 M−1

CD titration POPC:POPG(3:1) -5.98(0M)b Kapp=2×104

M−1

Wieprecht

et al. [119]

Fluorescence

Kinetics

POPC:POPG(1:1) -7.99c Kd=1.8 µM Gregory et al.

[204]

POPC:POPG(7:3) -6.23c Kd=35 µM

POPC:POPG(8:2) -5.56c Kd=110 µM

POPC:POPG(9:1) -4.84c Kd=370 µM

POPC:POPG(10:0) -3.30c Kd=5000 µM

I6A8L15I17

M2a

ITC POPC SUV -5.6a Kapp=7700

M−1 under 30ºC

Wieprecht

et al. [324]

I6V9W12T15I17

M2a

ITC POPC SUV -6.1a Kapp=20000

M−1 under 30ºC

I6L15

M2a

CD titration POPC:POPG(3:1) -6.11(0M)b Kapp=25000

M−1

Wieprecht

et al. [119]

L2R11A20

M2a

POPC:POPG(3:1) -5.40(0M)

b

Kapp=7400

M−1

I6A8L15I17

M2a

POPC:POPG(3:1) -6.96(0M)

b

Kapp=105000

M−1

PGLa ITC LUV POPC/POPG(3:1) -4.5(5)/-

11.1a

Kapp=1500

M−1

Wieprecht

et al. [332]

POPC -4.1a Kapp=800 M−1

under 30ºC

Melittin Surface

potential

measurement

Lethicin -

7.55(10mM

Salt)

Schoch and

Sargent [333]

-

7.96(100mM

Salt)f

CD POPC/POPG(9:1) -6.5(1.9)/-

7.7

a,f

Kapp=4.5×104

M−1

Beschiaschvili

and Seelig

[288]

-6.3

(0.77�M)b,f

Kapp=3.19×104

M−1

POPC/POPG(8:2) -6.5/-8.2a,f Kapp=4.5×104

M−1

Fluorescence

NBD

POPC LUV200 -

4.92(2.2)a,f

Kapp=6×103

M−1

Rex and

Schwarz [216]

LUV100 -4.82(1.5)

a,f

Kapp=5×103

M−1
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Collected literature values for binding free energy

Peptide Method Membrane Binding

Energy

ΔG0
c

(kcal/mol)

Original Data Ref

SUV -5.16(1.2)

a,f

Kapp=9×103

M−1

DOPC LUV200 -4.82(1.6)

a,f

Kapp=5×103

M−1

LUV100 -5.01(1.3)

a,f

Kapp=7×103

M−1 under 30

ºC

Ultrafiltration EPC -5.1 e,f ΔGx=-7.6

kcal/mol

Allende et al.

[326]

EPC:PS(85:15) -6.4 e,f ΔGx=-8.9

kcal/mol

Ultrafiltration DOPC -5.1 e,f ΔGx=-7.6

kcal/mol

Allende et al.

[221]

CD ΔGx= kcal/mol Fernández-

Vidal et al.

[334]

POPC/POPG(10:0) -3.7e,f -6.2

POPC/POPG(9:1) -4.3(1.0)/-

5.5

e,f

-6.8/-8.0

POPC/POPG(3:1) -4.62/-6.0

e,f

-7.12/-8.5

POPC/POPG(1:1) -5.0/-6.4 e,f -7.5/-8.9

Pardaxin Fluorescence

NBD-label

POPC -6.21 b,f Kapp=3.3×104

M−1

Rapaport and

Shai [289]

Dermaseptin Fluorescence

NBD-label

PC -5.28 b,f Kapp=6.6×103

M−1

PC/PS(1:1) -6.12 b,f Kapp=2.8×105

M−1

Dermaseptin

S1

Surface

Plasmon

Resonance

PC -6.47 c,f Kd=14.29 µM Pouny et al.

[63]

PC/PA(1:1) -8.0 c,f Kd=1.01 µM

Dermaseptin

S4

PC -8.86 c,f Kd=0.25 µM Gaidukov

et al. [325]

PC/PA(1:1) -9.64 c,f Kd=0.067 µM

K4K20-S4 PC/PA(1:1) -9.68 c,f Kd=0.0625 µM

K4-S4(1-

16)a

PC/PA(1:1) -8.10 c,f Kd=0.91 µM

K4-S4(1-

13)a

PC/PA(1:1) -6.68 c,f Kd=10 µM

K4-S4(1-

10)a

PC/PA(1:1) -5.01 c,f Kd=167 µM
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Collected literature values for binding free energy

Peptide Method Membrane Binding

Energy

ΔG0
c

(kcal/mol)

Original Data Ref

DD K ITC PC-LUVs -3.97 (9.7)

d,f

Kd=100 µM Verly et al.

[286]

CecropinP Fluorescence

NBD

PC -5.98b,f Kapp=3.1×103

M−1

Gazit et al.

[66]

PC/PS(1:1) -6.78b,f Kapp=1.2×104

M−1

CecropinA Fluorescence

kinetics

POPC:POPG(1:1) -8.88 c,f Kd= 0.24 µM Gregory et al.

[320]

POPC:POPG(7:3) -5.66 c,f Kd= 56 µM

POPC:POPG(8:2) -5.03 c,f Kd= 270 µM

POPC:POPG(10:0) -3.95 c,f Kd=1000 µM

Fluorescence

Trp

POPC:POPA(8:2) -5.92 (27.8)

d,f

Kd=1.28 µM Silvestro et al.

[318]

δ -lysin Fluorescence

Kinetics

POPC -6.0 c,f Kd=30 µM Clark et al.

[285]

DL-1 δ

–lysin

D->K

POPC -4.5 c,f Kd=400 µM

DL-2a POPC - 4.9 c,f Kd=200 µM

DL-2b POPC - 3.2 c,f Kd=3400 µM

CE-1 POPC - 4.5 c,f Kd=400 µM

CE-2 POPC - 3.0 c,f Kd=4700 µM

MG-1 POPC -4.9 c,f Kd=200 µM

MG-2 POPC -3.9 c,f Kd=1100 µM

Tp10W Fluorescence

Kinetics

POPC - 5.1 c,f Kd=140 µM Almeida and

Pokorny [284]

Tp10W-

COO

POPC - 4.9 c,f Kd=200 µM

Tp10-

7MC

POPC - 6.3 c,f Kd=20 µM

mastoparan

X

POPC -4.7 c,f Kd=300 µM

Alamethicin EPR DOPC -5.77f Kc=17100 Lewis and

Cafiso [283]

Gramicidin

S 14dK4

ITC LUV POPC/POPG(3:1) -6.2 (11.1)

d

Kd=3.1 µM Abraham

et al. [96]

POPC/POPS(3:1) -6.5 (14.3)d Kd=1.7 µM

POPG -8.3 (5) d Kd=22 µM

POPS -7.6 (5.3)d Kd=62 µM

POPC -2.0

(166.7)d

Kd=278 µM

CM15 Tryptophan

time-resolved

fluorescence

DMPC -4.72 Kc=2.9x103 Bastos [75]
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Collected literature values for binding free energy

Peptide Method Membrane Binding

Energy

ΔG0
c

(kcal/mol)

Original Data Ref

DMPG -5.49 Kc=1.06×104

EPR POPE/POPG(8:2) -4.86b,f Kapp=0.28×104

M−1

Bhargava and

Feix [335]

LL37(F27W) Tryptophan

fluorescence

SOPC -6.16c,f Kd=23.8 µM Sood et al.

[287]

SOPC/POPG(9:1) -8.44c,f Kd=0.51 µM

SOPC/POPG(8:2) -8.58c,f Kd=0.40 µM

SOPC/POPG(7:3) -8.79c,f,g

SOPC/POPG(6:4) -9.29c,f Kd=0.12 µM

Indolicidin ITC POPC -7.26c,f ΔGa=-7.4

kcal/mol

Andrushchenko

et al. [74]

LUV E Coli lipid -8.98c,f ΔGa=-9.12

kcal/mol

Reverse

HPLC LUV

POPC -6.3e,f ΔGx=-8.8

kcal/mol

Ladokhin

et al. [327]

POPG -9.0e,f ΔGx=-11.5

kcal/mol

Tritrpticin ITC LUV POPE/POPG

(7:3)

-8.59 c,f ΔGa=-8.73

kcal/mol

Andrushchenko

et al. [74]

POPC -5.63 c,f ΔGa=-5.77

kcal/mol

E Coli lipid -8.14 c,f ΔGa=-8.28

kcal/mol

Tritrp1 POPE/

POPG(7:3)

-9.86 c,f ΔGa=-10.0

kcal/mol

POPC -6.75 c,f ΔGa=-6.89

kcal/mol

Tritrp2 POPC -5.28 c,f ΔGa=-5.42

kcal/mol

Tritrp3 POPE/

POPG(7:3)

-9.09 c,f ΔGa=-9.23

kcal/mol

POPC -6.99 c,f ΔGa=-7.13

kcal/mol

LAP1 Fluorescence

Trp

DMPC:DMPG 1:1� -6.47 (19.5)

d,f

Kd=0.728 µM Yamamoto

and Tamura

[319]

LAP2 -6.53 (22.0)

d,f

Kd=0.581 µM

LAP3 -6.19 (21.0)

d,f

Kd=1.09 µM

LAP4 -6.28 (21.8)

d,f

Kd=0.898 µM

LAP5 -7.63 (15.4)

d,f

Kd=0.129 µM
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Collected literature values for binding free energy

Peptide Method Membrane Binding

Energy

ΔG0
c

(kcal/mol)

Original Data Ref

LAP6 -7.45 (15.4)

d,f

Kd=0.175 µM

KLA80 CD titration POPC -4.91b,f Kapp=5100

M−1

Dathe et al.

[336]

POPG -7.20 b,f Kapp=2.5×105

M−1

KLA100 POPG -7.07 b,f Kapp=2

×105M−1

KLA120 POPC -4.95 b,f Kapp=5500

M−1

POPG -7.13 b,f Kapp=2.2 ×105

M−1

KLA140 POPC -5.14 b,f Kapp=7500

M−1

POPG -6.83 b,f Kapp=1.3×105

M−1

KLA160 POPC -5.14 b,f Kapp=7500

M−1

POPG -7.02 b,f Kapp=1.8×105

M−1

KLA180 POPG -6.83 b,f Kapp=1.3×105

M−1

123



C. Collected biological activity of antimicrobial
peptides

minimum inhibitory concentrations(MIC) have been converted into µM. The colony formation unit
(CFU, cell/ml) is the bacterial concentration at which bactericidal activity is measured. Hemolytic
activity is described as the percentage of erythrocyte (RBC represents Red Blood Cell, hRBC is
from human) lysis after treatment of certain concentration of the peptide and certain time (30min-
3hr).

A) Peptides from arthropods.
* CecropinA-Magainin hybrid △ Built as ideal alpha-helix ? No data available NE No Effect.

PDB Name 10% 30% MIC(µM) CFU Hemolytic Ref.

Anionic Anionic G- G+

E. Coli P.A. S.

Aureus

1f0d CA(1−8)−MA(1−12)* -9.3±2.2 -15.6±0.3 3.125 1.56 3.125 2× 106 0%at100 µM

4% hRBC

Shin et al. [337]

1f0f CA(1−8)−MA(1−12),

G9I10G11 deletion*

-5.0±2.8 -9.5±1.5 6.25 3.125 3.125 2× 106 0%at100 µM

4% hRBC

1f0e CA(1−8)−MA(1−12),

G9I10G11 → P*

-5.5±0.5 -12.1±2.4 6.25 1.56 3.125 2× 106 0%at100 µM

4% hRBC

2jmy CM15,

CecropinA-Melittin

hybrid

-10.5±0.9 -13.2±0.3 0.5-1 2-4 0.5-2 1× 105 45%at64 µM

1% hRBC

(1hr)

Sato and Feix

[338, 339]

2mlt Melittin -16.4±0.6 -19.7±2.5 2,3.8 2 0.5 2× 106 50%at1.7 µM

1 × 109

hRBC(1hr)

Zhu et al.

[208], Pandey et al.

[127]

Cecropin A△ -15.5±1.4 -19.5±1.9 0.35 2.6 ? 2× 105 13%at 145 µM

Sheep RBC

Andreu et al.

[340], Steiner et al.

[76]

1t51 IsCT -8.5±1.1 -10.6±0.5 4 2 2 2× 106 72%at50 µM

50%at18 µM

4% hRBC

(1hr) 50%at70

µM (sheep

RBC 1hr)

Lee et al. [341]

1t52 IsCT E7K -9.6±0.5 -11.0±1.5 2 2 2 2× 106 30%at50µM

4% hRBC

1t54 IsCT W6A -8.4±0.9 -9.9±0.5 64 32 64 2× 106 5.0%at50 µM

4% hRBC
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Collected biological activity of antimicrobial peptides

PDB Name 10% 30% MIC(µM) CFU Hemolytic Ref.

Anionic Anionic G- G+

E. Coli P.A. S.

Aureus

1t55 IsCT E7K, G8P,

S11K

-9.2±0.6 -14.0±1.1 2 2 2 2× 106 0.0%at50 µM

4% hRBC

2pco Latarcin 1 -2.1±0.5 -11.5±1.9 0.7,1.0 4.1 ? 1× 105 20%at80 µM

2 × 107

Rabbit RBC

3hr

Kozlov et al.

[342], Vasilevskiĭ

et al. [343]

2g9p Latarcin 2a -11.1±1.4 -17.2±1.6 0.5,0.7 6.7 ? 1× 105 50%at6 µM

20%at5 µM

hRBC

Shlyapnikov et al.

[344], Grishin et al.

[345]

1zrw Spinigerin -9.8±1.8 -9.6±2.2 16 16 8 (2-

4)×106

0%at100 µM

4% hRBC

Lee et al. [346]

1zrx Stomoxyn -7.8±0.4 -12.1±0.7 0.19-

0.39

0.39-

0.78

? ? 8%at100 µM

4% hRBC

Boulanger et al. [347]

2l3i Oxyopinin 4a -11.1±0.7 -17.1±0.6 0.5 10 ? 50%at 7 µM Dubovskii et al. [348]

1kv4 Moricin -16.7±1.4 -21.3±3.3 0.31 0.81 0.21 ? ? Satoe et al. [349]

2jr8 Manduca Sexta

Moricin

-10.8±0.7 -19.2±0.6 1.38 1.38-

2.76

5× 105 Dai et al. [350]

2k38 Cupiennin 1a -11.0±0.5 -16.3±1.1 0.31-

0.63

0.31-

0.63

0.31-

0.63

(1.7-

3.8)×105

50%at24.4 µM Kuhn-Nentwig et al.

[351]

1d7n Mastoparan M -10.5±1.1 -12.0±1.6 4.22 4.22 2.11 1× 105 10% at50 µM

1% sheep

RBC 1hr

Li et al.

[352], Murata et al.

[353]

2czp Mastoparan X -5.9±0.8 -8.5±0.2 Visible at

9.6µM

Hirai et al. [354]
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Collected biological activity of antimicrobial peptides

B) Peptides from amphibian skin secretions.
△ Built as ideal alpha-helix + Inconsistent values reported by different articles.

PDB Name 10% 30% MIC(µM) CFU Hemolytic Ref.

Anionic Anionic G- G+

E. Coli P.A. S.

Aureus

1vm2 mutant peptide A2 -8.2±0.1 -9.4±0.2 250 ? ? 1×106 ? Wang et al. [355]

1vm3 mutant peptide A3 -8.8±0.4 -9.4±0.1 NE ? ? 1×106 ?

1vm4 mutant peptide A4 -8.7±0.5 -10.3±0.1 100 ? ? 1×106 ?

1vm5 Aurein 1.2 -9.1±0.8 -10.7±0.1 75 ? 8 1×106 ?

1o53 Nontoxic membrane

anchor E. coli enzyme

IIA(Glucose)

-5.3±0.7 -7.4±0.9 NE ? ? 1×106 ?

2f3a LLAA (LL-37

derived Aurein 1.2

analog)

-9.6±0.8 -13.0±0.3 20 ? ? 1.8×106 ? Li et al. [356]

2jpy Phylloseptin-H2 -13.9±0.5 -14.9±0.3 3.7 7.6 1.9 1×105 2.05%at64 µM

hRBC(30min)

Bloch et al.

[357], Bechinger et al.

[358]

2jq0 Phylloseptin-H1 -10.3±0.2 -11.9±0.2 1.9 7.9 3.9 1×105 0.98%at32 µM

hRBC(30min)

2jq1 Phylloseptin-H3 -10.6±0.9 -11.7±0.1 4.1 8.2 4.1 1×105 ?

2g9l Gaegurin -4 -14.7±0.9 -17.8±0.8 20.00 26.67 1×106 2%at100 µM

10% hRBC

Park et al. [359], Won

et al. [360], Chi et al.

[361]

2k10 Ranatuerin-2CSa -15.4±1.3 -18.2±0.5 5 ? 10 1×106 50%at150 µM

1×107

hRBC(1hr)

Conlon et al.

[362], Subasinghage

et al. [363]

2k9b Dermadistinctin K -5.0±2.2 -8.8±2.3 ? ? ? ? 35%at46.7 µM

Peritoneal

cell(4hr)

Brand et al. [364]

Dermaseptin-

S1\triangle

-7.7±0.1 -11.2±1.2 12 >24 6 5×105 50%at>100µM

109 hRBC

(30min)

50%at 12 µM

hRBC(3hr)

Savoia et al. [365]

1xkm Distinctin -6.6±1.6 -9.5±0.5 14.5 28,29 28,29 1×104 No hemolysis

upto 1mM

Batista et al.

[366], Raimondo

et al. [367]

2mag Magainin 2 -7.6±0.6 -10.7±1.0 38+ 76 (1-

5)×105

50%at430 µM

1.8x108

hRBC(30min)

Zasloff et al.

[47], Wieprecht et al.

[119]
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Collected biological activity of antimicrobial peptides

C) Peptides from cathelicidin family.
+ Inconsistent values reported by different articles.

PDB Name 10% 30% MIC(µM) CFU Hemolytic Ref.

Anionic Anionic G- G+

E. Coli P.A. S.

Aureus

1fry SMAP-29(sheep

cathelicidin)

-10.5±3.3 -17.0±0.6 0.25 1.25 0.5 (1.0-

2.0)×105

19.4%at20 µM

10%hRBC

Skerlavaj et al. [368]

1hu5 Ovispirin-1 -12.1±1.2 -16.5±1.1 ? 1.66 1 4×105 70.2% at 35

µM 5% hRBC

50% at 13.5

µM 3.5%

hRBC 30min

Sawai et al.

[369], Steinstraesser

et al. [370], Eckert

et al. [371], Jacobsen

et al. [372]

1hu6 Novispirin G10 -7.6±2.5 -13.0±0.2 3.5 2.97 4.6 4×105 2.50%at 36

µM 5% hRBC

50% at 1470

�M

1hu7 Novispirin T7 -6.3±2.6 -11.4±0.4 ? 4.64 3.3 4×105 10%at35 µM

5% hRBC

2k6o LL-37(human

cathelicidin)+

-15.7±0.5 -19.1±1.9 27.8 27.8 55.6 1×105 50%at~75 µM

5%

hRBC(1hr)

Bals et al.

[373], Oren et al. [67]

2lmf LL-27(LL-37 N

terminus 1-27)

-5.1±2.0 -8.6±0.4 160 24 Wang et al. [374]

2f3a LLAA(LL37 derived

Aurein1.2 analog)

-9.6±0.8 -13.0±0.3 20 ? ? 1.8×106 ? Li et al. [375]

2fbs FK-13(LL37 core

peptide)

-6.7±0.9 -10.1±1.0 40 ? ? 2×106 ? Li et al. [375]

1lyp CAP18 (rabbit) -14.7±1.6 -25.2±1.5 2.5 5.0 >5.0(~20?)5-

10×103

0% upto 500

µM

Larrick et al.

[376], Travis et al.

[377]

2amn Fowlicidin-1(chicken

cathelicidin)

-8.8±1.0 -17.4±0.6 4.0 ? 0.5 5×105 50%at6 µM

0.5% hRBC

2hr

Xiao et al. [378]

2gdl Fowlicidin-2(chicken

cathelicidin)

-6.3±3.0 -10.1±3.8 4-8 ? 1 4×105 50%at100 µM

hRBC

Xiao et al. [379]

2hfr Fowlicidin-3(chicken

cathelicidin)

-12.6±2.0 -13.6±1.6 2 ? 1 4×105 50%at9 µM

hRBC

Xiao et al. [379]
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Collected biological activity of antimicrobial peptides

D) Miscellaneous peptides.
△ Built as ideal alpha-helix + Inconsistent values reported by different articles.

PDB Name 10% 30% MIC(µM) CFU Hemolytic Ref.

Anionic Anionic G- G+

E. Coli P.A. S.

Aureus

1z64 Pleurocidin+ -8.2±0.6 -10.8±0.7 2.75 35 26.35 2×107 29%at50 µM

4% hRBC

Cole et al.

[380], Yoshida et al.

[381], Lee and Lee

[382]

2jos Piscidin 1 -11.6±0.7 -13.4±1.0 3.1 12.5 3.1 1×105 50%at12 µM

5% hRBC

30min

Silphaduang and

Noga

[383], Chekmenev

et al. [384]

Warnericin-RK△ -12.7±0.9 -13.3±0.3 20.0 20.0 20.0 1×106 50%at1.2 µM

1% hRBC

30min

Verdon et al. [385]

2kam δ-hemolysin -13.0±0.6 -14.1±0.4 NA NA NA NA 50% at8-10

µM(guinea pig

RBC 30min)

Dhople and Nagaraj

[386], Verdon et al.

[385]

1p0g HP(2-20) -7.6±0.8 -11.0±0.4 3.13,12.5 6.25 12.5 ? 50% at ~150

µM (low salt

buffer) 15% at

215 µM (high

salt buffer)

Ribeiro and

Medina-Acosta

[387], Lee et al. [388]

1p0j HP(2-20) Analog1 -8.6±0.4 -13.2±0.6 0.78,6.25 3.13 3.13

1p0l HP(2-20) Analog2 -7.4±0.6 -11.9±0.2 3.13,6.25 6.25 6.25

1p0o HP(2-20) Analog3 -8.2±1.3 -12.4±0.3 1.56,3.13 3.13 1.56,3.13 0% at 100µM

8% hRBC

1amt Alamethicin -8.2±0.2 -8.0±0.2 7.64 ? ? ? 50%at 30µM

1.8×108cell/ml

hRBC(30min)

Wenschuh et al.

[389], Dathe et al.

[390]

1xc0 Pardaxin -20.3±2.0 -22.7±2.8 13 25 ? 1×106 50%at 50 µM

5% hRBC

30min

Rapaport and Shai

[289], Oren and Shai

[306]
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D. List of peptide mechanisms

Peptide Mechanism
CA-MA hybrid peptides Possibly pore forming because of voltage induced conductance [391].

But membrane broke down after certain amount of time.
CM15 Osmoprotection reveals that the pore size in bacterial membranes is

2.2-3.8 nm in diameters [338].
Melittin Pore forming in zwitterionic membrane (DTPC bilayer, Rin=21 Å,

Rout =38.5 Å) [392] but detergent-like in anionic membranes
[77, 393].

Cecropin A Possibly ion channel because voltage-dependent single channel
conductance is recorded [394].

Latarcins Latarcin1 or Latarcin7 seems to form pore in DOPE/DOPG and
DPhPC [342]. But the rest latarcins may adopt detergent-like
mechanism [395]. Evidences are not solid though. Latarcin2a is
pore-forming in erythrocyte membrane suggested by osmoprotection
[396].

Oxyopinins Oxt1 and 2a were suggested to form pore on PC vesicles but not on
PA/PE vesicles [397]. Oxt4a has a Rana-box at the terminus which
resembles the structure of C terminus of gaegurin-4 and
ranatuerin-2CSa [348]. Pore mechanism is speculated.

Cupiennin 1a Toroidal pore mechanism is suggested in anionic lipids [398] to
explain the mobility of head groups but may also attack
intra-cellular target(inhibits nitric oxide synthase)[399]. However,
the effect of peptide on DMPC is different from the anionic lipids.

Mastoparan M No information but Mastoparan-X forms pore [400].
Aurein 1.2 Surface active instead of pore formation [401].
Gaegurin -4 Pore forming indicated by the ion permeability experiment [402].

Ranatuerin-2CSa No information available but the peptide has a structure quite
similar to Gaegurin-4

Dermadistinctin K Possibly toroidal pore [281]. 31P NMR line shape can only be
explained if 50% head groups are randomly aligned and 50% head
groups are oriented 2-30o

Dermaseptin-S1 Suggested to be detergent-like because it only induces leakage at
extremely high peptide/lipid ratio [63].

Magainin 2 Form toroidal pore in both neutral(DMPC) and anionic membranes
[175]. It may adopt detergent-like mechanism in eukaryotic cell
membranes [110].

SMAP-29 Possibly pore forming [403]. But no actual evidence was given.
Ovispirin It orient predominately parallel to the membrane surface, thus is

considered to be adopting carpet mechanism [404].
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List of peptide mechanisms

Peptide Mechanism
LL-37 Previously suggested to be ”carpet” mechanism because it orients

parallel to membrane surface [67]. The pore structure in
DOPC/DOPE bilayers is however determined from neutron
diffraction [177]. The radius of the pore is 23-33 Å.

CAP18 Formation of transient lesions under voltage [405]. Possibly pore
forming.

Fowlicidin Fowl-1 aggregates in membrane mimicking solvents [406]. But no
actual evidence for pore formation.

Indolicidin Tryptophan location indicates “Carpet” model on PC membranes
[407] but with increased fraction of PG in the membrane, indolicidin
starts to order the lipid acyl chains and this may be an indication of
pore formation [408].

Human granulysin Possibly intra-cellular pathways [409] because cell died in apoptotic
but not necrotic ways.

Pleurocidin Indicated by dye release experiment, it forms pore like magainin
[381].

Piscidin 1 Single channel experiments indicate toroidal pore [410].
Warnericin-RK Osmotic protection show that the pore in erythrocyte membranes

can be as large as 5.7nm in diameter [411]. The author suggested
that pore formation is not likely to be stable.

δ-hemolysin Crystal structure shows that the pore is formed by 6-8 peptides
[412].

HP(2-20) Generates size dependent dype release in osmoprotection experiment
for both PC and PG vesicles [413]. Supporting pore forming
mechanism.

Alamethicin Barrel-stave pore in DLPC membrane [414].
Pardaxin Voltage induced multi-level channel in neutral membrane [415].

However, it is suggested to adopt detergent-like mechanism in the
presence of PG [308].
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E. Transfer energy from planar membrane to
pores

cyl: cylindrical pores. tor: toroidal pores.

Peptide ΔΔW(cyl-planar) ΔΔW(tor-planar)
30% Anionic 10% Anionic Neutral 30% Anionic 10% Anionic Neutral

1amt -3.3±1.3 -3.1±1.5 -2.4±0.5 -4.4±0.5 -3.1±0.9 -3.4±0.3
1d7n 1.3±0.6 -1.7±1.0 -0.7±1.2 -2.3±0.8 -3.9±0.9 -2.7±1.6
1f0d 1.9±1.5 2.8±1.0 -0.8±2.5 -2.8±2.7 -0.8±2.3 -2.8±2.0
1f0e 2.0±2.2 2.7±2.9 -0.5±3.4 -3.7±2.3 -3.4±2.1 -3.6±3.0
1f0f 1.7±1.9 2.6±0.8 -3.6±0.5 -5.0±2.0 -2.4±1.0 -5.4±0.9
1fry 3.7±2.5 2.6±4.0 -2.4±4.7 -3.7±4.3 -4.2±3.0 -2.2±3.7
1hu5 3.4±5.2 -0.5±1.1 -1.1±1.9 -6.3±3.7 -1.8±7.7 -6.8±1.2
1hu6 1.0±2.4 -1.0±1.6 -1.2±2.5 -4.9±1.4 -5.1±1.4 -5.1±2.6
1hu7 2.0±2.0 -0.4±1.2 -2.6±2.9 -4.9±2.0 -5.2±1.4 -6.3±2.5
1kv4 4.5±2.8 1.5±3.3 0.2±1.3 -4.7±2.7 -1.6±6.8 -5.6±1.7
1lyp 13.8±1.2 12.1±1.8 3.1±1.2 -1.3±1.8 -0.4±2.3 -7.5±1.6
1o53 -6.6±1.3 1.1±0.8 -2.8±1.2 -2.6±0.6 -1.9±0.8 -4.8±0.7
1p0g 3.6±1.3 1.2±2.4 -0.2±1.8 -6.3±0.8 -2.8±1.3 -4.1±1.5
1p0j 2.7±3.0 -0.6±1.2 -2.4±0.4 -5.7±1.3 -5.0±0.6 -5.2±0.4
1p0l 1.7±2.8 -0.5±0.9 -1.9±0.8 -5.3±2.1 -4.9±0.7 -5.2±0.7
1p0o 2.1±2.5 -2.1±1.1 -0.2±1.7 -7.3±1.6 -6.0±0.3 -6.1±1.3
1t51 -1.8±1.8 0.9±1.7 -1.5±1.2 -1.0±0.8 -1.5±1.5 -2.7±1.5
1t52 2.6±0.8 2.0±1.0 -0.9±1.0 -2.2±1.3 -2.4±0.9 -3.7±0.9
1t54 1.5±0.9 0.5±1.0 -1.4±1.4 -2.6±0.3 -1.9±1.4 -2.8±0.9
1t55 6.1±1.3 1.7±0.3 -1.9±1.4 -1.5±1.2 -0.9±0.8 -3.2±1.0
1vm2 -1.7±1.1 -0.4±0.5 -2.1±0.4 -4.2±0.5 -2.5±0.5 -4.4±0.3
1vm3 -0.1±0.3 -2.0±1.0 -2.1±0.4 -3.1±0.3 -2.9±0.8 -4.2±0.4
1vm4 -0.6±0.5 -1.5±0.7 -2.7±0.5 -3.8±0.5 -3.9±1.1 -4.2±0.8
1vm5 -1.3±0.4 -1.0±0.9 -1.9±0.8 -3.4±0.4 -2.5±0.6 -3.8±0.8
1xc0 11.3±2.3 1.2±2.5 3.3±2.1 -3.3±2.7 1.9±2.8 2.1±1.7
1xkm -8.2±3.5 4.3±2.1 -1.8±2.0 -2.1±2.9 -0.1±1.7 -4.0±1.8
1z64 4.4±1.6 2.6±2.2 -1.2±1.9 -1.2±0.5 0.0±0.7 -2.0±0.9
1zrw -1.4±4.3 -1.3±4.0 -1.6±4.2 -6.4±5.5 -11.1±3.4 -5.0±4.1
1zrx 1.5±1.8 3.3±1.3 -1.9±1.7 -3.0±2.8 -1.3±3.1 -2.5±2.1
2amn 4.9±2.9 -0.2±2.9 -2.4±4.2 -4.1±3.8 -4.5±3.6 -6.0±1.7
2czp -4.9±5.0 1.1±0.5 -2.1±0.9 -1.1±0.7 -2.0±0.6 -3.6±1.1
2f3a 3.1±1.2 0.7±0.9 -1.0±1.6 -5.3±1.4 -2.3±0.8 -4.3±0.9
2fbs 1.5±0.9 0.0±1.8 -2.4±1.2 -5.4±0.5 -4.1±1.2 -4.5±1.3
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Transfer energy from planar membrane to pores

Peptide ΔΔW(cyl-planar) ΔΔW(tor-planar)
30% Anionic 10% Anionic Neutral 30% Anionic 10% Anionic Neutral

2g9l 6.4±2.6 3.4±1.2 1.1±1.3 -4.3±4.2 -1.6±2.3 -3.4±1.4
2g9p 1.5±1.2 0.9±3.1 0.7±4.1 -4.4±1.0 -3.9±2.3 -3.7±1.5
2gdl 0.7±3.1 2.4±3.8 -2.5±2.7 -1.8±3.5 -0.7±5.1 -3.1±2.9
2hfr 6.6±3.7 -2.8±3.5 -2.8±2.3 -4.5±4.3 -4.3±3.8 -3.1±2.1
2jmy 0.4±0.9 2.4±1.1 -1.8±1.1 -4.7±0.4 -3.9±0.6 -4.2±0.9
2jos 1.2±2.8 0.8±3.2 1.8±2.0 -3.0±0.9 -2.2±1.3 -4.1±0.7
2jpy 0.0±1.1 -1.6±0.6 -0.8±1.0 -2.9±1.0 -1.4±0.6 -3.5±0.6
2jq0 -3.3±0.7 -0.5±1.8 -1.8±1.0 -2.8±1.1 -2.0±0.9 -3.1±2.4
2jq1 -1.0±0.9 -0.8±1.6 -1.3±1.1 -2.6±1.1 -2.1±0.8 -4.8±0.8
2jr8 7.1±2.6 4.2±3.3 -2.6±1.1 -2.5±1.4 -3.5±2.2 -6.2±1.7
2k10 6.8±2.0 3.0±1.1 -0.5±5.4 -3.1±1.2 -2.4±0.5 -4.5±1.3
2k38 0.6±1.7 2.9±3.1 -2.0±1.1 -0.7±3.9 -2.5±3.3 -4.0±2.6
2k6o 8.8±1.4 7.3±2.7 2.4±3.5 -2.9±2.2 -3.8±4.1 -1.0±4.6
2k9b 1.3±3.0 3.7±1.5 -1.6±2.5 -1.7±1.4 -2.3±1.6 -3.6±2.6
2kam 6.2±0.8 -3.0±1.8 -1.0±2.0 -5.5±1.8 -3.0±1.5 -2.3±0.9
2l3i 3.5±4.7 5.8±3.6 0.7±3.2 -6.0±3.1 -1.0±4.4 -4.5±2.9
2lmf -4.3±2.9 2.5±1.4 -0.3±2.2 -2.8±2.0 -1.7±3.4 -3.8±3.1
2mag 3.6±1.9 0.6±1.3 -3.1±2.4 -3.5±2.8 -2.8±1.4 -6.0±0.7
2mlt 9.3±2.0 -2.7±2.2 -0.5±3.3 -5.4±1.2 -5.3±2.5 -3.0±3.0
2pco -2.6±2.2 0.1±3.3 -2.8±1.9 -4.6±3.1 -7.1±3.0 -6.6±1.5
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