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Abstract

The infections caused by antibiotic resistant bacteria are harder and, in many cases,
impossible to treat. This raises the spectre that common infections and minor injuries
may start killing people, like they did just a century ago. Antibiotic resistant strains of
bacteria are spreading at dangerously high pace, turning to a global health threat that
requires urgent global action. Other than the trivial response of strict restriction of the
application of antibiotic medicine to only the critical cases would be to develop new
antibiotic agents that bacteria could not develop resistance toward, if new drug targets
were identified. However, the development of new antibiotic drugs following traditional
drug development principles has stalled. Antimicrobial peptides (AMPs) may offer a
feasible answer to this demand. AMPs offer the first line of innate immune defence in all

complex organisms.

AMPs are specific and selective to bacterial targets in their host. However, most small
AMPs that are feasible to develop into drugs originate from insects or amphibians, and
thus the specificity and selectivity is lost in humans. In order to serve as an alternative to
antibiotics human cytotoxicity has to be addressed. For this the mechanism of action of
AMPs should be clearly understood, preferable at the residue level, to allow for the
design of artificial AMPs adopt to human therapeutics. The most interesting class of
AMPs for pharmaceutical purpose are membrane disrupting AMPs. This category follows
two main pathways of mechanism of action, both resulting in cell lysis: transmembrane
and surface action. In this thesis the focus will be on mechanism and distinct molecular
stages of interaction of transmembrane acting AMPs with model membranes. Chapter one
introduces general properties and proposed mechanisms of AMPs, as well as the
membranes that the peptides target. Chapter two outlines the methodology and techniques

used to achieve the goal of my work.

The focus of Chapter three is the mechanism of action of one of the best-known
membrane disruptor AMPs, melittin, the main component of honeybee (Apis mellifera)
venom. In this chapter by using quartz crystal microbalance “with dissipation monitoring”
(QCM) nano viscosimetry measurements were performed, supported by dye leakage
experiments. | outline the membrane-specific action of melittin and propose two distinct
new pathways for melittin-membrane interaction based on the model membrane used.
The fissure pathway is described for saturated zwitterionic lipid membrane and the

asymmetric tension pathway for phosphatidylglycerol lipids. In the second part of
VI



Chapter three I investigated the effect of membrane morphology on the observable QCM
fingerprints. In this section I also found that melittin shows higher binding and disrupting

tendency to curved membrane.

In Chapter four I describe my studies of the action mechanism of magainin 2, a pore
former AMP of 23 amino acids secreted by African clawed frog (Xenopus laevis). In this
chapter I could also identify different stages in magainin 2-membrane interaction and

confirm the well-accepted model for the mechanism of action.

In chapter five focus is on finding novel, independent ways of confirming the
mechanisms proposed in the previous two chapters. In the first part I introduce a method
to identify membrane bound states of the peptides from phase transition temperature
changes, measured via viscosity changes as the function of temperature changes. This
method reveals the presence of distinct thermodynamic states in the mechanistic pathway
of the action of melittin and magainin 2. The presence of four and three distinct domains,
respectively, correlated well to hypothetical model mechanism described in the previous

chapters for melittin and magainin 2.

In the second part of chapter five I report on the use of neutron reflectometry to find and
compare the orientation of AMPs in model membranes. For this purpose, melittin and, as
a reference surface acting peptide, aurein 1.2 (from Australian tree frog Litoria aurea)
were selected, with DMPC membrane. NR analysis shows that in lower concentration,
peptides are mainly on the top leaflet bound to the head group region. However, by
increasing concentration specific processes commence: in the case on aurein 1.2 results
show the disruption of outer leaflet consisting with carpet mechanism. On the other hand,
for melittin it was shown that at higher concentration, peptide can insert first into the top
leaflet and then the bottom leaflet. This neutron reflectometry model fitting confirms the

previous proposed models for both peptides.

Thus, in this thesis work I succeeded in obtaining data on the stages and thermodynamic
states of the membrane disrupting actions of melittin and magainin 2, while I have also

developed a new method suitable for the characterization of AMP-membrane interactions.
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Introduction



Chapter One

1. 1. Antimicrobial peptides

Following the discovery of penicillin in 1928 medical practice changed forever,
expanding to hitherto unimaginable areas, curing conditions impossible to treat
before [1]. Antibiotics provided a vital tool not only for the treatment of infections,
but also to allow a range of new medical procedures, as they could be used to avoid
infections during transplantation, chemotherapy, Intensive care unit (ICU)
interventions and to conduct safe surgeries [2, 3]. Without effective antibiotics to
control infection these therapies would be impossible. During 1940s and 1950s,
antibiotics were extremely effective [4]. However, as early as 1946 scientists
including Fleming himself in his Nobel prize lecture [5] warned about the danger

of antibiotic resistant bacteria [6, 7].

Soon those predictions were proven correct in everyday practice. It was discovered
that microorganisms evolve to withstand those medications that are used to kill
them, so infections persist and standard treatments become ineffective [8]. Once
resistance occurs, it will spread rapidly because the resistant bacteria would
multiply rapidly, producing a big population of bacteria with the resistant genes [9].
Although antibiotic resistance is a natural phenomenon, inappropriate and over use
of antibiotics are its major driving factors [10, 11]. In theory the situation could be
managed by expanding and diversifying the number of available drugs; however
few new antibiotics have been developed in recent years and most of the current

antibiotics in use were developed before the 1970s [12, 13].

The emergence of bacterial resistance to conventional antibiotics is one of the most
significant international health issue of our time that requires an urgent solution [ 14,
15]. Probably the first and foremost thing to do would be minimising unnecessary
antibiotic prescriptions to preserve what we have, but obviously new antibiotics are
also urgently required [15, 16]. These new antimicrobial agents supposed to kill or
inhibit growth of pathogens quickly before allowing them to mutate and develop
resistance. Previously, pharmaceutical industry had exacting requirements towards
new drugs that focused attention on synthetic small molecules. However, the
looming emergency broadened the scope: any working solution is acceptable when

our modern way of life is under threat.

One of the potential alternatives to traditional antibiotics is the use of antimicrobial

peptides (AMPs), as they can work quickly, efficiently, and have wide ranging
2



Chapter One

activity [17]. These naturally occurring AMPs represent one of the initial and most
effective forms of innate chemical defence in all living creatures, including e.g
insects, octopus and star fish, against bacteria, parasite, fungi, and viruses, which
are released at the time of hazardous situations such as facing the risk of hunter’s
attack [18-21]. Generally, AMPs contain 12 to 50 amino acids however with
substantial differences in their sequence [18]. Most AMPs can kill both Gram-
positive and Gram-negative bacteria, while some of them show anticancer and
antiviral activities as well [22, 23]. Hence, since their discovery, they were seen as
a potential solution for global health threat of antibiotic resistance [24, 25]. Since
they are naturally occurring, they are less likely to be toxic to host cells and give
rise to AMP-resistant bacterial strains because their mechanism of action

fundamentally differs from conventional antibiotics [26-28].

AMPs have a broad range of activity against pathogenic bacteria, fungi, viruses, and
even cancerous cells and parasites [29]. By the late-90s it was believed that all
AMPs share two common physical features: cationic charge and a hydrophobic
region. The then-popular view was that the former feature promotes selectivity for
negatively charged microbial membranes over zwitterionic mammalian
membranes, while the second one facilitates interaction and disruption of lipid
membranes [30, 31]. However, later in 1997 with the discovery of negatively
charged AMPs the concept that AMPs need to be cationic was changed [32].
Anionic peptides found to be rich in glutamic and aspartic acids [33, 34], usually
need a metal cation such as potassium ion as a co-factor, and some of them undergo
post-translational modifications to show antimicrobial activity [35, 36]. As the
number of known AMPs expanded, distinct subclasses were identified based on

their structure and/or way of action.

Perhaps the most intensively studied subclass of AMPs is the membrane disrupting
peptides as they mostly seem to exhibit common fundamental characteristics, being
cationic, a-helical and amphiphilic [37, 38]. Membrane disruption is suggested to
proceed either through a detergent-like carpet mechanism [39-41], or discrete
pore formation [42-45], either of which subsequently lead to cell death[46].
However, the exact molecular mechanism of the membrane disrupting action is still

debated [47].



Chapter One

1. 2. Chemical structure of AMPs

AMPs as all naturally occurring peptides are chemically defined by a specific
sequence of amino acids, containing various combinations of the 20 natural
proteinogenic amino acids (Table 1) that differ from each other with respect to their
side chains [48]. The codes defined in Table 1 will be used in this thesis. It should
be mentioned that occasionally other amino acids are also included in the AMP

sequence, especially for peptides of bacterial origin.

Table 1.1. Properties and Letter Codes for 20 natural amino acids [48]

Amino acid 3 Letter code | 1 Letter code Properties
Alanine Ala A Hydrophobic
Arginine Arg R Basic, charged
Asparagine Asn N Neutral-polar
Aspartate Asp D Acidic, charged
Cysteine Cys C Neutral-polar
Glutamine Gln Q Neutral-polar
Glycine Gly G Hydrophobic
Glutamate Glu E Acidic, charged
Histidine His H Basic
Isoleucine Ile I Hydrophobic
Leucine Leu L Hydrophobic
Lysine Lys K Basic, charged
Methionine Met M Neutral-polar
Phenylalanine Phe F Hydrophobic
Proline Pro P Conformational, cyclic
Serine Ser S Neutral-polar
Threonine Thr T Neutral-polar
Tryptophan Trp W Aromatic
Tyrosine Tyr Y Aromatic
Valine Val \" Aliphatic, hydrophobic




Chapter One

1. 3. The target of AMPs: the biological membrane

The biological membrane is a vital component of the cell, for enclosing the living
part of cell from the surrounding environment and serving as a selectively
permeable barrier [49]. Studying the structure and understanding the role of each
part of the membrane was for a while one of the most appealing issues in science
[50, 51]. Already in 1925, the first hypothesized model for biological membranes
was proposed to be a lipid bilayer [52]. Follow up studies led to finding more details
about the membrane culminating in the “Fluid mosaic model” by Singer—Nicolson
in 1972 [53]. Based on this model, protein molecules, carbohydrates and all
components are freely diffusing in a sea of lipid bilayer, giving fluidity and

elasticity to the membrane.

outer face - [ tar) head
. PCNOPIRE SIOM T hydrophobic

ol phespholipid
‘ ph P {nonpoiar)
G SUgA Siche chain W fatty acid tad
. _ of phosphodpid

imegral (intrinsic) protains parpheral (extrinsc) protein

inner face

Figure 1.1. Schematic presentation of cell membrane. Image was adapted with the permission
from Encyclopaedia Britanica, Inc. ¢ 2007 [59]

The fundamental structure of the cell membrane is common in both prokaryotic and
eukaryotic cells but with significant differences in configuration [54, 55]. The
membrane platform is provided by the phospholipid molecules that are
amphipathic, leading to an arrangement where a hydrophobic core region separates
hydrophilic domains, providing a semipermeable barrier that controls the passage
of different molecules into and out of the cell; the latter function is mostly
performed by special transport proteins [56, 57]. If the integrity of the membrane is
lost, uncontrolled passing of molecules leads to cell death; such a mechanism was
suggested for the functioning of antimicrobial peptides (AMPs) [18]. Specificity
and selectivity of AMPs is mainly based on the differences between microbial and
host cell membrane structures [58]. The fundamental distinction between

prokaryotic and eukaryotic cell membranes is found in the configuration of
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phospholipid bilayer components and presence or absence of cholesterol [59].
Bacterial (prokaryote) exterior membrane surface is covered by anionic
phospholipids (such as phosphatidylglycerol “PG”, cardiolipin “CL”), while the
outer cell surface in eukaryotes is mostly composed of zwitterionic phospholipids,
(such as; sphingomyelin “SM” and phosphatidylcholine “PC”) with neutral net
charge [60]. Another significant distinction is the presence of sterols such as
cholesterol in the mammalian cell membrane (20-40 mole%) [61, 62], which will
usually reduce the activity of antimicrobial peptides [63-65]. In contrast, bacterial

cells lack cholesterol [66].

Even among bacteria there are substantial differences in their cell membrane
compositions. This is the basis of the Gram stain test that divides them into two
different types: Gram-positive and Gram-negative bacteria [67]. Gram positive
bacteria have a single cell membrane protected by a thick network of peptidoglycan
and teichoic acid [68]. It is believed that cationic peptides are more active against
Gram-positive bacteria [69]. Gram negative bacteria have plant-like cell walls with
a thin layer of peptidoglycan and an outer membrane with a lipopolysaccharide

component which is not found in Gram positive bacteria [70]

Gram-Positive Bacterial Cell Wall Gram-Negative Bacterial Cell Wall
Lipoteichoic
Acid
Outer Lipid [ o
Membrane ——_—
Peptidoglycan
Cell Wall Peptu:loglycan
Plasma
Membrane
Plasma
Membrane

Alternating copolymer of
B{1-4)-N-acetyl-D-glucosamine [W

and M-acetylmuramic acid
L-Ala-D-Glu-

i . . L-Lys-D-Ala
Pentaglycine cross-link / tetrapeptide

Figure 1.2. The basic structure of bacterial peptidoglycan and the cell wall structures of Gram-
positive and Gram-negative bacteria [68]
Live bacteria cells with the protein-containing membrane and many different lipid
and non-lipid components is a complex structure for study [71]. Therefore,
biomimetic membranes consisting of different phospholipid structures are used for

physicochemical studies to reduce the complexity of biological membranes [72].
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Chapter One

1.4. The main structural elements of biological membranes:

phospholipids

Lipids are a large and diverse group of naturally occurring organic compounds that
are related by their amphiphilic character and weak solubility in water. There is
great structural variety among the lipids that include fatty acids, phospholipids,
alkyl glycerides, sterols, sphingolipids, glycolipids, glycerophospholipids, prenol
lipids, saccharolipids, and polyketides [73]. Phospholipids are the main membrane
forming lipids and the most important group of lipids for supporting life.

As shown in figure 1.3, phospholipids are amphiphiles: the polar moiety of the head
group is a phosphodiester which in glycerophospholipids attach to hydrophobic
aliphatic acyl chains by a glycerol backbone [74-76]. The hydrophilic head group
also contains a terminal group such as a glycerol, choline or ethanolamine moiety

[77].

Polar
head

Nonpolar tails

{a) Chemical structure of a
phospholipid

Phosphate group Polar  Nonpolar Polar
heads tails heads

e

(b} Simplified way to draw a phospholipid

Polar head Monpolar tails

Cell membrane

Figure 1.3. Schematic representation of bilayer formation [76]

There are two classes of phospholipids based on the backbone structure:
glycerophospholipids and sphingophospholipids with glycerol and amide
backbone, respectively [78]. The general structure of phosphoacylglycerol as the

main physiological phospholipid in nature is shown in figure 1.4.
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Figure 1.4. Phosphoacylglycerol structure

Depending on the identity of R"” of head group region and R and R’ in the
hydrophobic tail region different types of phosphoacylglycerol lipids can be
distinguished. Table 1.2 shows the structure and abbreviated names of widely used
natural phosphoacylglycerol lipids.

The amphiphilic structure makes phospholipid molecules able to aggregate
spontaneously to bury their hydrophobic “tails” in the interior and expose their
hydrophilic heads to water; this self-assembly process leads to lipid bilayer
formation [79, 80]. Figure 1.3 shows the schematic representation of a phospholipid
bilayer. In biomimetic membranes, DMPC is frequently used as a saturated
zwitterionic lipid and DOPC as the unsaturated counterpart; these lipids yield
“neutral” mammalian-mimetic membranes. For bacterial mimetic membrane

DMPG or DOPG were added to the mixture, respectively.
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Table 1.2. Widely used phospholipids and their molecular structures

Lipid name | Abbreviated Molecular structure

name

1,2-dimyristoyl-sn-

glycero-3- DMPC
phosphocholine /\(\0’5“0\/\ NS
\/\/\/\/\/\/\[r \
0
1,2-dipalmitoyl-sn-
glycero-3- DPPC o 0
PPN NN NN N P
phosphocholine VWW\/\/%;S(H\OCE 0\/\,‘(
0
1,2-dioleoyl-sn-
glycero-3- DOPC 9
\/\/\/\/:\/\/\/\)L . |
phosphocholine /\/\/\/\:/\/\/\/YO%C"?:-O/\’M“
o o
1,2-Dimyristoyl-
sn-glycero-3- 2 0 OH

phosphorylglycerol DMPG

(sodium salt) !

1,2-dioleoyl-sn-

glycero-3- \/\/\/\/—\/\/\/\i i \)Oi/
= 07N 0~P~0 OH

phospho-(1'-rac- DOPG W c;r]f

glycerol) (sodium

salt)

1-palmitoyl-2-
oleoyl-sn-glycero- POPC 0
3-phosphocholine

1-palmitoyl-2-
P Y POPG o

0
oleoyl-sn-glycero- PPy 0 OH
yi-sn-gly 0 ook _oH
3-phospho-(1'-rac- A e SR
Na*

glycerol) (sodium
salt)
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1. 5. Cholesterol

Sterols, also known as steroid alcohols, are a subgroup of one of the most important
class of organic molecules known as steroids, a class ofnatural lipids
in plants, animals and fungi [81]. Cholesterol is the most common type of animal
sterol, which is a vital component of cell membrane structure and also the basis of
some specific hormone synthesis pathways [82-84]. The sterols found in plants and
fungi are phytosterols and ergosterol, respectively [61]. The proposed model for the
role of cholesterol in lipid membranes postulates that it interacts with lipid head
group through its small hydrophilic OH region and can insert into half leaflet of
membrane and reorder the lipid core region [61]. Presence of cholesterol in
mammalian plasma membrane modulates the fluidity of membrane structure and
controls the membrane permeability [85-88]. Figure 1.5 shows the chemical

structure of cholesterol.

HO
Figure 1.5. Cholesterol chemical structure

To explain the molecular-level interaction of cholesterol with neighbouring lipids
different models were proposed, namely condensed complex model (CCM) [89,
90], the superlattice model (SM) [91] and the umbrella model [92, 93]. It should be
noted that all of these models are based on in vitro studies and assume that
cholesterol-cholesterol interaction is repulsive, however, in 2005 it was suggested
that the interaction might be attractive [94]. In the CCM, it was hypothesized that
cholesterol will preferably associate with saturated acyl chains by hydrogen bond
and forms condensed complexes [89, 95]. The Superlattice Model assumes that
presence of cholesterol among other lipid molecules may cause a long-range
repulsive force and subsequent formation of regular superlattice distributions [91,
96]. The small polar “head group” of cholesterol cannot provide the shielding for

its hydrophobic sterol region in aqueous environment, thus in the Umbrella model
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cholesterol shows higher tendency to interact with larger headgroup lipids, such as
PC or sphingomyelin [92, 97]. Based on the Umbrella model, beneath the
phospholipid headgroup the hydrophobic cholesterol region shares the space with
the phospholipid acyl chains causing the “cholesterol condensing effect” [98].
Consequently, cholesterol shows higher preference for saturated acyl chain lipids
than unsaturated lipids because of higher packing order [98]. It was proposed that
cholesterol may not distribute uniformly throughout the membrane and instead will
condense leading to the so called raft formation [99]. Differential scanning
calorimetry (DSC) experiments shows that presence of cholesterol may alter the
main transition temperatures of lipid membranes [100-103]. It was shown that at
low concentration of cholesterol there are two separate domains, one cholesterol-
rich and one cholesterol-poor and by increasing cholesterol content the cholesterol-

poor domain will shrink [104].

Studies on cholesterol enriched membrane mostly focus on the regions known as
rafts or liquid ordered domains; the existence of these regions is one of the initial
differences between eukaryote and bacterial membranes [105]. Furthermore,
knowing that physical membrane properties are the main factors affecting peptide-
membrane interaction, therefore, existence of cholesterol rich/poor domains may
lead to different peptide behaviour toward the membrane [106]. Several studies
proposed that the presence of cholesterol in eukaryote membrane would reduce or
inhibit the disruption activity of AMPs, by increasing membrane cohesion and
stiffness [60, 107-116]. Despite all these findings the effect of cholesterol on AMP-

membrane interaction is still not clearly understood.

1. 6. Biomimetic membrane

Different techniques can be used for supported lipid membrane formation including
spin coating [ 117], micro contact printing [118], solvent-exchange deposition [119],
Langmuir Blodgett deposition [120], lipid-surfactant micelle deposition [121],
evaporation induced assembly [122], bubble collapse deposition [123], lipid dip-
pen nanolithography [124], and vesicle fusion [125, 126]. The main problem of
using supported bilayer membrane platforms for studying the interaction between
transmembrane peptides and proteins with membrane is not so much the formation

of such membrane platforms, rather the lack of enough space between the
11
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supporting surface and membrane [127]. Attempts to address the issue introduced
various spacers, such as, soft polymer cushions [128, 129], tethers [130-132] and
polar peptides [133, 134] to lift the membrane a few nanometres above the surface.
However soon it was revealed that the anchor molecules potentially hinder protein
diffusion [135, 136]. Potentially the best biomimetic model of plasma membrane
structure is the partially suspended bilayer which uses the roughness of the surface
to include a liquid reservoir underneath the membrane [137-139]. Liposome
deposition is the simplest technique for membrane formation for the study of
peptide-membrane interaction [105], lipid domain formation [ 140, 141], membrane
cytoskeleton interactions [142] and protein self-assembly [143-145]. It involves
addition of lipid vesicles to a hydrophilic surface following liposomes rupture to
form a continous bilayer on the surface [137, 138, 146-151]. The liposome

deposition is the main technique used in this thesis.

1.7. Thermodynamic phase behaviour of phospholipids

Homogeneous matter can be found in one of three fundamental thermodynamic
phases: solid, liquid, or gas [152]. At a specific combination of temperature and
pressure depending on the intermolecular forces homogeneous matter can
transitionfrom one phase to another that is known as phase transition [153]. Lipid
membranes also exhibit phase transitions, however can not be considered
homogeneous matter given the stabilizing role of the environment (water surface
tension) in the formation of a bilayer, and the amphiphilic nature of the lipid
molecules that create two distinct interaction zones, one van der Waals/hydrophobic
and the other polar/hydrophilic, in the cross section of the bilayer. Phospholipid
bilayers undergo multiple phase transitions while remaining in two dimensional

condensed state [154].

In very low temperature, lipids are in the most ordered phase, the individual
phospholipids are closely packed and fully extended, described as a crystalline
dehydrated phase (Lc) [155-157]. By increasing the temperature, the polar
headgroups become hydrated and the tightly packed lipids gain more freedom of
motion leaving some gaps between them until the formation of gel phase (Lg) at the
sub-transition temperature [158]. PC lipids with 14 carbon atoms show only two

phase transitions, known as main transition and pre-transition [159]. Most of
12
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saturated phospholipids with more than 15 hydrocarbons in their acyl chains and
depending on their head groups have three phase transitions by having another
phase between Lg and L, known as ripple phase (Pg) [160]. Phospholipids with 10
hydrocarbon long acyl chains have only one phase transition and shorter than 9
hydrocarbons do not have any phase transition [161, 162]. In the literature, the
“main transition” (Tm) of lipids is the gel to fluid transition resulting from melting

or disordering of the hydrocarbon chains.

Different phospholipids may have different phase transition temperatures [160,
163]. Factors affecting the phase transition are acyl chain length and structure, state
of hydration, pH and presence/ absence of ions influencing the head group
configuration [164-167]. Presence of unsaturated acyl chains, by weakening the van
der Waals interactions between hydrocarbon tails will decrease Tw, directly
depending on the number of double bonds [168, 169]. Likewise by increasing
hydrocarbon chain length, van der Waals interaction become stronger requires more
energy to disrupt the ordered packing, thus the T, increases [170]. It was also shown

that increasing hydration of head groups may decrease in hydrocarbon packing and

...//.// .f/ i
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Figure 1.6. Representation of the different phases one in a lipid membrane: crystal phase (Lc),
gel phase (L), and liquid phase (L,). Certain types of lipid can be found in the ripple phase
(Pp), which is a transitional phase between the gel and liquid phase [172]

subsequently decrease the main phase transition temperature [171].

Figure 1.6 shows the simple schematic presentation of different phases in the lipid
membrane [172]. Furthermore, it was reported that presence of cholesterol in the
membrane inhibits the lipid gel phase formation by disrupting the lipid packing
[100, 173].
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1. 8. Structural categories of AMPs

According to APD database only 13% of AMPs have a known 3D structure, as
determined by solution nuclear magnetic resonance (NMR) spectroscopy or X-ray
diffraction [174]. However it is known that many linear AMPs that are unstructured
in aqueous solution such as magainin [175], and melittin [176], adoptat least

partially folded conformation as they interact with the biological membrane [177].

The highly environment-dependent conformation of the peptides lead to circular
dichroism (CD) becoming the method of choice to characterize, indirectly, the
folded state of the peptides [178]. Thus the three dominant structural groups for
AMPs were identified: a-helical, B-sheet and extended peptides (figure 1.7) [179,
180].

1. 8. 1. a-helical AMPs

a-helical AMPs form the most broadly studied category of AMPs. More than 100
AMPs have been identified to have a-helical structure, consisting 12 to 40 residues
and may have a central “hinge” region, like the one in e.g. dermaseptins [181] and
caerin [182]. a-helix is formed by establishing hydrogen bonds between the amide
moieties, C=0 in one loop and N-H in the other. This regular pattern repeats
precisely every 4 amino acid residues through the helix which gives the a-helix

definite rise and diameter [183].

Usually, the amphipathicity of the peptides manifests along the axis of the a-helix,
so it can lie parallel on the membrane surface with the hydrophobic parts sinking
into the hydrophobic core of the membrane during the lipid interactions [184]. The
length of the helical segment differs, in some cases long enough to span the
membrane bilayer and disrupt the hydrophobic region of cell membrane [185, 186]
while shorter a-helical peptides such as aureinl.2 usually may act on the surface,

dissolving the membrane once a threshold concentration is reached [187].
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Figure 1. 7. AMPs structure: a) a-helical b) B-sheet ¢) Extended [176]

The properties of the a-helix would affect the depth of membrane insertion and
consequently the antimicrobial activity of the AMPs [188]. The length of an a-helix
may also affect its cytotoxicity [ 189]. By decreasing peptide length, the tendency to
form secondary structure and subsequently membrane binding would decrease as
the result of increasing entropicpenalty, per amino acid on adsorption [190].
Therefore, antimicrobial activity and membrane lysis usually decrease with
decreasing peptide length [191, 192]. For example it was found that a shortened
derivative of melittin and HP showed at least 300 times less toxicity to rat and

human erythrocytes, respectively [193].

1. 8 .2. B-Sheet AMPs

The B-sheet, B-pleated sheet or B-form structure was first suggested in 1930s by
William Astbury [194]. The structure is formed when two or more polypeptide
chains overlap and form a row of hydrogen bonds. This can happen in a parallel or

anti-parallel arrangement [195].
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In anti-parallel arrangement, the C-terminus end of one piece and the N-terminus
end of the other one is on the same side. In parallel arrangement, the C-terminus
end and the N-terminus end of both segments are on the same sides. Hence, the
hydrogen bonds form at an angle, which makes the bond longer and thus less stable.

Furthermore, in the anti-parallel arrangement as the nitrogen and oxygen

Figure 1.8. B-sheets peptides: a) anti-parallel hydrogen bonding b) parallel hydrogen bonding

components are directly opposite to each other, they can form stronger and more
stable bonds [196]. Disulphide bridges between conserved cysteine residues often
stabilize this conformation however this covalent bond doesn’t contribute to

antimicrobial activity [197, 198].

1. 8. 3. Extended AMPs

There are many examples of AMPs that do not fold into classical secondary
structures, and they are usually small and contain high proportions of specific amino
acids, typically Arg, Trp, Cys or Pro residues that impose particular constraints to
their structure [63]. Many of them are not membrane active, and they exert their
activity by penetrating the membrane and interacting with intracellular proteins
[179]. 1t is believed that these peptides will insert into the membrane with the
hydrophobic core making contacts in the interfacial regions while the flanking parts
interact more prominently with the lipid headgroups [199]. Extended peptides show

a boat-like conformation when bound to the membrane [199]. Although a number
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of studies argue about the mechanism of extended peptides [199-202], their
mechanism of action with short and unique sequences yet wide-range of activities

is still under debate [203].

1.9. Target Specificity and Selective Toxicity

As described above, AMPs form the first line of defence against infections in most
organisms. The essential consideration about the potential pharmaceutical
application of each AMP is the degree to which it can differentiate between the
pathogens and the host cells. The selective toxicity of an AMP, or the lack thereof,
is based on different physicochemical parameters of peptide (including charge,
hydrophobicity, conformation, amphipathicity) and complex interactions of the
peptide and target cells [204]. As noted earlier all biological membranes are
composed of amphipathic phospholipids but there are some significant differences
between microbial membranes and AMPs secreted organisms (from here on host
membranes) [205, 206]. There can be significant differences between different host
membranes as well, as membrane lipid composition has marked differences
between amphibians, insects, plants and mammals [18, 21, 25, 207, 208]. Bacterial
pathogens have highly anionic membranes, composed mostly of PG or CL lipids
[18, 209]. On the other hand, mammalian membranes are composed of zwitterionic
phospholipids such as PE, PC, or SM [210]. The presence of sterols in mammalian
membrane is the other difference between these cells and bacterial [111, 211]. Thus,
the main driving force of the selectivity of AMPs towards bacterial membrane is
believed to be the electrostatic interaction between cationic AMP and anionic
bacterial membrane [212-215]. However, empirical evidence shows that higher
positive charge does not necessarily result in higher antimicrobial activity, it was
found that in peptides with higher than +5 charge the antimicrobial activity is
reduced, as it can interfere with peptide conformation [115, 216, 217]. Different
studies on the peptide helicity show that stability of peptide helical structure and
dynamic conformations may result in higher antimicrobial activity, however
unfortunately there is a parallel increase in haemolytic activity as well [46, 218-

221].

Studies on the interaction of linear and cyclic variants of melittin and magainin

showed that peptide conformational dynamics have a significant effect on peptides
17
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initial binding to the membrane and their disrupting ability [222]. It was found that
cyclic melittin analogues were less efficient in the initial binding but show overall
higher antimicrobial activity. On the other hand, the magainin cyclic analogue is
less efficient in both disruptive action and the initial binding [222]. Hydrophobicity
and o-helicity are believed to be crucial factors in antimicrobial activity of cationic
membrane disrupting peptides [223]. It was revealed that increasing the peptide
hydrophobicity may lead to increased antimicrobial activity that has also increased
haemolytic effect of the peptide [220, 224-229]. However, it was found that further
hydrophobicity increasing beyond a certain threshold result in a decrease of
antimicrobial activity probably due to higher self-association and dimerization

which inhibits peptide reaching to the membrane [224].

In other studies it was shown that peptide amphipathicity has a positive correlation
with antimicrobial but also haemolytic activity of peptide [230]. Many studies have
shown that the hydrophobic moment or amphipathic structure distribution is more
important in antimicrobial activity than overall hydrophobicity [231-233].
Amphiphilicity is not simply the presence of hydrophobic/ hydrophilic moieties in
the sequence but also the distance between them which is known as amphipathicity
[234-236]. In some helical AMPs (such as human peptide LL-37) amphipathicity is
distributed along the longitudinal centreline with hydrophobic residues on one side
and hydrophilic ones on the other side. A peptide like that is typically oriented
parallel to the membrane surface on the interface between the hydrophobic
membrane core and hydrophilic headgroup region, leading to surface acting
mechanism [231, 237]. This type of amphipathic structure distribution found to be
effective against Gram-negative bacteria [231]. Another more contractive
amphiphilicity forms by separating the hydrophilic section with a hydrophobic
intermediate by a transverse line perpendicular to the longitudinal axis of peptide;
peptides exhibiting this unique motif found to be effective against both Gram-
positive and Gram-negative bacteria and act by transmembrane mechanism [231,
236, 238]. The details of these mechanism of actions will be explained in the

following section.
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1. 10. Proposed mechanisms of a-helical peptide-membrane

interaction

While the exact mechanism of action of an AMP is rarely known, and in many cases
still debated [198, 239], two distinct membrane permeabilization mechanisms have
been proposed and widely accepted based on available data and the structure of
AMPs. Transmembrane pore formation that is divided into two different pore
geometries known as barrel-stave and toroidal pores, and surface acting “carpet”

mechanism.

The distinction between these mechanisms is mostly empirical with a weak
correlation to the peptide length [240]. It is believed that both shorter peptides (<3
nm helical length) and longer ones (>7nm) have difficulty forming pores through
the membrane. 4nm peptides (approximately 20-30 amino acid residues in the a-

helix) are optimal to span a lipid membrane by forming pores [241].

An important general characteristic of membrane disrupting AMPs is the existence
of an activity threshold. Often, but not always, at low concentration peptides are

inactive and only after reaching a critical concentration can they exert their activity

[219].

1.10. 1. Barrel-stave pore formation

Barrel-stave mechanism was first proposed in 1974 to explain alamethicin activity
in black lipid membranes [242, 243]. In this hypothetical mechanism first the
peptide monomers bind to the membrane and form an a-helical structure. Then the
peptide as monomer or oligomer aggregate on the surface to form a bundle or an
ion-channel in the core region of membrane, without significant perturbation of the
lipid molecules in the way that their hydrophobic surfaces interact with the lipid

core and their hydrophilic surfaces form the interior region of an aqueous pore [100,
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243-248]. So, the logic of the model necessitates that hydrophobic interaction is the

main driving force in this model [244].

A more generic model of the barrel-stave mechanism involves four main stages: (a)

initial electrostatic binding of the helical peptide monomers to the membrane

Figure 1.9. Barrel-stave pore formation model [254]

Hydrophobic peptide region coloured blue and hydrophilic region are red

surface (b) membrane-bound monomers start assembly even at low surface density
of bound peptide (c) at least two assembled monomers insert into the membrane to
start the pore formation (d) increase the pore size by progressive insertion of further

monomers [244].

It has been concluded that the barrel-stave pore formation model is only feasible for
very weakly charged peptides, which can be tightly packed [44, 45, 249]. This
unique pore formation in alamethicin is well studied and reported; it is the only
confirmed peptide following this model [45, 241]. Based on the mechanism it was
believed that alamethicin pore would be formed by a fixed number of
monomers[250], however some argued that the pore size formed from this
aggregation will increase with the number of monomers in the aggregate, and

subsequently increasing the conductance [251, 252].
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1. 10. 2. Toroidal-pore formation

Toroidal pore or wormhole mechanism was first proposed in 1996 to describe
magainin-induced pores [44]. In the toroidal pore mechanism, AMPs insertion into
the membrane lead to forming pores at critical threshold concentration by induced
surface bending in membrane leaflets, bridging the two leaflets so the water core is
lined by both the inserted peptides and the lipid head groups [44, 204]. By disruption
of the bilayer curvature and forming a torus, the inserted peptides would cause

permeabilization, or disintegration of the membrane [253, 254]. The main

Figure 1.10. Toroidal pore formation model [254]

Hydrophobic peptide region coloured blue and hydrophilic region are red

difference between barrel-stave and toroidal model is that in the toroidal pore
model, peptides are always associated with the lipid head groups even when they

are vertically inserted in the lipid bilayer [45, 255].

It was predicted based on the model that the formation of stable toroidal pore highly
depends on a critical peptide-lipid ratio, and increasing peptide concentration would
lessen the pore stability because of higher electrostatic repulsion between the

positive charged monomers [56].

Recent studies suggested the toroidal pore formation by various peptides, such as

mellitin from bee venom [45], and magainins from amphibian [256, 257].
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1. 10. 3. Carpet model

The so called carpet model is the most commonly cited model, and was first
suggested by Pouny et al. in 1992 for explaining the mechanism of action of

dermaseptin [258]. Carpet mechanism is described in four steps: a) peptides bind

Figure 1.11. Carpet model [254]

Hydrophilic peptide region coloured blue and hydrophobic region is red

parallel to the surface through their hydrophilic surface, it is assumed that main
force in this mechanism is electrostatic forces between the negative charge of
bacteria surface and positively charged peptides, however, the exact role of peptide
charge is not fully known [187, 259]. (b) laying of peptide helical monomers on the
surface of the membrane in the way that the positive charges of amino acids interact
with the negatively charged lipid headgroups or water molecules, covering the
membrane surface in a carpet-like fashion. c¢) reorientation of the hydrophobic
peptide residues toward the hydrophobic core region and (d) finally breaking
down the membrane by disrupting the bilayer curvature [244]. The parallel
orientation of the peptide on the membrane head group during the whole process
would change the membrane fluidity by displacement of phospholipids by peptides
and destabilizes the phospholipids packing [37, 260]. It should be noted that in this
mechanism the membrane cannot be permeated before reaching a critical peptide
threshold concentration [64, 260, 261], which could be described as causing
imbalance between surface tension of two membrane leaflets that at a specific

concentration leads to membrane disintegration [262]. There are some examples of
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AMPs reported to disrupt the membrane via carpet mechanism including, cecropin

P1[39] and aurein 1.2 [138, 262] and citropin 1.1 [263].

All these models predict that the cell killing activity of AMPs happens via
perturbation of membrane integrity [264]. Recent NMR studies proposed that by
passing sufficient time all AMPs may fragment the membrane bilayer to form
micelle structures, which leads to cell death, regardless of their preferred
mechanism [204]. However, all these mechanisms are only hypothesis based on the
final stage of peptide-membrane interaction and none of the known AMPs would
exactly match any of these models [18, 265, 266]. In order to understand the exact
mechanism of AMPs action we need to find a way to study the entire pathway

leading to the final disruption.

1. 11. Overcoming the limitations of methodology

As noted, a persistent problem in this field is how to confirm the mechanism of
peptide—membrane activity directly. The exact cell killing mechanism of AMPs is
not completely understood in most cases, particularly the role of specific peptide
residues and their interactions with specific membrane components in the
mechanism of action [267]. It was confirmed for most peptides in this family that
their mechanism of action involves membrane permeabilization; for this reason it is
acknowledged that their interaction with specific membrane components is an
important feature of their behaviour [267, 268]. However, in reality this interaction

is more complex than any of the proposed models [269, 270].

To identify the underlying molecular processes a wide variety of biophysical
techniques have been used to evaluate the secondary or tertiary structure of the
peptide, and its orientation, or the thermodynamic states associated with the binding
to membrane. Those biophysical techniques were used to clarify the mechanism of
action of AMP lysing of phospholipid membranes which provides most of our
knowledge of the molecular details. However, each method provides a slightly
different aspect of peptide activity and none of them found to be capable of

effectively determining the mechanism of AMP action individually [271].

Studying the interaction of AMPs with model membranes can be the best way to

gain insights into the mechanisms of their activities [56]. For this purpose, different
23



Chapter One

techniques applied, with different strength and limitations [272, 273]. Namely:
atomic force microscopy (AFM) can provide a good approximation of surface
topography of the membrane and probable restructuring or destabilization
happening with peptide in real time, under physiological condition with slight
sample preparation [272, 274]. However, it lacks chemical specificity and unable to
study situation without enough topographical contrast (such as inserted peptide in
the membrane) [275, 276]. Generally, spectroscopic techniques (fluorescence,
nuclear magnetic resonance (NMR), circular dichroism (CD), infrared (IR) and etc)
are non-invasive fast techniques based on the changes of electronic and
spectroscopic energy levels by the peptide binding with the advantage of application
in solution, providing a better understanding of binding process and help insight
into the three-dimensional peptide structural and conformational findings [277],
while having the disadvantage of lack of sensitivity and ability to study multiple
equilibria processes [278, 279]. Fluorescence and NMR spectroscopy are providing
structural and dynamic information of the binding and indicating which group or
part of peptide involve in the binding, respectively [280, 281]. NMR is very accurate
but expensive and requiring large amount of peptides [282, 283]. IR and CD are
particularly useful to study the peptide secondary structure and three-dimensional

structure of binding sites but less accurate than NMR, respectively [284-286].

One of the calorimetry technique used is differential scanning calorimetry (DSC)
with the ability to offer a direct and complete thermodynamic view of the interaction
but with the disadvantage of large sample required and low throughput [287, 288].
Another calorimetry method used as a fast method for localizing membrane
transitions of AMPs is isothermal titration calorimetry (ITC) [289, 290]. The quartz
crystal microbalance-with dissipation monitoring (QCM-D) is an attractive real-
time and insitu technique for measuring the dynamic behaviours of a layer on the
quartz crystal surface, and providing information of the mass and structural changes
happening on the surface [262, 291]. Therefore, it found as a useful method to study
the dynamic process of peptide adsorption and desorption on the surface [292, 293].
Particularly to study the molecular-level interactions between a supported
membrane and AMPs in order to find their mechanism of action [262, 293, 294].
Transmission electron microscopy (TEM) helps to directly observe the changes in
membrane morphology before and after peptide treatment [295, 296]. Another

useful microscopic technique is confocal microscopywhich the source of light
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imaged through a pinhole for increasing optical resolution and improved signal-to-

noise ratio [297, 298].

The continuous progress in biophysical methods ranging from structural analysis to
live imaging opens new prospective and may challenge former findings. Despite
thousands of studies and findings, there are still unclear and debated issues in the

field.

1. 11. Aims of the work

AMPs, as an effective innate defence found to have the potential to battle the
growing threat of antibiotic resistant bacterial strains. However, despite all the
efforts spent on developing AMP drugs and describing their mechanism of action,
there is still controversy and uncertainty in the understanding of mechanism. The
lytic action of most AMPs is well proven however, for a prospective antibiotic, the
hemolytic activity in humans needs to be eliminated, which has not been successful
thus far, due to persistent uncertainties about their mechanism of action, and the
basis of their specificity and selectivity in their natural host. In this thesis I aim to

resolve some of those unclear aspects of AMP action.
The specific aims of my thesis are to

1. Identify the molecular mechanism of action of well-known membrane
disruptor peptides melittin and magainin 2 on different model membranes

mimicking fundamental mammalian and bacteria-like membrane properties.

2. Describe the effect of basic membrane properties, such as charge, alkyl
chain saturation, cholesterol content and morphology on the mechanism of

action of these peptides.

3. Explore the feasibility of using lipid phase transition temperature
measurements to detect distinct thermodynamic states of membrane bound
peptides, manifesting as domains. Develop this as a method, in reference to
the mechanisms of melittin and magainin 2 action defined in Aims 1 and 2.

4. Study the means of determining the location and orientation of the AMPs in
model membranes in support of the proposed mechanisms developed in

Aims 1 and 2.
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Chapter Two

2.1. Quartz Crystal Microbalance (QCM)

QCM is based on the simple principle that addition of mass to the surface of a mechanical
oscillator changes its resonance frequency. The QCM oscillator is a piezoelectric quartz
crystal plate equipped with two electrodes [1]. Because quartz is a piezoelectric material,
applying AC voltage causes this piezoelectric plate to oscillate at a specific frequency (fo)

determined by the mechanical and geometric properties of the crystal [2], as defined by

Eq. 2.1

where My, pq and tq are the elastic shear modulus of quartz, quartz density and the quartz crystal thickness,
respectively. This formula allows for quantifying mass change from frequency change, as shown by
Sauerbrey [3] for the addition of thin solid layers:

Am = —C Af
Eq.2.2

Where C is a constant for a quartz crystal plate:

tqPq

fo

Eq.2.3

C =

Here tq and pq are thickness and density of quartz plate, respectively.

The Sauerbrey equation is valid within specific boundary conditions [1, 3-5]. The mass
adsorbed should be rigid, distribute uniformly and it should be much smaller than the

mass of the quartz plate.

QCM can also provide information about energy dissipation into the adlayer [6]. The
dissipation (D) in a mechanical oscillator is related to the quality factor (Q) of the
resonance and the oscillatory decay time constant (t) when excitation is removed as

follows:

l _ 1 _ Edissipated
Q T[fT ZnEstored

D =

Eq.2.4

Where Edissipated and Estored are the dissipated energy during one period of oscillation and

stored energy in the system, respectively.
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There is a simple QCM technology for measuring frequency and dissipation

simultaneously [7]. In the absence of a continuous drive signal, the amplitude of the

Af~Am A
AD ~ stiffness

Intact vesicle platform Lipid bilayer platform

Figure 2.1. QCM-D principles. (a) Schematic representation of the QCM-D principle. The spheres resemble
unruptured vesicles and blue balls resemble attached solvent. (b) A monolayer of unruptured vesicles
formed on substrates e.g., gold and titanium oxide. (c) A supported lipid bilayer [12]

oscillation will decay exponentially. Energy dissipation (D) is the exponent, that can be
described as per Eq 2.4 as energy loss per stored energy during one oscillation cycle [8].
In the absence of an electronic drive signal, the oscillating piezoelectric crystal generates
an AC voltage, the magnitude of which is proportional to the amplitude of the mechanical
oscillation, providing a direct readout. During the decay dissipation and frequency can be
recorded simultaneously for multiple eigenmodes of the crystal (n= 1, 3, 5,...,13)
corresponding to 5, 15, 25,..., 65 MHz, respectively [9]. The frequency and dissipation
values of different eigenmodes can be used to determine the adsorbed mass and
viscoelastic properties of the adsorbed layers, properties such as viscosity, elasticity,
density and thickness [10]. The complex (dissipating) shear modulus of the adsorbed film
on the sensor can be defined by:
G =G +iG" = ps + 2mifn,
Equation 2. 5

In the equation, prand nrare the elastic (storage) and viscosity (loss) shear, respectively,
and f is the frequency of oscillation [11]. Adsorbed layers with larger viscous loss will
have larger dissipation change than more rigid films, due to the larger ratio between
stored and loss energy [12]. Therefore, QCM-D can provide in situ information about

mass and structure changes during the measurement, is proved to be a powerful technique
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not only to investigate the deposition of materials on the sensor surface, but also to
monitor the interaction between the surface and other material added such as peptides or

proteins [13].

2.1. 1. Biomimetic membrane formation on QCM sensor surface

A widely accepted model for mimicking natural cell membrane is using supported lipid
bilayers (SLBs) [14, 15]. While the first study on the formation of SLB by spontaneous
vesicle fusion on hydrophilic substrate was published in 1985 [16], precise control of the
deposited membrane structural characteristics used to be a challenge [6, 17] which was
resolved and confirmed precisely by using different techniques [18, 19]. QCM is one of
the techniques widely used to monitor the formation of SLB on different substrates and

study their interaction with peptides [1, 20-28].

It was shown that using silicon dioxide coated chips promotes membrane formation; the
deposition yields a non-dissipative membrane due to the strong surface binding [6, 17,
29]. It is also possible to create suitable conditions by functionalizing the gold electrode
surface directly by a self-assembled monolayer (SAM) of suitable chemistry, such as
mercaptopropionic acid or mercaptoundecanoic acid; such SAM surfaces support the
formation of partially suspended, that is, dissipative membranes [18, 21, 30]. Partially
suspended single bilayer DMPC membrane on mercaptopropanoic acid (MPA) modified
gold chips exhibits frequency and dissipation values of ~-13Hz and ~3x10° arb.u. values,

respectively [31].

2.1.2. Viscoelastic fingerprinting analysis

Plotting dissipation energy change (AD) against frequency change (Af) provides a quick
and useful picture of the viscoelastic processes in a QCM deposition or interaction assay.
It shows characteristic interaction vectors in f-D space defined by the mass and viscosity
of the deposited material during adlayer formation, or the structural change that disrupt
the native viscosity and elasticity of this adlayer when exposed to an interacting partner,
such as membranes and memb5Srane disrupting AMPs. These interaction vectors, or
trendlines, provide a fingerprint of multi-step processes by highlighting each mechanistic
subprocesses [32, 33]. Af values are often plotted in reverse, i.e. positive to negative on
the x-axis, to demonstrate mass uptake (that correspond to negative frequency change)

while AD values are plotted negative to positive on the y-axis [33].
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In viscoelastic fingerprinting analysis, the overall process is divided into individual sub-
processes or steps. The characteristic trendline of each step is interpreted by correlating
the viscoelastic change to the possible underlying processes. While there is a slight
crosstalk between the signals [34], in an idealized system the frequency change shows
mass change on the surface and dissipation change shows structural rearrangement in the
system[18, 33]. However pure elasticity change also appears as frequency change, while
the addition of viscoelastic mass increases dissipation parallel to frequency. Consistently
different processes may give identical trendlines, thus QCM analysis must be informed by
results from other techniques. Nevertheless, there are some general rules in interpreting
fingerprints. The trendline toward [-f,+D] is normally indicative of mass uptake whereas
[+f,-D] shows mass loss. If the trend proceeds toward other quadrants, it indicates
structural changes in the system. The different shear wave penetration depth of the
different sensor resonance modes also offers a qualitative depth profile: in terms of AMP-
membrane interaction, different responses over eigenmodes indicate surface acting

peptides and equal responses across eigenmodes suggest trans-membrane action [27].

2.2 Dye leakage experiments

Self-quenching arises between two identical molecules or ions when the first molecule
that is initially in an excited state exchanges energy with its’ ground state counterpart,
resulting both molecules simultaneously changing to excited states that are intermediate

in energy between the two initial states. Therefore, the energy drop for the first molecule
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Figure 2.2. The simple schematic representation of dialysis process

is equal to the energy increase for the second molecule, causing conserving energy but no

photon emission.

In practical dye leakage experiments, the light from an excitation lamp source is absorbed

by the dye, followed by some of the energy emitted as fluorescence; the emitted photons
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are collected by a photomultiplier detector [35]. In this thesis, The concentration of
carboxyfluorescein (CF) dye encapsulated in liposomes was with the absorption at 470

nm and emission at 515 nm [36, 37].

/Light
|\ source)
: -

Photomultiplier
Figure 2.3. Schematic figure of dye leakage process

In order to assess disruption action of AMPs, 0.02 M 5(6)-carboxyfluorescein dye as
incorporated in liposomes by preparing the liposomes in dye solution. The excess amount
of dye was removed by using snakeskin™ dialysis tube and dialysis process until a clear
solution remained (figure 2.2). The amount of dye release after addition of different
concentration of peptide was recorded by using Spectramax M5 spectrophotometer

(Molecular Devices, Silicon Valley, CA, USA).

The data is analyzed by subtracting a blank containing only dye loaded liposomes to
remove photobleaching. Release intensity was normalized to the time zero intensity.
Positive control was not used due to the errors inherent in variations between the
intensities of the liposome suspensions in each cell. The data in this case is a yes/no

indicator of membrane disrupting activity or the absence thereof.

2.3. Dynamic light scattering (DLS)

Dynamic light scattering, also known as photon correlation spectroscopy, is a technique
used to measure the size and size distribution of particles in suspension, such as polymers,
proteins and liposomes in a liquid medium. It covers the size range from 1 nm up to a few

um [38, 39].
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Figure 2.4. Block diagram of DLS

The DLS setup consists of a monochromatic light source, usually a laser light used to
illuminate the sample. The light will then be scattered by particles of sample, and the
fluctuations of the scattered light will be collected at a known scattering angle by a fast
photon detector. The suspended particles in the sample move in random directions with
certain correlation properties, known as Brownian motion, which leads to fluctuation of
the scattering intensity characteristic of a particular sample size. Movement of particles
changes the noise pattern with a time function based on the particle size [40]. The
dynamic movement of the particles is derived from autocorrelation of the intensity trace
recorded

The relation between the diffusion coefficient of the particles speed and the particle size

is given by the Stokes-Einstein equation:

kT

D=
6mnR

Eq. 2.5

where D is the diffusion coefficient (m?/s), k the Boltzmann constant (m?kg/Ks?), T the
temperature (K), n the viscosity of the medium (Pa.s), and R is the hydrodynamic radius
(m). Consistently the particle movement depends not only on size, shape and structure,

but also on temperature and viscosity of medium [39].

The main advantage of using DLS is its simplicity, none destructive, no calibration
required and short time of measurement, on the other hand, in case of polydisperse
colloids, there is a risk of small objects being screened by bigger ones and cannot be
detected [41]. Furthermore, particles greater than ~5000nm cannot be measured by DLS
[39].
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2.4. Atomic Force Microscopy (AFM)

To visualize nanometre scale structures Atomic Force Microscopy (AFM) is frequently
used [42-44]. The principle is shown schematically in Figure 2.5. AFM senses surfaces
with a sharp tip attached to a soft cantilever-type spring with approximately 100-450 um
length with typical resonance frequencies of 7—120 kHz [45]. When the tip is pushed
against the surface, the forces between the molecules of the tip and sample surface cause
the cantilever to bend based on Hooke’s law. Cantilever bending is measured by
monitoring the deflection of a laser beam reflected from the back of cantilever, by a

position sensitive photodiode detector. Feedback maintains constant bending and thus
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Figure 2.5. The schematic figure of AFM
constant interaction force; the control signal after feedback is used to produce a
topographic map of the sample surface [46]. The interaction forces include van der Waals,

capillary, elastic, electrostatic and magnetic forces. There are three general modes for

AFM operation [47, 48]:

e Constant force (contact mode)
e Noncontact mode

e Constant amplitude (Tapping) mode
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1. Contact mode Contact mode "
2. Non-contact mode Non-contact mode
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3. Tapping mode
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Figure 2.6. Schematic figure of different modes of AFM

In the first mode, as the name shows, the probe is in a constant contact with the sample
surface throughout the scan. This can be achieved by controlling the cantilever bending
and thus the constant push force to the surface to maintain a constant height from the

surface. Soft or poorly bound biological samples are challenging to image by this mode.

It should be noted that both non-contact mode and tapping mode can be performed in
constant amplitude scanning modes. However, non-contact scanning provides lower
resolution due to its high sensitivity to noise [49].

In tapping mode, the cantilever oscillates at or near its resonance frequency. Usually the
amplitude of this oscillation varies from several nm to 200 nm. Compared with contact
mode, tapping mode lowers the probable damage done to the sample and the tip, because
of the lower shear forces between tip and sample. Therefore, tapping mode is used to
study biological samples, such as supported lipid bilayers.

AFM found to be a crucial instrument in physical and life sciences as it can probe the
nano scale samples under physiological liquid environment [50-52]. Tapping mode is the
most preferable mode for liquid scanning [53]. AFM liquid imaging requires a liquid cell,
or a droplet formed by capillary forces between sample surface and the cantilever holder
to immerse the sample and probe while the probe scanning the surface. Use of AFM in
liquid has some valuable advantages such as elimination of capillary forces [54],
reduction of van der Waals forces [55] and more importantly the capability of creating in

situ high-resolution images of samples in physiological conditions [56, 57].
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2.5. Neutron reflectometry (NR)

Neutrons have strong interaction with nuclei and magnetic moments of the substrate [58].
Neutron reflectometry is a non-destructive technique to study the structure of thin layer
materials, with wide range of applications on soft matter problems including surface

confined liquids, biosensors and artificial biological membranes [59-62].

Neutron reflectometry involves directing a pulsed neutron beam to a flat surface and
measure the intensity of reflected beam as a function of reflection angle or wavelength
[63]. The specular reflectometry of neutron, in which the angle of reflected and incident

beams are equal, provides chemical composition profile perpendicular to the surface. The

Incident beam Reflected beam

\’<///
0 0

Incident beam

Reflected beam

Figure 2.7. Reflection on an infinite planar surface [45]

specular reflectivity profile will provide detailed information about the surface structure,
such as thickness, roughness and density of the thin films or layers on the substrate [64].

The specular reflectivity from a thin film can be calculated by:

1672
R(q) = T Ap?

Equation 2. 6

Where Ap is the changes of scattering length density throughout the interface and q is the

wave-vector transferring perpendicular to the surface [65].
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The energy of the neutron can be calculated by:

E= h K
" 2m
Equation 2. 7

Where h is the reduced Planck constant and m the mass of neutron and K is the wave

vector of an incident neutron in vacuum [66].

This technique has many similarities to X-ray reflectometry, however with some
significant advantages. As the neutron is uncharged, it can penetrate deep into the sample
that enables the study of buried layers and it can be used at complex sample environment
(very low or high temperature). Furthermore, it can differentiate between neighbouring
elements (such as iron and magnesium) based on the contrast in scattering potentials,
which is particularly large for hydrogen and deuterium, which enables isotope detection
[67]. In the case of biological systems, neutron has the advantage over X-rays of the

sensitivity to light elements that are important in these materials [68].

In this thesis, neutron reflectometry was used to find the orientation of two well-known
antimicrobial peptides in the membrane throughout peptide-membrane interaction. By
using deuterated molecules, and choosing a suitable solvent contrast different segments of
the lipid bilayer can be explored. In this thesis, neutron reflectometry has been used to

find the orientation of antimicrobial peptides in the membrane.
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Chapter Three

Preamble

As it was discussed in chapter one, AMPs represent a broad category of natural innate weapon in
virtually all organisms. For decades, bee venom therapy has been used to treat different ailments[1].
Bee venom is an efficient and complex mixture of substances including several biologically active
peptides and enzymes. Melittin is the main constituent of European honey bee (Apis mellifera)
venom [2]. This unique peptide found to have various biological activities, such as antibacterial [3],

antiviral [4] and antifungal [5] effect as well as a potential for use in anticancer therapy[6].

|II

Melittin is one of the most well-known “cationic a-helical” membrane disrupting peptides yet it
has also given rise to the most controversy as far as its specificity, selectivity and especially
mechanism of action is concerned[2, 7]. Melittin is perhaps the most extensively studied AMP. Its
structure was determined experimentally by X-ray diffraction[8] and NMR spectroscopy [9] as well
as by molecular dynamics (MD) simulations[7, 10]. It is thus known to have a bent rod-like
conformation due to a proline “kink™[11, 12]. This characteristic geometry leads to an amphiphilic
molecular configuration by symmetrically allocation of the polar and nonpolar residues[13].
Melittin, as a venom, has the ability to interact with neutral and negatively charged membranes,
however it often shows greater affinity for the latter that is explained with the cationic charge of the
peptide [14].

A widely accepted two-state model describes the mechanism of melittin action with initial binding
on the membrane surface followed by transmembrane insertion that yields directly the formation of
pores[15, 16]. The pore formation itself was initially believed to follow the barrel-stave model[17,
18] but soon experimental and simulation studies revised that to toroidal pore formation [15, 19-
22]. However there are further controversies that suggest different mechanistic pathways on
different membrane types, and even non-pore-forming mechanism[23-25]. Indeed despite all the
studies, the interaction mechanism of melittin is still unclear and there are lots of uncertainties

probably due to complexity of interaction and the small size of peptide[24, 26].

The focus of this chapter will be the mechanism of action of melittin, by using state-of-the-art
methodology that became widely available only recently. | will aim at finding clues to the
molecular stages of melittin action. In the first paper, the mechanism of action of melittin was
studied on different type of membranes, aiming to identify the effect of charge and cholesterol in

the peptide behaviour.

In the second part of chapter three | focus on the effect of different membrane morphologies of
DMPC and DMPC:DMPG 4:1 membranes on peptide behaviour by analysing QCM viscoelastic
fingerprints for single bilayer, multiple bilayer and liposome containing deposit. This chapter will

be a validation of the methodology for transmembrane membrane disrupting peptides, describing
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melittin action while also laying the groundwork for the following chapters, including even more

advanced methodologies.
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Published online: 25 July 2019 Melittin is one of the most studied o-helical cationic membrane disrupting peptides. It is the main

. component of bee venom, however it is considered an antimicrobial peptide for its ability to kill

. bacteria. Melittin is believed to act by opening large toroidal pores in the plasma membrane of the
 targeted cells/bacteria, although thisis questioned by some authors. Little is known, however, about

© the molecular mechanism leading to this activity. In this study the mechanism of action of melittin was
- studied by dye leakage and quartz crystal microbalance fingerprinting analysis in biomimetic model

© membranes. The results revealed the existence of multiple stages in the membrane disrupting action

. with characteristic differences between different membrane types. In bacterial-mimetic (charged) lipid
- mixtures the viscoelastic fingerprints suggest a surface-acting mechanism, whereas in mammalian-

' mimetic (neutral) membranes melittin appears to penetrate the bilayer already at low concentrations.
© Indomain-forming mixed membranes melittin shows a preference for the domain containing

. predominantly zwitterionic lipids. The results confirm membrane poration but are inconsistent with the
 insertion-to-toroidal pore pathway. Therefore hypotheses of the two membrane disrupting pathways

: were developed, describing the membrane disruption as either surface tension modulation leading to

- toroidal pore formation, or linear aggregation leading to fissure formation in the membrane.

© The emergence of bacterial resistance to conventional antibiotics is one of the most significant international
- health problems of our time that requires an urgent solution’. A potential answer to this near-crisis situation is
. using antimicrobial peptides (AMPs)’. AMPs represent one of the oldest, highly effective forms of antimicrobial
. defence in all complex organisms, including plants, insects, amphibians and even mammals, typically released in
* response to stress’ and hazardous situations, such as facing the risk of a predator’ attack’. Many AMPs can kill
- both Gram-positive and Gram-negative bacteria, while some of them have anticancer and antiviral activities as
- well’. Particularly interesting are cationic «-helical AMPs that kill bacteria by disrupting their plasma membrane,
- offering a specific class of potential therapeutic agents that are complementary to existing antibiotics, and which
- bacteria may not be able to develop resistance toward®”.

To identify sources of bioactive natural products traditional medicine is often a good guidance. Bee venom
- therapy is one of the methods in traditional medicine, used to treat different ailments"’. Bee venom is a complex
© mixture of peptides and enzymes, and the peptide melittin is the main component that constitutes 50% of the
- dry weight of European honey bee (Apis mellifera) venom'’. Melittin is essentially a broad spectrum cell lysing
- agent'' that is nevertheless generally known as an antimicrobial peptide in the literature'” as it exerted strong
- antibacterial activity on 51 strains of both Gram-positive and Gram-negative bacteria, as well as rapidly grow-
. ing mycobacteria”. However, melittin’s potent antimicrobial activity is hitherto inseparable from its haemolytic
- action'. Hence, melittin is a case study of membrane disrupting peptides; its potential for drug development can
- only be realized once its mechanism of action is fully understood, and its sequence is engineered in a way that it
© can selectively target bacteria.
© Melittin is o-helical, cationic and amphiphilic peptide that consists of 26 amino acids (NH,-GIGAVLKVLT
: TGLPALISWIKRKRQQ-CONH,). Its C-terminal domain contains positively charged residues and hence is
- hydrophilic, while the N-terminal region is mostly hydrophobic'*'*. Despite the high proportion of hydrophobic
- side chains in its sequence, melittin is highly soluble in water, and moderately soluble in methanol". The structure
- of melittin was determined by X-ray diffraction'® and NMR spectroscopy in methanol solution'”. The folding of
. melittin consists of two a-helical domains (residues 1-10 and 13-26) intersecting at an angle of 120°, due to a

" LaTrobe Institute for Molecular Science, La Trobe University, Melbourne, Australia. Correspondence and requests for
: materials should be addressed to A.M. (email: a.mechler@latrobe.edu.au)
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proline “kink” to form a bent structure; in the longer helix the hydrophilic and hydrophobic residues are aligned,
facing in opposite directions'*'*. According to CD measurements melittin remains unfolded in aqueous solution,
but becomes 68% o-helical when interacting with a DMPC bilayer; notably, the helicity is only 32% when choles-
terol is mixed to the phospholipid”’, suggesting that mammalian cells are protected against lysis and thus melittin
exhibits some degree of specificity towards bacterial membranes. That is, however, inconsistent with the reported
haemolytic activity'? and pore forming activity in membranes of small cholesterol content™. However, efforts to
develop melittin-based antibiotics have not progressed beyond preclinical phase; like most of AMP derivatives,
melittin based drug candidates could not obtain Food & Drug Administration approval®’.

The key challenge facing drug development from membrane disrupting AMPs is the absence of a clearly
defined drug target. The mechanism of action is based solely on a rearrangement of the lipid molecules around
the peptides to breach the membrane integrity, such as forming a pore structure of a defined geometry*-**.
Specifics of this process are challenging to obtain due to the molecular dimensions of the interacting struc-
tures™*. Only the end result: the membrane disruption itself can be confirmed with high confidence using dye
leakage assays™”’, while the details of the pathway leading to membrane breach remain elusive’**'. The dynamic
nature of the peptide-lipid interaction limits microscopic methods to the capture of large-scale morphology
changes, while the location, orientation or even aggregation of the peptides in real time cannot be resolved™ .
The same dynamics limit the achievable detail from spectroscopic and surface characterization methods. In the
absence of permanent interactions between lipid and peptide moieties, the only sub-molecular resolution data is
gleaned by solid-state nuclear magnetic resonance (ss-NMR) measurements that identify disturbances in specific
lipid moieties by the interaction with the peptide****. The generally accepted membrane disruption models were
developed with reliance on ss-NMR data™"". However even ss-NMR cannot distinguish multiple, co-existing
membrane-bound states of the peptide, and, given that it essentially averages over all present molecules of a given
species, it requires very high peptide to lipid ratios to clearly show the effect of the peptide®”.

Consistently, there is no consensus in the literature about the mechanism of action of melittin, even though it
is perhaps the best-known and most studied membrane disrupting peptide®. Initially it was believed that melittin
induced barrel-stave pores**'. Consecutively a range of studies argued that melittin forms toroidal pores” ",
Molecular dynamics simulations also support the toroidal pore forming mechanism®. However a surface plas-
mon resonance study suggested that melittin can change its mechanism of action as a function of membrane
properties, inserting into the membrane core in zwitterionic membranes (incl. 10% cholesterol), and acting in
a detergent-like manner in anionic membranes”. Dual-colour fluorescence-burst analysis studies using pure
DOPC and DOPC:cholesterol 9:1 membranes showed concentration dependent action: at low concentrations,
pore formation with the pore size dependent on melittin concentration, whereas at high concentrations and/
or on charged membranes melittin triggered liposome fusion and aggregation without specific dye leakage™.
Melittin-induced pores have never been imaged at a quality that would clearly confirm the toroidal pore hypoth-
esis; indeed an AFM imaging study suggested that melittin is not forming pores at all, rather fissures in the mem-
brane™. Thus, there is no clear consensus on the membrane disrupting pathway of melittin; even less is known
about the molecular process leading to membrane disruption.

Recent improvement in multimodal surface characterizing methods such as quartz crystal microbalance
“with dissipation” (QCM) opened new ways to glean further insights into AMP-membrane interactions. QCM
measures mass with nanogram sensitivity simultaneously with recording any changes in the viscosity of the sam-
ple”-**. This can be used to produce viscoelastic fingerprints of the membrane interaction, revealing distinct
stages of the process’ "%, It should be noted that these stages differ in their viscoelastic character; to assign them
to actual molecular processes either further information is needed about the peptide-membrane interaction, or at
least a model based on the physical chemistry of peptide-membrane inetractions.

In this work the mechanism of melittin interaction with different lipid mixtures was studied using QCM as
the main method, while dye leakage measurements were used to benchmark the peptide activity. Based on vis-
coelastic fingerprint analysis to identify stages of the membrane interaction, two new mechanistic pathways were
proposed for these model membranes.

Materials and Methods

Buffer preparation. Potassium dihydrogen phosphate (KH,PO,) was purchased from Sigma Aldrich
(Castle Hill, NSW, Australia) and Fluka branded potassium hydrogen phosphate (K,HPO,) was purchased from
Honeywell (Shanghai, China). Sodium chloride (NaCl) was purchased from Chem-Supply Pty Ltd, Gillman SA,
Australia. The phosphate buffered saline (PBS) assay buffer contained 20 mM phosphate and 100 mM NaCl at
pH 7.2. Deionized water of 18.2 MQcm resistivity (Ultrapure, Sartorius AG, Germany) was used for all solutions.

Vesicle preparation.  1,2-dimyristoyl-sn-glycero-3-phosphocholine(DMPC), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), sodium salt of 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG), and cholesterol
were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Chloroform (ACS Reagent, 99.8%) and methanol
(>99.9%, spectrophotometric grade) were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).

Lyophilized lipids were dissolved in chloroform; in case of DMPG 3% methanol was also added to increase
solubility. Lipid solutions were mixed in desired ratios in a clean test tube. As described before, the solvent was
evaporated with a gentle flow of nitrogen gas upon continuous moderate vortexing to obtain a uniform layer.
Afterward, the tubes were stored in a desiccator. Before use the lipid aliquots were hydrated in 1 ml PBS ina 37°C
incubator for 30 minutes, followed by one minute vortexing and brief sonication. This method yields a broad
distribution of mostly unilamellar liposomes; the membrane deposition process is optimized for using this pre-
cursor”. Lipid suspensions were used immediately.

As mammalian-mimetic membrane model, neat DMPC, DOPC, DMPC:cholesterol (9:1) and DMPC/chol
(8:2) mixtures were used; as bacteria-mimetic model membranes DMPC:DMPG (4:1) and DMPC:DMPG (3:2)
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mixtures were used. While this approach reduces the complexity of natural membrane, it allows for studying
the effect of each membrane constituent, in line with our previous work and also a common practice in the
literature®=*.

Dye leakage assay. Vesicles were loaded with 5(6)-Caboxyfluoresceine purchased from Sigma-Aldrich
(Castle Hill, Australia). The lipid samples were suspended in PBS buffer containing 0.02M CF dye solution and
incubated for 30 minutes, following with one-minute vortex and one-minute sonication. Excess CF was removed
from the medium by dialysis using SnakeSkin Dialysis Tubing 10000 MWCO, replacing the buffer solution 3
times until a clear solution was obtained. All experiments were performed using a SpectraMax M5 Multi-Mode
Microplate Reader. Intensities were recorded every 60s for 45min after adding 1, 3, 5, 7 and 10uM melittin at
25°C with excitation and emission wavelengths of 480 nm and 517 nm, respectively. The measurements were
repeated at least three times for each membrane type and peptide concentration; the results showed high qualita-
tive and quantitative agreement.

Quartz crystal microbalance.  All experiments were conducted with a Q-SENSE E4 system (Q-SENSE,
Sweden) using AT-cut gold-coated quartz chips with a fundamental resonance frequency of 5 MHz. QCM chips
were cleaned and oxidised with a base piranha solution consisting of 1:1:3 of hydrogen peroxide (aqueous solu-
tion, 30%) purchased from ChemSupply Pty Ltd, Australia, Gillman, SA; ammonia solution (28-30%) purchased
from Merck, Darmstadt Germany; and deionized water, at 70 °C for 20 minutes.

The cleaned chips were rinsed with ultra-pure water and dried under a gentle stream of N,. The chips were
modified in a solution of 2% 3-mercaptopropionic acid (MPA) (HPLC Grade, >99%, Fluka branded product
from Sigma Aldrich, Castle Hill, NSW, Australia) in propan-2-ol overnight. Next, the chips were soaked in
propan-2-ol to remove any excess thiol from the surface. After subsequent drying the chips were placed in deion-
ized water for a few hours to hydrate the MPA self-assembled monolayer.

QCM is primarily used for measuring mass changes, such as peptide binding to a specific membrane. The
second information channel, energy dissipation, is often neglected as most model membrane platforms restrain
dissipative processes in supported membranes. By using a partially suspended membrane system, the dissipation
signal becomes a useful measure of viscoelastic changes in the membrane properties and thus it can be also used
to glean further insights into the peptide-membrane interaction®”.

Lipid deposition and fingerprinting assays.  After installing the MPA modified chips in to the QCM
chambers, baselines were recorded first in deionized water and in PBS for reference and also to confirm the
stability of the sensor signals. Next, the lipid suspensions were injected into the chambers. Deposition was moni-
tored in real time and, when a stable baseline was reached, mild osmotic stress (20 mM phosphate buffer solution
without salt) was also used to clean the membrane surface of liposome residues. Assay buffer was then returned
into the chamber and melittin (GL Biochem Ltd., Shanghai) was introduced in desired concentrations. All exper-
iments were repeated at least three times at 19°C and at a flow rate of 50 uL/min. The frequency and dissipation
changes were only plotted for four eigenmodes (3%, 5%, 7 and 9%; 15-45 MHz) as these provide the most reliable
data on lipid membranes™.

In order to analyse the peptide mechanism of action, the QCM results were converted into f-D curves. These
viscoelastic fingerprints show different stages of the membrane disruption process as distinct trendlines, and may
be analysed to reveal the molecular process of peptide-membrane interaction as described before.

Dynamic light scattering (DLS) assay. DLS measurements were performed using a Malvern Zetasizer
Nano instrument (Malvern Instruments, Ltd., Malvern Worcestershire, UK) and disposable micro cuvettes
(ZEN0040). Measurements were done at 25 °C on 2uM DMPC before and after adding 10 M melittin. In the
latter case the samples were centrifuged at 3000 rpm for 10 min and the supernatant was passed through a 200 nm
pore size syringe filter to remove any intact liposomes that may obscure the small populations.

Results and Discussion

Dye leakage assays. Figure 1 shows the dye leakage results. In this work, the dye concentration was only
slightly higher than the lower limit of self-quenching concentration to avoid interference from osmotic effects.
Consistently, the intensity increases are moderate.

Exposing DMPC liposomes to melittin causes immediate, thresholdless and concentration-independent
intensity increase to 4-8% (Fig. 1). The result is nearly identical if DMPC is mixed with 20% cholesterol (Fig. 1c).
However, in case of 10% cholesterol content the dye leakage is both higher and clearly concentration dependent,
starting from ~12% at 1uM melittin and reaching 20% at 10p:M concentration (Fig. 1b). The dye leakage trend on
the unsaturated DOPC membrane (Fig. 1d) was near identical to the DMPC:cholesterol (9:1).

In case of the bacteria-mimetic membranes, the kinetics of the dye leakage appear different. For
DMPC:DMPG (4:1) the intensity reaches a maximum of ~ 10% increase in approximately 20 minutes, in
a concentration-independent manner. However when increasing the DMPG content to 40%, the dye leakage
is again immediate, with an apparent decreasing trend from 1M to 5pM melittin concentration, then a step
increase in intensity from 13% to 30%. All the presented results are highly reproducible.

The variations confirm that, while melittin is an indiscriminate cell killer, it exhibits higher activity against the
bacteria-mimetic DMPC:DMPG (3:2) membrane. The results also suggest that its action is affected by the struc-
ture of the membrane core, that is, whether the lipid molecules are saturated or unsaturated, and the presence and
amount of cholesterol™.

QCM assays. Mammalian-mimetic membranes. As shown in Fig. 2, in the case of neat zwitterionic DMPC
membrane, the f-D fingerprints only change in proportion as a function of melittin concentration, but not in their
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Figure 1. Results of dye leakage experiments. Normalized intensity of dye release shown as a function of time
for a range of membrane mixtures and peptide concentrations as indicated. (a) DMPC; (b) DMPC:cholesterol
(9:1); (¢) DMPC:Cholesterol (8:2); (d) DOPC; (¢) DMPC:DMPG (3:2); (f) DMPC:DMPG (4:1). The
fluorescence intensity of dye loaded liposomes before the addition of the peptide was set as unity.

shape. The first noticeable feature is that the first trendline is [-f, -D], unlike the typical [-f+D] that is common
in previously studied peptides®"**"*~"*, The [-f, -D] trendline suggests that, parallel with mass gain due to the pep-
tides binding to the membrane, an immediate structural change takes place, one that reduces the freedom of the
membrane to dissipate energy. This is consistent with immediate peptide penetration into the membrane, altering
the lipid packing order and inhibiting out of plane motion, which is the main pathway of energy dissipation in
suspended membranes. The fingerprints at different eigenmodes almost perfectly overlap, suggesting that the
changes in the membrane structure are more elastic than viscous in character, and may indicate transmembrane
insertion of the peptides’. This stage reaches approximately the same values at all concentrations: Af = —4-5 Hz
and AD = —0.2-0.5 arb. u,, suggesting that the occupancy of the membrane inserted monomeric state reaches
maximum at these values. Importantly that is achieved already at micromolar bulk peptide concentrations. Thus,
melittin appears to preferentially absorb into the membrane from the solution phase in spite of its well-known
high aqueous solubility.

Mass uptake (—f) continues in the second stage; however energy dissipation increases after the mini-
mum reached at the end of stage 1, suggesting weakening in-plane interactions that re-introduce freedom of
out-of-plane motion and hence dissipative processes. This is consistent with the formation of structures that
break the continuity of the membrane, offering several pathways for energy dissipation. Membrane breach takes
place parallel with further peptide insertion into the membrane, which contributes to further mass increase (—f).
Finally, a slight [+f, —D] mass loss trendline suggests that some fragments of the membrane break free from the
surface, likely as a result of expansion of the membrane and “flaking” at the edges (stage 3).

In the presence of 10% cholesterol at low melittin concentrations the frequency trend of the f-D curve is
similar to neat DMPC, however the dissipation change is significantly less (Fig. 2b). At 7p:M melittin concen-
tration the fingerprint changes, with a loop continuing towards [+, -DJ; this becomes a sharp turn at 10pM
concentration.

Increasing the amount of cholesterol to 20% in the membrane lead to a substantial change in the shape of the
£-D curves. The fingerprints reveal three distinct stages. The brief first stage shows a [-f, 0] trend. A second stage
appears as a sudden dissipation drop at ~—2 Hz. At low peptide concentrations this drop takes place without any
frequency change, however it acquires an increasingly +f direction as the peptide concentration is increased.
This trend is similar to the sudden -D turn observed at 10 uM melittin concentration for DMPC:cholesterol (9:1).

The cause of this sudden drop in dissipation is unclear. In light of the dye leakage results, such a major struc-
tural change in the membrane has to be related to membrane disruption; yet if it is pore formation it is very dif-
ferent from the neat DMPC membrane. This is followed by a stage of significant negative frequency change with
very small changes in dissipation. In previous works on surface acting peptides it was identified as the collapse of
the partially suspended membrane after disruption with continuing adsorption of more peptide®*”. Considering
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Figure 2. Viscoelastic fingerprints of interactions of melittin at varied concentrations with neutral membranes
as follows. (a-d) 1pM melittin, (a) DMPC, (b) DMPC:cholesterol (9:1), (c) DMPC:cholesterol (8:2), (d) DOPC.
(e-h) 3 M melittin, (¢) DMPC, (f) DMPC:cholesterol (9:1), (g) DMPC:cholesterol (8:2), (h) DOPC. (i-I) 5pM
melittin, (i) DMPC, (j) DMPC:cholesterol (9:1), (k) DMPC:cholesterol (8:2), (1) DOPC. (m-p) 7puM melittin,
m) DMPC, (n) DMPC:cholesterol (9:1), (o) DMPC:cholesterol (8:2), (p) DOPC. (q-t) 10 uM melittin, (q)

the dye leakage results it is feasible to assume a similar process. There is again a small amount of material removal
at the end of the process likely due to desorption of peptides upon buffer wash.

The difference between the two cholesterol-containing membranes may be understood based on their
structural characteristics. It is known that adding cholesterol to DMPC yields the formation of two domains:
DMPC-rich and cholesterol-rich. The DMPC-rich domain shrinks progressively with increasing cholesterol
content, disappearing at ~20% cholesterol”. It was reported before that the existence of domains of different
cholesterol content can influence peptide-membrane interaction, as cholesterol may inhibit penetration and frag-
mentation of the membrane by some AMPs’*”. The QCM data suggest that at 10% cholesterol concentration
melittin first interacts with the DMPC-rich domain, hence the similar trend; the lower dissipation is the result of
the rigidifying effect of the cholesterol-rich domains. At high melittin concentration the peptides start to interact
with the cholesterol-rich domain, resulting in the sudden -D trend, but do not proceed to the [-f, 0] trendline
likely due to the different viscoelastic character of the domain separated nature of the membrane. Thus, the results
for 10% cholesterol reflect the composite effect of the two distinct membrane domains.

To separate cholesterol effects from the lipid packing in the membrane core, experiments were also performed
with unsaturated DOPC membrane and the results are shown in Fig. 2d. The fingerprints show a high degree of
similarity to the DMPC:cholesterol (8:2) membrane, that is, to the case when cholesterol distributes evenly in
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Figure 3. Viscoelastic fingerprints of melittin interactions with anionic membranes at different concentrations
as follows. 3j:M melittin: (a) DMPC/DMPG (4:1), (b) DMPC/DMPG (3:2). 5pM melittin: (c) DMPC/DMPG
(4:1), (d) DMPC/DMPG (3:2). 7M melittin: () DMPC/DMPG (4:1), () DMPC/DMPG (3:2). 10pM melittin:
(g) DMPC/DMPG (4:1), (h) DMPC/DMPG (3:2). The arrows in panel (b) indicate stages of the interaction with
Roman numerals.

the membrane without forming any domains. This suggests that the peptide insertion is directly affected by the
packing and/or viscosity of the membrane core, not by a specific interaction with cholesterol.

Bacteria - mimetic membranes.  Figure 3 shows f-D curves of melittin interaction with the bacteria-mimetic
DMPC:DMPG (4:1) mixture. There are three distinct stages. In all cases, the fingerprints start with a [+£-D]
trend, that abruptly switches into a [-f, 0] trendline with a final stage where this trend is inverted (upon rinsing
with assay buffer). The maximum positive frequency change in the first trend is proportional to peptide concen-
tration, whereas the negative frequency change of the second trendline appears to be largely independent of the
concentration.

Increasing the anionic (PG) lipid content of the mixture from 20% to 40% yields a much altered fingerprint,
as shown in Fig. 2b. The first stage is now a viscoelastic mass increase [-f, +D], consistent with peptides binding
to the membrane surface as in case of surface acting peptides; this is followed by a drastic structural change [0,
-D], and finally further non-viscous frequency increase [-f, 0] and a very short reverse trend upon washing. The
first stage is concentration dependent, however there is a change after 5pM peptide concentration that has the
maximum frequency and dissipation change values: these are reduced again at 7pM and even more at 10pM.
Importantly, in this lipid mixture the fingerprints show a spreading of the harmonics of the sensor resonance (that
overlap in most other cases), which is normally observed in case of surface acting peptides.

The substantial difference in the fingerprints between 20% and 40% anionic lipid content suggests that there
is a specific interaction between the PG headgroups and the peptide. DMPC:DMPG (3:2) is the only mixture
where the initial trend is similar to the one observed for surface acting peptides; it is also the mixture yielding
the strongest dye leakage. Hence it is feasible to assume that here peptides initially stay on the membrane surface,
interact with the headgroups and appear as added viscous mass (stage 1), In stage 2 a major structural change
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commences: as the presence of the peptide increases asymmetric tension, local blistering and/or immediate pore
opening leads to a sudden stiffening of the membrane (+f) parallel with a significant reduction of dissipative
out-of-plane motion (e.g. undulation) of the membrane (-D). The structural change however allows increased
water penetration; this and/or the negative effect of the growing pores on overall membrane elasticity leads to a
slight (-f) trend again, especially towards the end of the stage and at higher concentrations. Hence the stage is
characterized by curved trendlines. The growing of the pores eventually leads to the membrane collapsing back to
the surface (stage 3) as observed before for surface acting peptides®*.

The difference between the two anionic membranes is analogous to the case of varied cholesterol content as
described above. Indeed at a first glance the DMPC:DMPG (4:1) fingerprint is very similar to that of melittin
interaction with DMPC:cholesterol (9:1) mixture at 10 M concentration. It was shown before that DMPC:DMPG
(4:1) mixture is also prone to domain separation™; it is feasible to assume that the -D fingerprint reflects a com-
posite effect, similarly to the one described for DMPC:cholesterol (9:1). Therefore in the six studied membranes,
we can observe only four clearly different fingerprints: in neat DMPC, neat DOPC, DMPC:cholesterol (8:2) and
DMPC:DMPG (3:2). Consistently, the controls of the peptide-membrane interaction are the structure of the
membrane core and the presence of phosphatidylglycerol lipids.

DLS measurements. In order to confirm membrane breakup/dissolution into mixed micelles at high
peptide concentrations, DLS measurements have been carried out. DMPC liposomes formed by the method
described above typically exhibit two populations: one at ~ 100 nm and a larger, broader size distribution centred
at 300-400 nm. When this liposome suspension is exposed to 10 pM melittin, two dominant populations are
detected: monomeric peptides at ~1 nm of diameter and a distinct population of uniform sized micelles of approx.
20nm. A third, small population of intact liposomes of ~ 300 nm diameter was also detected (Fig. S1). These
results confirm the formation of mixed micelles/nanodisks as the product of membrane disruption. It should
be noted that formation of such mixed micelles was reported before for mutants of magainin2 and melittin*"”*.

Mechanism

QCM fingerprints highlighted specific changes in the viscoelastic character of the peptide-membrane interaction,
identifying distinct stages of the membrane disrupting process. The identification of these stages is, however, not
straightforward, given the complexities of relating the viscoelastic characteristics to ensemble effects of molecular
interactions. Therefore further considerations are required. Descriptions of the mechanism of melittin action
focus on the final stage, i.e. the membrane poration; thus far not much attention was paid to the pathway that
leads to this outcome. In the physicochemical sense the peptide traverses through a number of states character-
ized by different free energies resulting from the specific physical interactions between the peptide and its envi-
ronment. Identifying these states helps to assign the viscoelastic trends seen in the QCM experiments.

Geometric analysis. To establish the physicochemical states of peptide membrane interaction, the
membrane-inserted geometry of the peptide is a key clue, of which only indirect data is available in the literature;
from the effect on the packing and interactions between the lipid tail groups it is inferred that melittin achieves
membrane poration by inserting in a transmembrane manner'>’5-*", This is based on i) the fact that melittin
forms pores without dissolving the membrane, and ii) its length of 26 amino acids, which is considered to be suf-
ficient to form a membrane spanning a-helix. It is important to assess the validity of this argument. It is reported
that melittin is unstructured in solution but becomes helical in the membrane environment®. In the accepted
membrane disruption models the helical form is the prerequisite of membrane penetration and consecutive dis-
ruption, since helicity creates the longitudinal amphiphilic character of the N-terminal domain of the peptide.
Melittin structure also exhibits a characteristic “kink” due to a proline residue. It is argued that the proline residue
plays akey role in both the antimicrobial activity and the (undesired) cytotoxicity of the peptide®. Adjacent to the
proline the C-terminal domain has a single apolar loop with a tryptophan residue, followed by a “tail” of charged
residues.

In a membrane inserted monomeric state the mostly apolar regions of the peptide (residues 1-19) would reach
energy minimum in the membrane core. It can be approximated that this helical segment is ~ 2.8 nm long™. If
this helix enters the hydrophobic membrane core, the tryptophan residue is located close to the ester moieties; by
analogy to the role of aromatic rings in other peptides**-* it is feasible to assume that the tryptophan side chain
is associated with the esters. This anchoring effect and the following highly charged C-terminal segment that is
likely associated to the phosphate moieties set a firm upper limit to membrane penetration at 2.8 nm. However
it is unlikely that this helix is inserted normal to the membrane plane, given the polar residues occupying one
side that likely retain some hydration and/or association to the polar headgroup area. If the helix is tilted to e.g.
45°, the insertion depth is reduced to ~ 2 nm. Hence the question is whether such a penetration depth is able to
destabilize two membrane leaflets.

Neutron diffraction methods established that the hydrophobic thickness of the membrane core is 2.6-
3.05nm* " At the lower limit, a vertically inserted peptide could bridge the two leaflets, however at the upper
limit a tilted peptide may only interact with a single leaflet. A temperature-resolved Raman spectroscopy study
using DMPC established that, even at a 14:1 lipid:peptide ratio, melittin interacts only with 5-7 lipid molecules,
while simple geometrical considerations would suggest 14 nearest neighbours if the peptide penetrates both leaf-
lets vertically”. Based on this it is highly possible that there are circumstances where melittin molecules interact
only with a single membrane leaflet. Potentially the tilt of the peptide depends on the strength of the interactions
of the polar moieties of the N-terminal helix with the membrane headgroups, explaining the differences between
the mammalian and bacterial-mimetic membranes. However, even if melittin does not insert in a transmembrane
manner, it is well established that it disrupts most natural and biomimetic membranes. This suggests that melittin
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zoom out:
meandering "cracks"  toroidal pores or membrane disks

Figure 4. Hypothetic pathways of melittin pore forming mechanism. In the schematic representation of the
lipid headgroups, red are ester, orange are phosphate and blue are choline moieties. The peptides are shown fully
helical according to melittin crystal structure; it is likely that under physiological conditions the C-terminal

can trigger distortion of the membrane structure even if it is not in a transmembrane orientation. In the follow-
ings two hypotheses are presented to describe such a mechanism.

Fissure hypothesis. In terms of the mechanism, first the peptide has to adsorb to the membrane surface; this
is a reversible dynamic process, yielding an equilibrium between the solvated (Fig. 451) and adsorbed (Fig. 452)
states. The adsorbed peptide then folds into a helix (Fig. 483), in equilibrium with the unstructured S2 state. The
folded peptide penetrates the membrane (Fig. 4542). Potentially, folding and penetration happen simultaneously,
hence it is unclear whether S3 s a distinct state.

It should be assessed whether monomeric or aggregated forms are more likely to penetrate the membrane.
The argument for the latter is that aggregation of amphiphiles is energetically favoured and it may promote mem-
brane insertion by obscuring hydrophilic regions and exposing hydrophobic areas that would reduce the energy
of the insertion into the hydrophobic membrane core. Such bundling-and-insertion process was described for
the barrel-stave pore forming alamethicin****. However, this is not consistent with a toroidal pore model where
lipid molecules separate the peptides in the torus. Furthermore, if the peptides are still exposed to the aqueous
environment on the membrane surface at the time of aggregation, it is more likely that the aggregation would be
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driven by hydrophobic interaction, exposing the hydrophilic residues, and thus inhibiting insertion instead of
promoting it. Hence, the membrane insertion is assumed to be in monomeric form in this pathway.

The peptides may also aggregate after insertion. Considering that the polar residues are distributed over
~23%"" of the helix circumference, a dimeric, or even a circular aggregate would not be stable (i.e. melittin is
unlikely to form a barrel-stave pore); however a linear aggregate is possible (Fig. 455). The formation of such
linear aggregates may allow increased water penetration along these “cracks”.

Considering the shallow penetration of the peptide into the membrane, in the absence of a lipid torus it cannot
open a pore, unless there is a pathway for the peptides to transfer to the inner leaflet. Direct transfer is energetically
prohibited due to the high charge of the hydrophilic terminus. However it is possible that crack formation as per
above would reduce the energy barrier and allow peptide flip-flopping to the inner leaflet, likely through density
fluctuations (transient pores) along the crack. That way the cracks can potentially open into fissures, stabilized by
arrays of peptides embedded in the opposite leaflets. There is microscopy evidence of the formation of such fissures™,
Importantly, this fissure model does not necessitate the formation of a toroidal structure, i.e no need for lipid inter-
digitation between the peptides. The peptide transfer to the inner leaflet does not represent a different energetic state.

Asymmetric tension hypothesis. The formation of toroidal pores requires a different pathway. The pep-
tide has to alter the membrane curvature, hence it has to remain associated with the headgroup zone (Fig. 4
right). This is possible in the presence of phosphatidylglycerol lipids that allow deeper water penetration into the
headgroup zone due to the smaller size than the choline group of the neutral lipids, and the ability of water to
hydrogen bond to the alcohol moieties of the glycerol. Water can thus access the side chains of the polar residues
of the N-terminal helix of melittin and restrict their ability to “sink” into the hydrophobic membrane core. These
side chains may also bind directly to the phosphate or ester oxygens of the lipids, as mentioned above. Thus melit-
tin would act on the surface, remain embedded at the boundary between the apolar core and the headgroup zone,
and, due to its size, apply lateral pressure to the outer leaflet. Continuous adhesion of peptides would introduce
an increasing difference in the surface tension between the two membrane leaflets. When the difference reaches a
threshold, the membrane would break, with a high likelihood that the peptides are carried into the breach, form-
ing a toroidal pore; this is a distinct energetic state (Fig. 454b).

Interpretation of melittin action as a function of membrane composition. It is clear from the
experimental data that melittin interaction, and hence the disruption pathway is a function of membrane com-
position. A key outcome of the experiments is that in domain separated membranes DMPC:cholesterol 9:1 and
DMPC:DMPG 4:1 melittin interacts preferentially with one of the domains. Due to the similarity of the finger-
prints to the neat DMPC case, melittin appears to preference the DMPC rich domain. Hence, in a competitive
environment, the membrane-inserted state is the lower free energy state for melittin. According to the models
outlined above, melittin can follow the fissure pathway in these cases, as in neat DMPC, including up to 4 mem-
brane bound states (unstructured; structured on the surface; membrane penetrated; aggregated). The analysis of
the f-D curves suggests that the first stage is a composite of the individually opposing dissipation trends of the
population of the two surface bound and the membrane penetrated states, whereas the second stage is the result
of crack formation. The membrane remains mostly intact.

It is also clear that DMPC:DMPG (3:2) case shows melittin as a surface acting peptide that breaches the
membrane once a certain surface concentration is reached; it follows the asymmetric tension pathway through
the surface bound unstructured, surface bound structured and torus bound states (the latter one would differ in
free energy due to the altered local membrane curvature). The first two, as in case of the fissure pathway, cannot
be distinguished from the viscoelastic fingerprints, yielding the first stage of the mechanism; the second stage is
consistent with pore opening. The third stage is thus the collapse of the membrane back to the sensor surface as
seen, and explained, with other surface acting peptides**”".

DLS results confirmed the dissolution of the membrane into uniform sized mixed micelles. While litera-
ture normally classifies the peptides into pore formers and carpet-like membrane disruptors, it is easy to see
that the mechanism can switch between the two as a function of peptide concentration. The edge of the “toroi-
dal pore” can have convex or concave curvatures; structurally and energetically it is not much different from a
peptide-stabilized membrane nanodisc (Fig. 4 bottom right). Therefore, it is highly likely that high concentrations
of the peptide can invert the pore structure into a series of islands. The same is true for the fissures described
above. Hence at high peptide concentration melittin may dissolve the membrane; cracks in a melittin-exposed
DMPC:DMPG (4:1) membrane have been imaged before™.

Melittin action was much attenuated and slightly altered in unsaturated or high cholesterol content (8:2) mem-
branes compared to neat DMPC. It is likely that this is a simple effect of a physical obstruction. In both cases the
membrane core is less accessible to the peptide hence the membrane inserted monomeric state has a higher free
energy than in neat saturated lipids, shifting the equilibrium towards the surface bound state. Co-existence of the
two states explains the brief [-f, 0] trendline. The second stage of the QCM fingerprints is thus the result of retaining
a substantial population of peptides in the headgroup zone and concomitant modulation of membrane tension
(blistering), but dampened by the presence of a population of membrane inserted peptides, explaining the observed
limitation of the dissipative processes. The final stage indicates the collapsed membrane as discussed before.

Conclusion

The action of melittin on different lipids and mixtures was characterized by using dye leakage and QCM finger-
printing measurements. The results demonstrate that melittin is able to breach all type of membranes: neutral
and charged, made of saturated or unsaturated lipids, and irrespective of whether the membranes contained cho-
lesterol. The QCM results revealed melittin-membrane interaction is a multi-step process, and that melittin can
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follow different disrupting pathways in different membranes, switching between a surface acting and an inserting
mode. The main controls of the mode of action wete identified as the presence or absence of phosphatidylglycerol
and the structure of the membrane core. It was noted that in domain separated membranes melittin shows a pref-
erence for the DMPC-rich domain. The data allowed the construction of two hypothetic disruption models: the
fissure-forming model describing a membrane penetrating pathway and the asymmetric tension model leading
to toroidal pores through surface action.
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Abstract

The mechanism of action of membrane disrupting antimicrobial peptides (AMPs) and the
basis of their specificity and selectivity to pathogens are often studied by using biomimetic
model membranes. It is often assumed that all model membrane morphologies, e.g.
liposomes, supported bilayers, tethered bilayers etc. are equivalent. In this work the validity
of this assumption was assessed. Melittin was used as the reference AMP as it can disrupt
both bacterial and mammalian-mimetic membranes. Quartz crystal microbalance (QCM)
viscoelastic fingerprints show characteristic differences between the three model
morphologies: single bilayer membranes, multilamellar membrane stacks and unilamellar
liposomes. In the second and third case, initial trends show material removal instead of
material addition as in the single bilayer case, consistent with dissolution of some bilayers,
and bursting liposomes, respectively. The latter is accompanied by a characteristic drop in the
dissipation signal as the liposomes collapse. The results also highlight an important limitation
of the QCM method, the need for a well established reference system for qualitative analysis
of the viscoelastic fingerprints, and thus the importance of using the right model system, i.e.

single bilayer membrane, for studies of the mechanism of action of AMPs.

Introduction

The increasing prevalence of multidrug-resistant strains of bacteria has grown into one of the
most important public health issues during the past decades[1]. Antimicrobial peptides
(AMPs) offer an alternative to traditional antibiotics, as they can provide effective, non-
specific defence against infections with low probability of induced resistance [2-4]. AMPs

are produced by all organisms, from prokaryotes to mammals and even humans [5, 6].
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However, AMPs are often haemolytic, hence there is a consensus that they are only suitable
as topical and/or last minute emergency drugs[7] . Nevertheless, there is a steady effort of re-
engineering AMPs into better drug candidates; this necessitates an in-depth understanding of
their mechanism of action and the molecular basis of their specificity and selectivity[8, 9].
Studies to this effect regularly resort to in vitro methods and the use of biomimetic membrane

systems.

In vitro studies necessarily have to rely on model membranes specifically suited to the
characterization methods. Some common model membrane systems are supported bilayers,
tethered bilayers [10], hydrated bulk lipid phases [11] and liposome suspensions [12]. The
equality of all membrane morphologies is often assumed, even though there are indications
that the morphology of the model membrane can influence the mechanism: it was reported
that membrane binding affinity of some AMPs is affected by surface morphology[13, 14],
and that multilamellar membranes can affect QCM characterization of AMPs[15-17].

A well-known membrane-active peptide secreted by honeybee (Apis mellifera) is melittin
[18-20], essentially a venom with strong haemolytic action[21], but mostly known as an
antimicrobial peptide in the literature as it shows strong activity against most bacterial strains
[22, 23]. Melittin is perhaps the best known and most widely studied AMP, yet uncertainty
persists about the way it disrupts membranes [24-28]. Most, but not all sources agree that it is
a pore former [29-35]. Initially it was argued that melittin forms barrel-stave pores based on
measurements using unilamellar vesicles of 12-53 nm diameter formed from unsaturated
lipids [36]. However characteristics of toroidal pores were identified by several studies, e.g.
in multiple bilayers studied by neutron diffraction [30] and by Raman spectroscopy on
ditetradecyl glycerol phosphocholine (DPTC) membrane [29]. A study based on surface
plasmon resonance measurements in bilayers and hybrid lipid monolayers argued that the
peptide has different mechanism as a function of membrane composition, forming barrel-
stave pores in zwitterionic membranes and acting detergent-like in anionic membranes [37].
An atomic force microscopy (AFM) study introduced a new model for melittin, a mixed
carpet-toroidal pathway, and the peptide shows higher tendency to insert into curved regions
of bilayer[14]. A solid-state NMR study identified nearly normal insertion and consecutive

pore formation that leads to the formation of disc-type micelles and thus membrane

72


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/micelle

Chapter Three

fragmentation[38]. A few studies came to opposing conclusions: finding similarity in the
binding results on bilayer and monolayer membranes, the authors argued that the peptide
does not interact with the hydrophobic core region of the membrane at all, and prefers
localizing on the surface acting via carpet mechanism [39, 40]. A study by solid-state NMR
on MSI 594, a hybrid of melittin, revealed nearly parallel orientation of peptide to the
bilayer surface, suggesting carpet mechanism for membrane disruption [41]. An AFM
imaging study showed evidence that in supported DMPC:DMPG (4:1) membrane melittin
does not follow any of the suggested pathways, rather it opens fissures [42]. This was
corroborated by QCM and dye leakage experiments[43]. Thus, there is a confusing array of
results about the activity of melittin in the literature, depending on the experimental

conditions, as it was also highlighted before by other authors [44].

Comparison of the experimental methodologies in these studies reveals that almost each
work used a different model membrane, not only in terms of composition but also in
morphology. This appears to be the only aspect of methodology that has not been addressed
systematically thus far; it is, therefore, important to understand how the membrane model
system influences the observation of membrane interactions of AMPs. Our prior QCM study
of the mechanism of action of melittin on different model membranes[43] offers a suitable

basis for a study of the role of membrane morphologies.

1. Materials and Methods
1.1. Buffer preparation

The assay buffer was phosphate buffered saline (PBS) containing 20mM phosphate and
100mM NaCl at pH 7.2. 18.2 MQcm deionized water was used to prepare the solutions,
deionized by an Utrapure system (Sartorius AG, Germany). Potassium dihydrogen phosphate
(Fluka branded) was purchased from Sigma Aldrich (Castle Hill, NSW, Australia); potassium
hydrogen phosphate was purchased from Honeywell (Shanghai, China), and sodium chloride
(NaCl) was purchased from Chem-Supply Pty Ltd (Gillman SA, Australia).

1.2. Liposome preparation

Dimyristoyl lipids have been used extensively for characterizing AMP action by us and

others and thus our work will focus on this group of lipids [15-17, 26, 28, 42, 44-46].1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and sodium salt of 1,2-dimyristoyl-sn-
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glycero-3-phosphoglycerol (DMPG) were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). The lipids were dissolved in chloroform (ACS Reagent, 99.8%) and in case of
DMPG 3% methanol (>99.9%, spectrophotometric grade) was also added, both solvents were
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Lipid films were prepared by
mixing the desired lipid compositions in cleaned test tube and evaporating the solvent under
a gentle stream of nitrogen gas with continuous vortexing. 0.1 umol amounts of lipid were
measured out in each tube. The lipid films were placed in a desiccator overnight. Liposome
suspensions were formed as described before: the lipid films were hydrated in 1 ml PBS to
yield a 0.1mM lipid concentration, incubated for 30 min at 37°C, followed by 1 min gentle
vortexing and 1 min sonication. This protocol yields a suspension containing mostly

unilamellar liposomes [45].

1.3. Quartz Crystal Microbalance

All measurements were performed using a Q-Sense E4 instrument (Q-Sense, Sweden), with
gold-coated AT-cut quartz sensors, with a fundamental resonance frequency of 5 MHz. The
QCM sensors were cleaned with a mixture of one part hydrogen peroxide (aqueous solution,
30%) purchased from ChemSupply Pty Ltd, Australia, Gillman, SA; one part ammonia
solution (28-30%) purchased from Merck, Darmstadt Germany, and three parts of deionized
water, heated to 70°C for 20 minutes. This is known as the base piranha solution and is
extremely dangerous when activated, should be handled with appropriate precautions. The
cleaned sensors were washed with deionized water, dried and modified with a solution of 2%
3-mercaptopropionic acid (MPA) (HPLC Grade, >99%, Fluka branded product from Sigma
Aldrich, Castle Hill, NSW, Australia) in 2-propanol (HPLC Plus 99.9% from Sigma Aldrich)
overnight. Before using the modified sensors, in order to remove any excess thiol from the
surface, sensors were rinsed in propan-2-ol solution. After drying, the sensors were soaked in

deionized water for a few hours before starting the experiment.

1.4. Lipid deposition and fingerprinting assays
After installing the MPA modified chips in to the QCM chambers, baselines were recorded in

deionized water and then in PBS as reference and for verifying the stability of the sensor
74



Chapter Three

signals. Afterwards the lipid solutions were added at 19°C at a flow rate of 50 uL/min. The
key methodology follows our pervious article [43]. The Af and AD values corresponding to
single bilayer membranes (Af= ~13 Hz and AD= ~3 x 10°) were established before [47, 48].
To ensure the deposit does not contain any intact liposomes, once these parameters were
reached the measurement chamber was flushed with phosphate buffer solution without added
NaCl in order to rupture any unopened liposomes by means of osmotic stress. To form
liposome-containing deposits, the osmotic stress was completely omitted.

Multiple bilayers were prepared by sequential addition of, batches of liposome suspension
alternated with osmotic stress, until stacks of three bilayers were obtained. The structure is
confirmed from proportional increase in both Af and AD to multiples of a single bilayer
membrane[45]. Any liposome content would lead to higher dissipation values [48].

In all cases, PBS with 100 mM NaCl was used as the assay buffer. The representative
sensograms of the frequency and dissipation changes against time for liposome containing
deposition, single and multiple stacks bilayer can be seen in the supplementary material (S1).
Table 1 shows the approximate average Af and AD values for each membrane type used in
this study. For multilayer structures the aim was to obtain three complete bilayers (i.e. 3 x the
Af and AD values of a single bilayer membrane). In case of liposome containing membranes,
the actual continuous bilayer content is hard to define, given the large mass and dissipation
contribution of liposomes; however by keeping the deposited mass low (with high
dissipation) it was ascertained that the liposome content dominates the deposit. Importantly,
the aim was not to form a vesicular layer that could have been achieved using a different
support, rather to create a composite layer, modelling experimental conditions where

liposomes remain in the membrane due to imperfect fusion.

Table 1. Typical Af and AD values for the three studied membrane morphologies

Single bilayer | Multilamellar membrane | Liposome containing
membrane (~3 bilayers) membrane
Af (Hz) 13-15 40-50 21-40
AD (x10®arb. u.) 2-3 7-9 5-9
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Before introducing the desired concentration of melittin (with 95.51% purity, purchased from
GL Biochem Ltd., Shanghai), stable baseline was obtained in PBS in all cases. All
experiments were repeated at least three times at 19°C and the frequency and dissipation
changes were plotted only for four eigenmodes (3rd, Sth, 7th and 9th) that were shown to
provide the most reliable results on lipid membrane [45]. The results were converted into Af-
AD curves known as viscoelastic fingerprints, in which any changes in the direction of the
plot could be characteristic of different distinct trend lines [17]. It was shown previously by
QCM that peptides that do not bind to membranes only cause a negligible shift in frequency
and dissipation signals due to solution viscosity change; this effect is at least an order of
magnitude lower than the changes observed for even the lowest concentrations of membrane

binding peptides[48].

2. Results and discussions
2.1. Effect of membrane morphology on melittin-DMPC interactions

Figure 1 (panels a-d) shows the viscoelastic fingerprints of melittin interaction with multiple
bilayer stacks (approx. three bilayers, as per above) of neat DMPC, compared to the
fingerprints recorded in single bilayer membranes (Figure 1 panels e-h). The latter have been
described and analysed before[43] and therefore here they are only shown for comparison. In
case of multiple bilayers of DMPC the initial trend points toward [+f, -D] implying that the
interaction starts with material removal, as opposed to the single bilayer case where the initial
process is binding/penetration ([-f, -D] trend with very small dissipation change). This stage
is followed by a [-f, +D] trendline that is similar to the second stage in the single bilayer case,

although it does not yield the same mass uptake.

The initial material removal trendline suggests that bilayers on top of other bilayers interact
differently with melittin than bilayers in direct contact with the support. The total frequency
change of this first stage is ~6-7 Hz, i.e. much less than a complete bilayer. This could mean
that bilayer islands are removed first; however, it is also feasible to assume that the material
removal leads to peptide binding to the uncovered membrane surface, i.e. removal of material
and further binding of peptides proceed in parallel. Therefore, the more likely explanation for
the short removal trend is that the top bilayers break up continuously and once the top layers
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are removed, the process becomes similar to the single bilayer case. Liposome deposition is

prone to leave residual liposomes entrapped in the fused bilayer[45]. It is therefore important

to assess the effect of such residual liposomes on the fingerprinting measurements. As seen in

Figure 1, the f-D fingerprints of melittin action exhibit a dramatic difference between single

bilayer and liposome containing deposits.

In the presence of the liposomes the initial trends are ~ [0, -D]: almost exclusively dissipation

change, with a very small increase in frequency. This is consistent with bursting the highly

dissipative liposomes. The lack of any mass loss is surprising at first. The water loss is

expected to increase the frequency, whereas the collapse of the liposome to the surface leads

to concomitant lipid mass increase. The balance of these two frequency trends depends on the
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size of the liposome. Small unilamellar liposomes (SUVs) are regularly used in vesicle
deposition studies[49-51]. Here the membrane is bent at its persistence length[52], hence
SUVs are rigid structures that mostly appear as added mass in QCM. In contrast, the
membrane of a large unilamellar liposome is not geometrically constrained, allowing
substantial membrane deformation[53]. Therefore, the shear wave produced by the QCM
sensor oscillation could propagate nearly unhindered by the liposome-forming membrane,
therefore the large liposomes mostly appear as viscous material. Hence, the entrapped water
is in effect part of the environment and only a small fraction is measured as mass. The
presence of such liposomes is obvious in dissipation, however, since the wobbling of the
liposomes still dissipates energy. Therefore, the presence of the liposomes has a far more

significant effect on the dissipation than the frequency channel.

Consistently, the first stage of the fingerprints is explained with peptide-induced bursting of
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medium-large liposomes. The second stage is very similar to the single bilayer case, i.e. a
binding trend; however, the third stage is net material removal, suggesting that the peptide
can reach the inner leaflet of the “deflating” liposomes and that leads to easy dissolution of
the membrane. This is the clearest in the 10 uM case. In case of the charged membrane, the
difference is much less obvious, likely due to the ability of the peptide to target domain
boundaries [43] and thus break up the liposomes before they collapse to the surface. It was
reported before that melittin causes the formation of discs of phospholipid membranes in the

gel-phase, which would be like inverted toroidal pores[26, 43]

2.2. Effect of membrane morphology on melittin - DMPC:DMPG 4:1 interactions

The peptide interaction with multiple bilayers of DMPC: DMPG (4:1) (Figure 2 a-d) starts
with a [+f, -D] mass loss trend line in both cases, however in the multiple bilayer case the
trend is longer; it terminates in a sudden “zigzag” [-f,-D] pattern before continuing in [+f, -D]
direction, apparently lacking the [-f,0] collapse stage as in a single bilayer. The beginning of
the [-f,-D] trendline is at ~8-10Hz, when a substantial amount of the top bilayer is already
removed; therefore it is arguable that the zigzag is the indication of partial collapse of the
membrane, which is however continuing in removal of more material, i.e. removal of an

underlying membrane once the top bilayer is dissolved. Considering that at the beginning of
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containing deposit, b) multiple bilayer stacks. Temperature 19°C, pH 7.2
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the experiment there were at least three bilayers on the surface, it appears that the membrane

disruption does not proceed to the bilayer in direct contact to the support surface.

Melittin interaction with the liposome-containing deposits (Figure 2 i-1) show the same
characteristic differences compared to single bilayer membranes as the neat DMPC. The
main difference is the initial purely dissipative change in the first stage, consistent with the

bursting of residual liposomes. The following stages are similar to the single bilayer case.
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dissipative change for the liposome containing layer whereas mostly material removal for the
multilayer case. The following stages in the respective systems appear similar in the
fingerprints but the underlying mechanism is different, as shown in Figure 4; liposome
collapse vs. further peptide binding. Finally, there is evidence of membrane dissolution in

both cases.

The ability of melittin to dissolve membranes has been demonstrated before[14]; this study
suggests that the dissolution takes place preferentially on the higher bilayers of multilayer
stacks, that is, the support itself also affects the observed mechanism of action. The
observations outlined here also explain variations in reported viscoelastic fingerprints for
similar peptide-membrane interactions in cases when the membrane morphology was not
controlled or monitored[16, 17, 46]. Consistently the results highlight the need to make
comprehensive assessment of the conditions when interpreting qualitative QCM data. QCM
has the resolving power to measure the addition of sub-nanogram masses to surfaces and the
slight viscosity change accompanied by a shift in solvent viscosity caused by micromolar
amounts of solutes. Its limitation as a method is in the complexity of the interpretation of the
primary viscoelastic data in terms of molecular processes, as fundamentally different changes
in the structure of an adlayer can lead to similar, or even identical f-D trends. The solution to
this challenge is to control the experimental conditions, in the present study the membrane

morphology, to the highest accuracy, keeping the number of variables as low as possible.

3. Conclusions

It is demonstrated that differences in membrane morphology can yield substantial differences
in the viscoelastic fingerprint of the interactions of melittin with DMPC and DMPC:DMPG
4:1 membranes. These apparent differences reflect the underlying viscoelastic processes, but
functionally they are artefacts in the analysis of peptide-membrane interactions. It is also
shown that melittin can remove material when edges are exposed, such as membrane patches
on top of another bilayer or in the case of liposome break-up. These results provide guidance

for future QCM fingerprinting experiments.
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Preamble

As it was discussed in the previous chapters, AMPs can act via several pathways,
however because of the simple structure and mechanism of action, as well as their various
potential applications, pore forming membrane disruptor AMPs are perhaps the most
studied and appealing class [1-10]. Following the thorough characterization of melittin,
the focus of chapter four will be on finding the molecular interactions in the mechanism
of action of magainin 2, another well-known pore forming membrane disruptor AMP.
Magainin 2 is an a-helical, cationic peptide of 23 residues (H2N-Gly-Ile-Gly-Lys-Phe-
Leu-His-Ser-Ala-Lys-Lys-Phe-Gly-Lys-Ala-Phe-Val-Gly-Glu-Ile-Met-Asn-Ser-COOH),

from the kin secretion of African clawed frog (Xenopus laevis) [11-14]. It is widely
accepted that magainin 2 can permeabilize lipid bilayers by toroidal pore formation
mechanism [15-18], that was deducted mainly from indirect measurements and findings,
similar to many other AMPs [19-23]. However, like in case of melittin, there are
discording voices: it was suggested that in the case of phosphatidylserine or
phosphatidylethanolamine lipids the disruption mechanism would be carpet-like [24].
Although nearly all sources agree with transient toroidal pore formation for magainin 2,
as with melittin in the prior chapter, these pores have not been observed directly and their

existence and structure was only supported by indirect evidence [17, 18].

In the previous chapter by revealing the molecular stages of melittin-membrane
interaction I could propose the distinct mechanistic pathways for the peptide action is
specific model membranes. Similarly, in this chapter my aim is to investigate the
molecular interactions involved in the mechanism of magainin 2 against different type of
membranes by using QCM fingerprinting analysis with the help of dye leakage and AFM
imaging. In this I seek any hitherto hidden stages in the interaction and attempt to
describe the overall mechanism of action of magainin 2. I also aim to find the similarities

to or differences from the melittin model.
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Abstract

The rapid spread of antibiotic resistant strains of bacteria has created an urgent need for
new alternative antibiotic agents. Antimicrobial peptides (AMPs) with bactericidal and
fungicidal activity, may offer a solution. Magainin 2 is an AMP secreted by the African
clawed frog (Xenopus laevis) that has been extensively studied for this purpose.
Magainin 2 is described as a toroidal pore former membrane disrupting AMP. However,
there are many uncertainties about the peptide-membrane interaction steps leading to the
pore formation mechanism, of which only indirect evidence exists. In the present study,
dye leakage experiments, quartz crystal microbalance (QCM) based viscoelastic
fingerprinting analysis and atomic force microscopy (AFM) imaging were used to glean
deeper insight into the peptide-membrane interactions. The effect of membrane charge,
acyl chain unsaturation and different concentrations of cholesterol were investigated. The
results show a complex membrane disruptive mechanism of magainin 2 action that is
specific to the different model membranes. QCM nano viscosimetry measurement
revealed the presence of distinct stages in the mechanism of magainin 2 action that, with
the dye leakage data, confirm the existence of an initial transient pore stage resulting in
peptide flip-flop between the outer and inner membrane leaflets. AFM imaging showed
cylindrical mixed micelle structures as the end state of the peptide-membrane interaction
at high peptide concentration. The results confirm some of the earliest hypotheses about
magainin 2 action, while also highlighting the membrane modulating effect of the

peptide.

Introduction

AMPs represent an effective innate weapon toward various type of bacteria, viruses and
fungi in different living creatures from plants to insects, animals and human [11, 25, 26].
Since their discovery [26], they have represented a potential solution for global health

threat of antibiotic resistant strains of bacteria [25, 27-29]. Magainins are a class of AMPs
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found in the skin secretions of African clawed frog (Xenopus laevis) [11, 12]. Magainin 2
is a cationic peptide with 23 amino acid residues (H2N-Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-
Ala-Lys-Lys-Phe-Gly-Lys-Ala-Phe-Val-Gly-Glu-Ile-Met-Asn-Ser-COOH) that forms o-
helix structure in apolar environments, as in lipid membranes; under physiological
conditions it acquires a cationic charge, believed to account for its specificity to anionic
bacterial membranes that kills bacteria by opening pores in their membrane [13, 14, 20,

30].

Since its discovery, magainin 2 is described as a toroidal pore former peptide, based on
indirect measurements by many studies with a range of different techniques [19-23]. In
this pathway the peptide modulates the membrane surface into a torus, while remaining in
contact with the headgroups throughout the entire process. Consistently the mechanism is
described by almost all sources as a two-state transition [14, 17, 18, 21, 31-37]. The first
step is the population of Bex state, where magainin 2 in monomeric form [20, 31])
associates to the outer surface of the membrane and forms an o-helix that is oriented
parallel to the head group region. Increased occupancy of Bex leads to a transition to P
state: excess of peptide expands the top leaflet laterally, decreases bilayer thickness, and
leads to the formation of toroidal pores [21]. However, it was shown that on acidic
phospholipids (phosphatidyl serine) magainin 2 may assemble on the surface of the
membrane without proceeding to the P state, acting via carpet-like mechanism instead of

pore formation [24].

The P state is mainly detected at high peptide concentration, with an apparent
perpendicular insertion of peptide into the membrane caused by breakage of the
membrane due to asymmetric tension [38]. As it involves membrane modulation, the
formation of pores may be sensitive to membrane fluidity [39], which is a term to express
range of disorder and molecular motion in a bilayer [40]. Even though there is a broad
consensus about the formation of toroidal pores, such pores have not been observed by
any microscopy methods, and thus the model is mainly based on interpretation of indirect
evidence and speculation based on possible ways of magainin 2 binding to head group
region. According to this reasoning at higher peptide concentration the membrane surface
becomes saturated and increases the energy of adsorption; allowing access to other
configurations that are comparatively lower energy states (inserted state), subsequently
forming the transient toroidal pore [21]. The well-accepted model for magainin 2 predicts
no peptide-peptide contact, i.e. no aggregation of peptides in the membrane, which was

confirmed with NMR measurements [20], and it suggests an equilibrium distribution of
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monomers at either side of the membrane leading to “closure” of the transient pores [21,

38, 41].

The evidence used to support the toroidal pore formation is multifold. For instance, losing
the lipid orientation after membrane breach by magainin 2 as detected by polarized sum
frequency generation (SFG) was interpreted as the tilt in side chains connecting two
leaflets into a toroidal pore [18]. A study on single giant unilamellar vesicles (GUVs)
using confocal laser scanning microscopy provided the most direct evidence of the
mechanism: it was found that rapid binding of the peptide increases the area of lipid
membrane (interpreted as an effect primarily on the outer leaflet), and that, by stretching
the inner leaflet, would cause stochastic transfer of the peptide to the inner leaflet,
forming transient toroidal pores in the process [17]. The translocation of peptides across
the bilayer detected by Forster resonance energy transfer (FRET) using selective labelling
of lipids of the outer leaflet was seen as proof of toroidal pore formation as well [38]. The
most direct information is provided by neutron off-plane scattering analysis that reported,
based on a model of circular symmetry, the internal and external radii for magainin 2 pore
in DLPC membrane as 25A and 42A, respectively [42]. A pore of this size should be
clearly visible in transmission electron microscopy, and hence the absence of any such

data is remarkable.

Physicochemical models of magainin 2 activity are based on the assumption that a torus
will form; the difference concerns the stability of this pore. In one view these pores are
transient structures forming at the early stage of interaction to facilitate the translocation
of peptides from the outer to the inner leaflet, until even distribution of peptide is
achieved between leaflets [27, 35, 38]. If the peptide follows this mechanism, the P state
would be a transition state and hence the equilibrium develops between Bex and its
equivalent in the inner leaflet (Bi, state) [32]. However, X-ray diffraction results suggest
that, at least at high peptide to lipid ratios, the pores are very stable [43]. Alternatively, if
the presence of the peptide leads to modulation of the local membrane curvature, the P
state is more stable than the planar surface bound state, hence once the initial pores form
via membrane breakage, further peptides flip into the pores [44]. This is somewhat
contradicted by dual polarisation interferometry studies suggesting that the membrane can

recover after dissociation of Magainin 2 [45].

Overall, these models are descriptive and speculative, especially in the central tenet: the

formation of circular holes in the membrane. Therefore in this work we ventured, by

92



Chapter Four

using QCM viscoelastic measurements, dye leakage and AFM imaging, to identify the
distinct stages of the peptide-membrane interaction that correlate to the respective
physicochemical states of the mechanism, and to attempt direct visualization of the

disruption product, i.e. the toroidal pore.

Materials and Methods

Buffer preparation

Potassium hydrogen phosphate (KoHPO4) was purchased from Honeywell (Shanghai,
China) and potassium dihydrogen phosphate (KH2PO4) was Fluka branded and purchased
from Sigma Aldrich (Castle Hill, NSW, Australia). Sodium chloride (NaCl) was
purchased from ChemSupply (Australia). The water used for all solutions was deionized
water of 18.2 MQcm resistivity (Ultrapure, Sartorius AG, Germany). The phosphate
buffered saline (PBS) assay buffer contained 20mM phosphate and 100mM NaCl at pH
7.2.

Vesicle preparation

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), sodium salt of 1,2-dimyristoyl-sn
glycero-3-phosphoglycerol (DMPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-Dioleoyl-sn-glycero-3-phosphoglycerol sodium salt and cholesterol were purchased
from Avanti Polar Lipids (Alabaster, AL, USA). Chloroform (ACS Reagent, 99.8%) and
methanol (>99.9%, spectrophotometric grade) were purchased from Sigma-Aldrich

(Castle Hill, NSW, Australia).

Lyophilised lipids were dissolved in chloroform and for DMPG samples, 3% methanol
was also added to increase solubility. Desired ratios of lipids were mixed in a clean test
tube. As described before, with a gentle flow of nitrogen gas and continuous vortexing the
solvent was evaporated, and then the prepared lipid test tubes were placed in desiccator
overnight. Afterward, the dried lipid samples were suspended in 1 ml PBS buffer solution

and incubated for 30 min at 37°C, following a 1 min vortex and sonication [46].

Dye leakage

Lipid vesicles (0.5 mM) were suspended in PBS buffer containing 20 mM 5(6)-
caboxyfluoresceine (Sigma-Aldrich, Castle Hill, Australia) dye solution and incubated for
30 minutes, following with one-minute vortex and one-minute sonication. Excess CF was

removed from the sample by dialysis using SnakeSkin Dialysis Tubing 10000 MWCO,
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renewing the buffer solution until a clear solution obtained. All experiments were
performed using a SpectraMax M5 Multi-Mode Microplate Reader. Intensities were
recorded every 30 s for 55 min after adding 1, 3, 5, 7, 10 uM melittin at 25°C with

excitation and emission wavelengths of 480 nm and 517 nm, respectively.

Quartz Crystal Microbalance (QCM)

The QCM experiments were conducted with a Q-SENSE E4 system (Q-SENSE, Sweden)
using AT-cut gold-coated quartz chips with a fundamental resonance frequency of 5
MHz. Initially the QCM chips were cleaned in a piranha solution consisting of 1:1:3 of
hydrogen peroxide (20%<c<60% aqueous solution), ammonia solution (aq 28-30%) and
deionized water at 70°C for 20 minutes. H>O> and ammonia solutions were purchased

from ChemSupply pty Ltd Australia and Merck Germany, respectively.

Biological membranes are too complex to study, therefore model membranes have been
created to mimic the lipid bilayer structure [47]. In last few years different techniques
have been progressed for forming model membrane systems: tethered vesicles [48],
supported lipid bilayer [49], Giant unilamellar vesicles [50]. In this study, the bilayer
formed on MPA modified QCM chips by using lipid liposomes, which explained, in

material section.

The oxidised chips were rinsed with ultra-pure water and dried under a gentle stream of
nitrogen gas. Then the chips were modified in a solution of 2% 3-mercaptopropionic acid
(MPA) (HPLC Grade,> 99%, Fluka, Switzerland) in 2-propanol overnight. Next, the chips
were soaked in 2-propanol (HPLC Plus, purchased from Sigma-Aldrich) to remove any
excess thiol from the surface. After subsequent drying the chips were placed in deionized

water for a few hours to hydrate the MPA self-assembled monolayer.

Atomic Force Microscopy (AFM)

Atomic force microscope imaging was performed with NT-MDT Ntegra (Zelenograd,
Russia) and Digital Instruments Nanoscope IV Multimode (Santa Barbara, USA)
instrumental platforms, in liquid cell. MicroMasch NSC15 and NT-MDT NSG 01/03
tapping probes were used, operated at resonance which was typically found in the range
of 50-100kHz. Resonance peak was identified from the amplitude-distance curves
following the method described by Kokavecz and Mechler [51]. Membranes were
deposited onto freshly cleaved mica surface, washed with pure water to remove/burst
intact liposomes and generate membrane islands, and imaged in assay buffer. Peptide

solution was injected in situ, to achieve an approximate concentration of 15 uM.
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Image processing was performed in Gwyddion freeware (by Czech Metrology Institute,
www.gwyddion.net), using a sequence of plane fit, flattening and manual scar removal
using Laplacian extrapolation, followed by matrix filters and three-dimensional rendering

as needed.

Results and discussions

Dye leakage assay

Figure 1 shows the fluorescence intensity after adding 1, 3, 5, 7 and 10uM magainin 2 on
different lipid membrane structure. While the trends are very similar — there is an
immediate dye release event after which the intensity is not changing over time - the

amount of dye release is lower when the mixture contains charged lipids.
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Figure 1. Fluorescence intensity after adding after adding different concentration of magainin2 on a)
DMPC, b) DMPC:chol (9:1), ¢) DMPC:chol (8:2), d) DOPC, €) DOPC:DOPG (4:1), f) DMPC:DMPG
(4:1), g) DMPC:DMPG (3:2) in 25°

Adding 10% cholesterol to the saturated DMPC lipid, the amount of dye release only
shows a small, unexpected increase, more pronounced at higher concentrations. The slow
kinetics in the 10 uM case suggests that initial large scale pore formation is followed by a

slow secondary process; considering the known propensity of the DMPC-cholesterol

mixtures, this might imply that there is a variation between the cholesterol contents of the
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liposomes, and the delayed release corresponds to liposomes of higher cholesterol
content. It is notable, however, that increasing cholesterol content to 20% eliminates the
effect. Hence the difference is likely related to the presence of domain boundaries in the
10% cholesterol containing membranes. The unsaturated DOPC behaves similarly to
DMPC. Mixing PG to the mixture leads to substantially lower intensity in the dioleoyl
lipids, but only a small change in the saturated dimyristoyl lipids.

Lipid deposition and QCM assays

Mammalian-Mimetic Membranes

Figure 2 shows the viscoelastic fingerprints for zwitterionic saturated lipid membranes of
0%, 10% and 20% cholesterol content. For the neat DMPC the fingerprint starts with
small mass uptake (—f) and almost constant dissipation, consistent with binding to the
membrane without a viscous element, by e.g. sinking into the headgroup region and
restraining the dissipative movements of the membrane (e.g. undulations) and/or
individual lipid molecules (e.g. out-of-plane “bobbing”). After this brief trend the mass
uptake continues with a steep decrease in dissipation, which indicates a major structural
change. The fingerprint shows a short (+f, 0) trend that suggests loss of membrane
elasticity; this is preceded by some degree of membrane collapse indicated by a (-f, 0)

trend at higher concentrations [52].

When mixing 10% cholesterol to the membrane, there is a noticeable difference: the first
step is a (—f, +D) trend, consistent with viscoelastic mass uptake which can be the result
of peptide binding on the membrane surface without much insertion; this suggests that the
presence of cholesterol limits membrane penetration of the peptide. When comparing this
to the DMPC trend it becomes apparent that in the latter the peptide is likely inserted
deeper in the membrane than anticipated by the surface binding models. That would be
consistent with the presence of a transient transmembrane state in case of neat DMPC as
suggested by early models [21, 27, 35, 38] but that is constrained in some ways by the
presence of cholesterol. This trend is followed by a (-f, -D) trend as in the neat DMPC
case. Final step is a (+f, -D) trend upon washing the membrane with buffer, suggesting

membrane recovery as reported before [45].
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Upon increasing cholesterol concentration to 20% the fingerprints revert back to a pattern
similar, but not identical to neat DMPC, with more material removal in last stage. This is

consistent with the dye leakage results described above.

However, in the case of the unsaturated DOPC, the fingerprint shows a definite change.

DMPC DMPC:chol (9:1) DMPC:chol (8:2) DOPC
a —gd b c d
= ] 5th
s e
E 'E‘; glh
S5 o Q
LI 3
L5
8 4] ]
a
=
g s
=c
25 0
-] %
=
8 1]
a
g | 2=
L3
250 :
~% \g Q %
=
7, |
LEY
Fa ] ] 1 =
s —
Zs 0 ‘ . 1 1
2% M @
e
.g -1 k 4 1 4
0 A0 -0 0 -10 0 Ao
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 2. From top to bottom 3, 5, 7, 10 uM magainin2 added on a) DMPC b) DMPC:chol (9:1) c)
DMPC:chol (8:2) d) DOPC

The first trendline goes toward (—f +D) with a steep slope that is consistent with peptide
binding weakly on the membrane surface with substantial freedom of motion, adding to
viscious energy loss. The mass uptake trend is followed by a relatively shallow (-f,-D)
trend, consistent with the 2" stage for the DMPC membranes. The last step again goes

toward +f showing an obvious mass loss.

Hence, there is a high degree of similarity in the second trend between all of the neutral
membranes, suggesting that the differences concern the means of initial peptide binding
but the disruption pathway is the same for all, consistent with a two-stage process that

might proceed to membrane disintegration.
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Bacteria - mimetic membranes

One important difference between eukaryotic and prokaryotic cell membrane is their
lipid composition [53]. in this study bacterial cell membrane is modelled by adding
anionic lipids to the biomimetic membrane. Figure 3 shows the viscoelastic fingerprints
forbacteria-mimetic membranes. In the case of DMPC: DMPG (4:1) the most significant
difference from neat DMPC is the viscoelastic binding trend in the first stage. The
trendline is not straight: it shows a gradual decrease of the dissipation component,
suggesting the beginning of a secondary process such as partial membrane penetration, or
a gradual stiffening of the membrane by introducing asymmetric tension. By increasing
peptide concentration, the binding step becomes shorter (from -5 Hz to -3 Hz for 3 uM
and 10 uM peptide concentration, respectively). This is followed by an abrupt shift to (0,

-D) trend that is consistent with a major structural change that eliminates dissipative
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Figure 3. Viscoelastic fingerprint of 3, 5, 7, 10 pM magainin 2 on; DMP:DMPG (4:1), DMPC:DMPG (3:2),
DOPC:DOPG (4:1)
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processes in the membrane. The trend quickly turns towards (-f) that can be the sign of
further mass uptake or a purely elastic component of the structural change. There is some

degree of material removal upon flushing the cells with buffer.

For DMPC: DMPG (3:2), the overall trend is same as DMPC: DMPG (4:1) with minor
differences. The binding stage is longer, reaching -5 Hz for 3 uM, although it becomes
slightly shorter with increasing peptide concentration; and the trendline lacks the

increasing (-f) component.

The DOPC:DOPG (4:1) membrane yields a notably different fingerprint. The viscoelastic
binding trend is replaced by a short (-f,0) line that gains an increasing —D component,
suggesting an immediate structural change from initial peptide binding. This fingerprint
also shows a significant (+f, 0) trend, that is consistent with material removal from the
already stiffened membrane, therefore missing the —D component of the typical material

removal trendlines [46, 52].

It is notable that the relatively shallow slop of stage 2 is present in most fingerprints,
which is a unique feature of magainin 2, suggesting a specific membrane modulating

pathway not seen in QCM fingerprints of other peptides thus far.

AFM Imaging

AFM imaging was attempted to identify the morphological effect of the peptide. The
results were inconclusive on most membranes, showing increased fluidity and a small

degree of dissolution, detected by smearing of the edges of the membrane patches. It is a

Figure 4. AFM images of DMPC:DMPG (4:1) membrane: (A), before the addition of magainin 2; (B), after
the addition of magainin 2; C) a high resolution zoom at the collapsed membrane area. Images are 3D
rendered. Image sizes: 1.14 um (A, B) and 400 nm (C). Circles show some of the cylindrical structures
resulting from membrane collapse. The colour bar for the height scale (total height: 4.3 nm for all frames)
is nrovided in (D). the noise level is below the ADC sten height (0.1 nm)
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sign that the AFM probe can penetrate the membrane deeper and drag the membrane
along. In case of DMPC: DMPG 4:1 membrane, however, the effect of the peptide was
successfully imaged. Due to the unique structural features that it reveals the images are

included here.

Figure 4 A shows a typical domain-separated DMPC:DMPG membrane as reported
before [46]. The height difference between the domains is approximately 1 nm. When
exposed to the peptide, the two domains respond differently: what was the higher domain
appears to collapse (Figure 4 B) however the originally lower domain (indicated with a
dash circle in Figure 4 A and B) appears intact, with some indication of peptide
accumulation on the surface, appearing as small grains. High resolution image of the
collapsed domain (Figure 4 C) reveals regular, cylindrical structures, consistent with
mixed micelles. The appearance of linear fissure-like structures as opposed to circular
pores has been observed before for melittin, another well-known membrane disruptor

AMP, however the morphologies obtained in each case are markedly different [54].

Discussions

The data are consistent with the well-documented membrane disrupting activity of
magainin 2, however further clues to the mechanism of action were revealed. Magainin 2
acted as a cell-lysing agent in all lipid mixtures but with some specific differences in the
mechanism as revealed in the viscoelastic fingerprints. The peptide caused almost
immediate structural change on saturated lipids, while it remained in a surface associated,
highly dissipating state on unsaturated lipid. Thus the different packing of the unsaturated

acyl chains prevents the immediate insertion of the peptide into the membrane.

On the other hand, the effect of cholesterol content was not straightforward.  The
presence of cholesterol did not inhibit the membrane disrupting effect of the peptide. It
was shown before that cholesterol containing membranes form domains, but the
membrane becomes saturated over ~25% cholesterol content, therefore the 20%
cholesterol containing membrane is likely nearly homogeneous. The peculiar behaviour
on the domain separated DMPC:cholesterol 9:1 membrane thus suggests that the peptide
has a unique interaction to domain boundaries. Similar outlier behaviour is seen in the —

also domain separated — DMPC:DMPG 4:1 membrane.
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In the case of negatively charged saturated lipid membrane, magainin 2 shows higher
binding affinity than neutral lipids that is usually attributed to stronger electrostatic
attractions between positively charged peptide and negative charge of membrane, as it

was reported before [35].

Yet, in the case of unsaturated lipids, adding DOPG to the mixture did not achieve the
same outcome, yielding instead a fingerprint that was highly similar to the neat DMPC
membrane. Thus, charge interaction does not appear to be the cause of the different
interaction of magainin 2 with the PG-containing saturated membranes. While it is
unclear what is the basis of this difference, we can hypothesize based on the documented
tendency of DMPC:DMPG membranes to form distinct domains [46] that either the
peptide is attached to the domain boundaries, or the packing of the lipids that leads to the
formation of domains inhibits the insertion of the peptide to the headgroup region. This is
consistent with the AFM results that show peptides remaining on top of one of the
membrane domains, likely the DMPG-rich domain, while penetrate and break up the
other, likely DMPC rich domain. The effect is negated likely by the different chain
packing and potentially the resulting larger inter-headgroup distance in the unsaturated
membrane. The fact that 20% cholesterol also did not have a major inhibitory effect
corroborates the importance of the inter-lipid spacing in the headgroup zone, without
much influence from membrane fluidity. Thus, the mechanism of magainin 2 action
appears to be non-specific to the extent by which the peptide can sink into the headgroup

zone to modulate membrane tension.

The data allows for assessing the validity of the existing models of magainin 2 action.
The dye leakage results are consistent with an initial, transient dye release followed by a
re-seal of the membrane, as described in the transient pore model [27, 35, 38].The initial
burst-like release is consistent with increasing peptide concentrations, without a
disintegration threshold within the studied concentration range. The morphologies
observed via AFM imaging suggest, however, that the membrane is not distorted into
regular, circular pores, rather into a regular array of cylindrical mixed micelle-like
structures. However, given that this is the equilibrium structure at high peptide
concentration, the formation of more localized transient pores cannot be ruled out at the
beginning of the process. The observed cylindrical (sausage-like) structures in the AFM
images would yield similar membrane orientation loss that was reported by Nguyen et al.

based on SFG study [18].
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Furthermore, QCM results show at least three and in some cases four stages. In case of
non-linear trendlines the number of underlying processes can be more than that. Thus, the
simple two or three stage models (REF) do not capture the entire mechanism. The clue to
the missing stages is in the AFM data: the presence of the peptides modulates the
membrane into the observed structures, which likely form after the transfer of a
substantial population of the peptides to the inner leaflet. This is analogous to, but
structurally different than the membrane fissure model described before for melittin
mechanism of action [54]. Thus the proposed stages for magainin 2-membrane interaction
are 1) peptide binding to head group surface immediately folding to a-helix and
modulation of the membrane tension, 2) asymmetric tension forces pore formation
leading to peptide flip-flop to the inner leaflet, 3) balancing membrane tension by
building a population of peptides in the inner leaflet, 4) membrane collapse into
cylindrical structures (appearing sausage-like on the images) of mixed micelles. While it
appears that membrane integrity is still retained at this stage, removal of some material
cannot be ruled out. There is no clear distinction between the stages inasmuch as further
material binding is possible during the flip-flop process etc. hence the curved trendlines

observed in QCM.).

Conclusions

QCM nano-viscosimetry analysis with the support of dye leakage and AFM imaging
revealed that magainin 2 acts as a non-specific membrane-lysing agent following a
mechanism that mainly depend on the ability of the peptide to enter the headgroup zone.
It was not sensitive, however, to the presence of cholesterol or the degree of lipid
saturation. Importantly, the effect of charged lipids appeared to manifest through lipid-

lipid packing and not charge interaction with the peptide.

The data points at a complex membrane disrupting mechanism that includes an initial
transient pore stage allowing peptide flip-flop between the leaflets but leads to membrane
modulation and collapse once equilibrium is achieved. The ability of the peptide to
transfer between the leaflets suggests that the limit of membrane recovery, detailed in
previous works, is the limit of membrane collapse into the cylindrical mixed micelle-like

structures observed with AFM.
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Chapter Five

Preamble

As it was demonstrated in previous chapters in order to understand the mechanism of
peptide—membrane interaction, biophysical properties of the whole interaction process
should be thoroughly investigated. The results that revealed different transmembrane
states in the interaction of melittin and magainin 2 AMPs with model membranes, while
they stand up to scrutiny on their own, prompted me to search for alternative ways to
support and re-confirm the data. This directed me to deliberate over their influence on
lipid phase transition temperatures. There are only limited studies in this area in the
literature, mainly based on calorimetry measurements on different AMPs [1-6]. Studies
on o-helical peptides stated that the presence of peptides would decrease the main
transition temperature of lipids [5, 6], whereas studies on melittin suggested that the
peptide can only shift the pre-transition temperature without changing main transition
temperature of DPPC membrane [1]. There was a report of a stiffening effect on DMPC
membrane [2]. Generally, these studies suggested that the presence of peptide in the
membrane may have influence on phase transition temperature and/or viscoelastic

properties of the membrane.

In the first part of chapter five I intend to find the distinct thermodynamic states of the
transmembrane mechanism of action of melittin and magainin 2 AMPs by using QCM
nano-viscosimetry measurement which was shown to provide a proper alternative to
calorimetry measurements by determining the viscosity changes of membrane upon any
phase transitions [7-10]. For this purpose, I used QCM temperature sweeping on DMPC
membrane with different concentrations of melittin and magainin 2 and correlate the data

to QCM fingerprinting results described in Chapters three and four.

In the second part of this chapter I embark on neutron reflectometry measurements to
confirm the location of the peptides throughout the specific mechanism of action; the
states can be separated by stepwise increase of the bulk peptide concentration as shown in
the previous chapters. The limitations posed by neutron source access and the time-
consuming nature of the experiments required a compromise in terms of which peptides
to study. I chose melittin (which was introduced in the previous chapters) and, as a
reference peptide that is known to remain on the membrane surface throughout its

mechanism, aurein 1.2 from Litoria aurea, and Australian tree frog. The nano-
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viscosimetry based analysis of the molecular stages of the interaction of both peptides

was reported in detail before [11, 12], providing a solid basis for these experiments.
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Abstract

Antimicrobial peptides (AMPs) are essential components of host defence against
infections, which serve as the first line of innate immunity against bacterial and fungal
infections in a wide range of organisms. These peptides exhibit potent and broad-
spectrum antibacterial activity, offering a novel pathway to the development of novel
therapeutic agents. Consistently AMPs were investigated for design motifs to design
alternative antibiotic classes against multi-drug-resistant bacterial strains. However,
despite the wide-ranging studies, in most cases the molecular process that leads to
membrane disruption is not well understood. It is believed that the mechanism of action
follows a series of thermodynamic equilibria, involving several distinct states. In this
study nano-viscosimetry based phase transition measurements were used to identify
domains formed by specific lipid-peptide structures, corresponding to distinct
thermodynamic states. Two well known membrane disruptor AMPs were chosen for this
study: melittin (from honeybee venom) and magainin 2 (from the skin of African clawed
frog). It was found that membranes exposed to either of these pore former peptides have
distinct domains, characterized by different phase transition temperatures. The number of
the distinct domains correlate well to the previously described states of the mechanism of
action of each peptide: four states of the fissure-forming mechanism of melittin and three
states for magainin 2 that forms transient pores in the membrane. The phase transition
data confirms these hitherto hypothetic stages as actual thermodynamic states,
characterized by specific peptide-membrane interactions that lead to the formation of

domains of different phase transition temperatures.
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Introduction

Antimicrobial peptides (AMPs) provide immediate immune response at the site of
infection with wide ranging activity [13]. Since AMPs evolved to target bacteria the most
efficient way, they are less likely to give rise to resistant bacterial strains [14] While
AMPs can act via several pathways, pore forming membrane disruptor AMPs are the
most studied category because of their relatively simple structure and mechanism of
action, as well as broad spectrum activity that makes these AMPs potentially suitable
antibiotics, and also for applications from anti-cancer therapeutics to drug delivery agents
[15-24]. However, realising these applications was inhibited by the lack of understanding
the way they exert their activity: the physicochemical properties that provide specificity
and selectivity during the molecular mechanism of their action [25-28]. For most AMPs
there is still no consensus on their dominant mechanism of action and even less

information about the parameters and molecular interactions that define this mechanism.

Melittin and magainin 2 serve as typical examples. Melittin, the main component of bee
(Apis melifera) venom, is an extensively studied yet enigmatic AMP of a sequence of 26
amino acids [28, 29]. In apolar environment melittin is described as mostly a-helical,
exhibiting two folded segments intersecting at an angle of 120° due to a proline residue
[30, 31]. However, in a membrane environment, i.e. at the interface of polar aqueous and
lipid media the N-terminal charged region is most likely unstructured, hence models
describing melittin as an a-helical peptide are approximations. The mechanism of melittin
action is debated. In early studies it was suggested that melittin induced barrel-stave
pore-formation, that is, assemble into a small oligomeric transmembrane channel [32, 33].
This was revised upon further experimental and molecular dynamic simulation studies to
toroidal pore formation [34-37]. However there is evidence that in anionic membranes the
mechanism switches to detergent-like action [38], and that the peptide does not form
pores at all, instead opening linear fissures in the membrane [39, 40]. Based on the model
described in melittin action proceeds through the following steps on DMPC model
membranes: unstructured peptide in solution <> surface adsorbed unstructured peptide <>
surface adsorbed helical peptide <> membrane inserted monomeric peptide (top leaflet)
<>membrane inserted linear aggregate (top leaflet) <> transmembrane fissure (opposing

linear aggregates in both leaflets) <> pore/micelle formation [40].
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Magainin 2 is another well-studied a-helical, cationic AMP, which was isolated from the
skin of the African clawed frog (Xenopus laevis) [41]. Magainin 2 is mainly described as
a toroidal pore former membrane disruptor AMP [42-50], albeit with a transient action:
the pore size is reported to be larger at the beginning of interaction, decreasing gradually
until reaching a steady state [27]. It was suggested that initially the peptide is oriented
parallel to the membrane, associated to the head group region [51, 52]. By increasing the
concentration, the peptide triggers local distortion in lipid packing leading to a transient
transmembrane state that in turn allows translocation from the outer to the inner leaflet,
forming pores in the process [46, 52]. The steady-state binding to the surface can alter the
membrane curvature and form toroidal pores [45]. Consistently the magainin-membrane
interaction is described as a two-state transition that includes a binding state transforming
into insertion/pore state [48, 53] although logically it has to include another transition
from the pore state to the inner leaflet [54-56]. As with melittin, the pore has never been
observed directly, and there is surprisingly little data in support of the hypothetic
mechanism. It is desirable to find new means of characterization of peptide-membrane

interactions to detect the thermodynamic states of the system.

Calorimetry is the basic method to measure thermodynamic properties. In case of a
peptide-membrane system, the phase transitions of model membranes are well described
and may serve as a basis for calorimetric measurements of the effect of the peptides on
the membrane. Model membranes are typically neat or binary mixtures of serving as a
simple model of the 'fluid mosaic' of the biological membrane structure [57-59].
However, the simplicity of the model membrane allows for complex temperature-
dependent changes in packing and viscosity. At characteristic temperatures the membrane
undergoes reversible, cooperative phase transitions identified from a well-defined change
in packing and viscoelastic properties [60]. During these phase transitions, the bilayer
membrane remains intact [61]. DMPC (phosphocholine lipid of 14 carbon atom long
saturated acyl chains) shows two phase transitions at the so called pre-transition and main
transition temperatures [62]. At low temperature DMPC exists in the L. crystalline
dehydrated state where all molecular motions are restricted resulting in a water-
impermeable structure [61]. By increasing the temperature the lipid molecules gain higher
freedom of motion, lose alignment, which causes a decrease in bilayer thickness and a

change in packing leading to the so called “rippled gel” (Pp) phase [63]. Upon further
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heating the acyl chains “melt” at the so called main transition temperature, substantially

increasing lipid mobility while reducing membrane thickness [64].

Given the profound effect they have on membrane structure it is expected that AMPs
influence phase transitions. There is only scarce data in the literature, for a diverse group
of peptides. A calorimetry study in 1996 suggested that melittin can shift pre-transition
temperature of DPPC lipids, without noticeable change of main transition temperature [1].
In 1999, another study concluded that the presence of gramicidin did not have a
significant effect on the phase transitions of zwitterionic bilayers, however it has a strong
effect on the phase behaviour of anionic lipids [3]. Yet it was reported by others that
interaction of melittin with lipid head groups lead to confined diffusion yielding a
stiffening effect on DMPC membrane [2]. In a differential scanning calorimetry (DSC)
and FT-IR study the synthetic peptide Ac-RRWWRF-NH; reduced the main phase
transition temperature of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPG)
vesicles [4]. Other studies by DSC on a-helical peptides with anionic and zwitterinic
membranes [6] and 1,2-dielaidoylphosphatidylethanolamine (DEPE) [5] reported a
reduction of the main transition temperature. Another DSC study suggested DPPC:DPPG
phase transition appeared at lower temperatures in the presence of an analogue of the

peptide Hylinal (from the skin secretion of the frog (Hypsiboas albopunctatus)[65].

Most recently a fluorescence study suggested that cecropin can increase the membrane
rigidity without an effect on the phase transitions of DMPG membrane [66]. These
studies suggest, with some ambiguity, that peptides can alter phase transition

temperatures and/or viscoelastic properties of membranes.

We have shown before that QCM nano-viscosimetry can be used as an alternative to bulk
calorimetry, identifying phase transitions from changes in viscosity of single bilayer
membranes [7-10]. This led to identification of membrane domains [8, 39, 67]. Here this
method is applied to detect the effect of peptide incorporation on membrane phase
transitions, with an aim of identifying different membrane bound states, appearing as

distinct membrane domains in their viscoelastic properties.
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Materials and methods

Vesicle preparation

The phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased
from Avanti Polar Lipids (Alabaster, AL, USA). Chloroform (ACS Reagent, 99.8%) was
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). After preparing the stock
solution by dissolving the precisely measured lyophilized lipids in chloroform, 100 uM
from DMPC stock solution was added in a clean test tube. The solvent was evaporated
with moderate vortexing and gentle nitrogen gas flow to obtain a uniform layer on the
wall of the test tube. The prepared tubes were placed in a desiccator to eliminate any
remaining solvent residue. At the time of using, the dry lipid layers were hydrated in 1 ml
PBS in 37°C incubator for 30 minutes, followed by one minute vortexing and brief

sonication [39].

Buffer preparation

Fluka branded potassium hydrogen phosphate (K2HPO4) was purchased from Honeywell
(Shanghai, China) and potassium dihydrogen phosphate (KH2PO4) was purchased from
Sigma Aldrich (Castle Hill, NSW, Australia). Sodium chloride (NaCl) was purchased
from Chem-Supply Pty Ltd, Gillman SA, Australia. The phosphate buffered saline (PBS)
contained 20mM phosphate and 100mM NaCl at pH 7.2. Deionized water of 18.2 MQcm
resistivity (from an Ultrapure instrument, Sartorius AG, Germany) was used for all

samples.

Quartz Crystal Microbalance

All experiments were performed with a Q-SENSE E4 system (Q-SENSE, Sweden) using
AT-cut gold-coated quartz QCM chips with a fundamental resonance frequency of 5
MHz. The QCM chips were cleaned with base piranha solution consisting of 1:1:3
mixture of hydrogen peroxide (aqueous solution, 30%) purchased from ChemSupply Pty
Ltd, Australia, Gillman, SA; ammonia solution (28-30%) purchased from Merck,
Darmstadt, Germany; and deionized water, at 70°C for 20 minutes. After cleaning and
drying under a gentle stream of N, the chips were modified in a solution of 2% 3-
mercaptopropionic acid (MPA) (HPLC Grade,> 99%, Fluka branded product from Sigma
Aldrich, Castle Hill, NSW, Australia) in propan-2-ol overnight. MPA promotes liposome
fusion and the formation of a partially suspended bilayer [68]. Before use the modified

chips were soaked in propan-2-ol to remove any excess thiol from the surface; after
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subsequent drying, the chips were placed in deionized water for a few hours to hydrate

the MPA self-assembled monolayer.

Lipid deposition

After the MPA modified chips were installed in to the QCM chambers, in order to
confirm the stability of the sensor signals and to provide a reference, baselines were
recorded first in deionized water and in PBS. Next, the DMPC lipid suspensions with
flow rate of 50 pL/min at 19°c were added into the chambers. When a stable baseline was
reached, mild osmotic stress (20 mM phosphate buffer solution without salt) was used to
rupture/remove liposome residues and form a uniform single bilayer based on previous
study [69]. After obtaining a normal PBS baseline, melittin (GL Biochem Ltd., Shanghai)
or magainin 2 (GL Biochem Ltd., Shanghai) solution were introduced at desired
concentrations, following with a final stage of buffer wash. A temperature sweeping
profile of 19°C to 37°C was programmed in QCM with a slope of 0.2 C/min while the
flow of PBS was stopped. All experiments were repeated at least five times and the
temperatures reported were the average obtained in each concentration for individual

heating and cooling cycles.
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Figure 1. Heating and cooling versus temperature for third loop of temperature ramping after adding 15pM
a) melittin b) magainin 2

By using a partially suspended model membrane system, the membrane gains a high
degree of freedom to dissipate energy by out-of-plane motion, hence the QCM dissipation
signal becomes a useful measure of viscoelastic changes in the membrane upon various

stimuli [8, 70].
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The frequency (Af) and energy dissipation ( AD) were recorded simultaneously at five
eigenmodes of the sensor (3, 5, 7, 9, 11 and 13th) corresponding to 15, 25, 35, 45, 55 and
65 MHz, respectively. However, the analysis was performed on the 5th eigenmode,

25MHz, as it was shown to provide the most reliable data on lipid membrane analysis

[39].

To find the effect of membrane disrupting peptides on lipid phase transition, the
temperature derivatives of the dissipation change signals [71] were plotted over
temperature at each heating and cooling cycles at different concentrations of peptides.
Melittin and magainin 2 were used as well-known models for membrane disrupting
AMPs [48, 72-74]. As published previously, plotting first derivative of dissipation over
temperature can clearly show the phase transitions at the fastest rate of viscosity changes

[67].

Results and Discussions

After introducing the desired concentrations of peptide on the single bilayer membranes,
temperature sweeping procedure was repeated three times, analogous to a calorimetry
measurement. Figure 1 shows plots of dD/dT against temperature. The heating and
cooling cycles show symmetrical patterns of different peaks in each cycle for both
peptides. The magnitude of these peaks varies, which either reflect the size of, or the
different magnitude of viscosity change upon phase transition in the corresponding

domains.

There is an offset of ~1°C between heating and cooling cycles that is consistent in all
cycles and is the result of a small heat gradient between the measurement chamber and
the location of the thermometer; averaging the peak positions for the heating and the

cooling cycles removes this systematic error.
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Figure 2. Gaussian fitting of dD/dT vs temperature for the heating cycle in the third loop of temperature
sweeping for after adding a) 15uM melittin b) 15uM magainin 2 respectively

Figure 2 shows analysis of the phase transition information by Gaussian peak fitting for
the case of 15 uM peptide concentrations as an example. Gaussian fit to the multiple
peaks results in envelopes that follow the raw data very well, and thus the phase transition
temperatures can be determined with the accuracy of the QCM temperature sensor, that is,

with approximately mK accuracy.

The average of heating and cooling phase transition temperatures for each individual peak
with different concentrations of melittin and magainin 2 in all cycles were extracted and
summarized in Figure 3. The distinct peaks reveal different domains that correlate to the
membrane bound states of the peptides: in case of melittin, there are consistently four

states whereas for magainin 2 there are three states.
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Figure 3. Average temperature achieved for each domain on different concentration of a) melittin and, b)
magainin 2

The phase transition temperatures show some degree of peptide concentration
dependence, following distinct trends. In the case of melittin, at low peptide

concentrations up to 7 uM the phase transition temperatures are not affected much, except
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in domain c. By further increasing the concentration, for the first two domains the
temperature shows a slight increase (0.75°C and 0.5°C, respectively). For domains ¢ and
d there are distinct gradual temperature increases of 1°C to 0.5°C to straight line and
0.1°C following by 0.3°C to 0.4°C, respectively. However, the temperature dependence
terminates with a slight temperature drop of 2.25°C for domain ¢ and 3°C for domain d at

15 uM.

For magainin 2, there is a fluctuation at 5 uM for domain c, however the nearly straight
trends at ~21°C and ~25°C continue up to 15 uM for domain a and b, respectively. For
domain c, after a slight decrease up to 7 uM the trend shows 1°C increase followed by a

sharp drop at 15 uM.

The distinct domains are the result of different peptide-membrane interactions, that
perturb the main transition of DMPC [67], reflecting the different thermodynamic states
and the equilibria between them throughout the membrane disrupting mechanism of the
peptide, characterized by different intermolecular interactions. The system can be
described from the point of the peptides as a series of states characterized by different free
energies, while the membrane provides a platform offering these specific states for
occupancy to the peptide. The phase transition of membrane domains representing these
different thermodynamic states will be changing with peptide concentration due to
changes in occupancy at each of the discrete energy states. The different phase transition
temperatures are resulted from perturbations to membrane packing, related to the different
insertion geometry of peptide. The occupancy of each state is governed by the Boltzmann
distribution, balancing higher free energy with mixing entropy. Equilibria between
multiple states can be described as constant chemical potential of any individual peptide
irrespective of which state does it occupy. Thus, increasing concentration of the lowest
energy state increases occupancy in the higher energy states. This is the thermodynamic

basis of threshold behaviour of membrane disruption.

In a generic mechanism of action of membrane penetrating AMPs initially the peptide
monomers would adsorb to the membrane surface (equilibrium 1) and form helical
structure (equilibrium 2). The helical state might lead to immediate membrane penetration
as in case of melittin, or a deeper insertion to the core-headgroup interface of the
membrane. It is expected that in calorimetric measurements the key observable difference
is between surface bound state and membrane penetrated state, as in the first case the

peptide interacts mostly with the headgroups and in the latter case with the alkyl chains.
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Hence if the membrane adsorbed helical state is distinct, the two initial states are
indistinguishable; however if the folding takes place continuously (as a process) during
membrane penetration, it is expected to yield a different membrane domain in
calorimetry. Neither of melittin or magainin 2 are known to aggregate on the membrane
surface [75, 76]. Hence the two key states we expect for both peptides are 1) a surface

bound and ii) a membrane inserted monomeric state.

The third observable state is markedly different between melittin and magainin 2. In the
hypothesis presented in [40] the next state for melittin is a linear aggregate that opens
superficial fissures in the membrane that is in equilibrium with the monomeric state
(equilibrium 3) that leads to flip-flopping and matching linear aggregates from the inner
leaflet, leading to transmembrane cracks (equilibrium 4). These two are characterized by
distinct changes in lipid-peptide interaction, therefore expected to form two separate
domains. Breaking up the membrane into disc-like aggregates, while geometrically
speaking is a different stage, it is not a different state since the peptide-membrane
interaction is not changing in the process. Consistently, in the fissure pathway melittin
would be expected to form a total of four membrane domains that is consistent with the

calorimetric data.

For magainin 2, the membrane insertion is achieved by membrane modulation,
effectuating transient pore opening, from which the peptide might return to either (inner
or outer) membrane leaflet, leading to an eventual equilibrium between the surface
densities of the peptide between the two leaflets and reduction in pore activity. The two
surface bound states might be equivalent in the thermodynamic sense, if membrane
curvature and solvent effects (cytoplasm has different ionic environment) are disregarded.
They are distinctly different, however, in the nano-viscometry experiments: the
membrane tension and lipid mobility are substantially different between the leaflets in the
initial state, whereas close to even in the final equilibrium state. Hence, for magainin 2,
three distinct states are expected: outer surface populated, transmembrane state and both

surfaces populated. This is also consistent with the QCM data.

We can attempt to identify these states from the calorimetry data. Surface adsorption
leads to direct peptide interactions with the lipid headgroups and replacing water, hence
reducing headgroup repulsion. This could lead to a small increase in phase transition
temperature. Consistently, one of the domains exhibited phase transitions close to, but

slightly above the neat membrane (the average of 24.78 for melittin and 25.12 for
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magainin 2). The phase transition temperature showed weak dependence on the peptide
concentration, suggesting that the occupancy of this state is nearly complete at low

concentrations.

The next detectable state is the membrane penetrated monomeric state, which for melittin
is likely limited to the top leaflet as described before [40]. In this state the polar side of
the helix is surrounded by aliphatic chains, that is energetically unfavourable and is
expected to lead to a decrease in phase transition temperature. Thus the ~21°C phase
transition can be assigned to the domain containing the membrane inserted monomeric
state. Similarly, in case of magainin 2 the transmembrane state eventuates from the
disruption of lipid order, hence the transition at ~ 21°C is the likely domain corresponding
to this state. Notably, a very similar phase transition temperature but very different
geometric effects: in the first case, the membrane is intact; in the second, that is the actual

pore formation.

The remaining two states for melittin are both characterized by increased membrane
phase transition temperature, suggesting increased lateral (binding) interactions. This is
consistent with an aggregated state of the peptide that restrains membrane mobility. For
melittin, the linear aggregates and the transmembrane fissures as described in [40] would
be able to impose such constraints; likely the latter is the domain with the highest phase
transition temperature, as it shows a major change towards high peptide concentration

when the membrane finally breaks up and thus the constrains are relaxed [39, 40].

For magainin 2, the third state is characterized by increased phase transition temperature
that is consistent with the increased lipid-peptide-lipid interaction in the two adjacent
leaflets, and the collapse of the membrane into linear micelles as described before

[Chapter four] [37, 48].

The data confirms the coexistence of these distinct states in the membrane, suggesting a
chain of interdependent equilibria in which the individual peptide monomer has the same
chemical potential irrespective of which state it is in, and therefore it can move reversibly

between the states as described by equation 1{77]:

n=pl +kTlog(X,) = Constant for all statesn=1,2,3, ...
Equation 1. Chemical potential
The chemical potential gives the total energy of each molecule, including the free energy

u and the entropic effect of the ensemble through the kTIn(Xn) term [77]. The free energy
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term is dominated by binding energy, which in this case is a sum of intermolecular
interactions between lipid and peptide molecules, that is seen indirectly in the way the
presence of the peptide disrupts lipid-lipid interactions (replaced by lipid-peptide
interactions between neighbours), and therefore the phase transition temperatures. As an
approximation, acknowledging that the peptide-peptide interactions are not measured, the
free energies of each state can be therefore correlated to the change in membrane phase
transition temperature. Considering that the phase transition temperature changes were
both positive and negative, entropy factors must play a role in the process, explaining the
existence of threshold concentration(s) in the membrane disruption. In simple terms, the
occupancy of the higher energy states is only noticeable when the concentration of the
lowest energy (and most dispersed) state is increased, in a process similar to aggregation

of surfactants at critical micelle concentration.

Importantly the chain of dynamic equilibria between all membrane bound states as
described here is consistent with a model proposed before that described AMP action in

terms of effect on membrane and recoverability of the induced changes [78].

Conclusions

In this work a new method was presented to study the mechanism of membrane
disrupting antimicrobial peptides based on phase transitions of the target membranes,
measured as viscosity changes as the function of temperature changes. The existence of
domains of different phase transition temperatures proves the existence of distinct
thermodynamic states in terms of peptide-membrane interactions. The four distinct
thermodynamic states detected for melittin correlate well to hypothetical model
mechanism described before; similarly, the three states detected for magainin 2 are
consistent with the accepted model of the mechanism of action. Thus, data is presented
here that indicated, albeit qualitatively, the thermodynamic states occupied by the
peptides in the membrane, opening new avenues for future physicochemical studies of

antimicrobial peptides.
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Abstract

Antimicrobial peptides (AMPs) kill bacteria by disrupting their plasma membrane. While
the ability of AMPs to breach the membrane is well documented, still there are many
uncertainties about their mechanistic pathways leading to cell lysis. Melittin (from bee
venom) and aurein 1.2 (secreted by Australian tree frog Liforia aurea) are two well-
known AMPs with substantive data on their mechanism of action, exhibiting
transmembrane and surface acting mechanism, respectively. The mechanism of action of
these two AMPs with model membranes have been widely studied though there are still
uncertainties about their orientation throughout the interaction. In this study neutron
reflectometry was used to determine and compare the location of these typical model
AMPs during their interaction with DMPC (dimyristoylphosphatidylcholine) membrane.
The results reveal the peptide position in the membrane at different stages of the
disruption mechanism. As expected at low concentrations the peptides are mainly located
in the head group region of the top leaflet. In the case of melittin the analysis shows that
by increasing the concentration, the peptide first penetrates the tail region of the upper
membrane leaflet, and only upon further increase in concentration can it reach the bottom
leaflet. This is consistent with a multi-state equilibrium process where the peptide is
driven into higher energy states by excess bulk concentration. For the case of aurein 1.2
swelling of the top leaflet and potential blistering of the membrane is detected, consistent

with a surface tension-driven carpet-like mechanism.

Introduction

Antimicrobial peptides (AMPs) deliver innate immunity in practically all complex
organisms [1, 2]. A subclass of these peptides acts via disrupting the plasma membrane of
the pathogens. The membrane disrupting mechanism of action is classified into roughly
two main groups: surface acting peptides that dissolve the membranes and transmembrane
peptides that open pores through membranes [3]. It is challenging to characterize these
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processes due to the small size and high mobility of the peptides, therefore the molecular
mechanism of action that leads to these outcomes is still not well understood, and the

hypothetic models are based on indirect measurements [4, 5].

Perhaps one of the best known transmembrane pore former peptides is melittin, the main
component of honey bee (Apis mellifera) venom of 26 residues [6, 7]. Aurein 1.2 is a
surface acting AMP that is secreted by various species of Australian tree frog (Litoria
aurea), a short 13 residues long peptide [8-10]. Melittin and aurein 1.2 are both cationic,
amphiphilic and (in apolar media) a-helical peptides that have shown to be active against
numerous micro-organisms [10-13] and show anticancer activity as well [8, 14, 15]. The
nano-viscosimetry based analysis of the stages of the molecular mechanism of melittin

and aurein 1.2 was reported in detail before [16, 17].

The proposed model for melittin action in zwitterionic membranes includes four steps:
after peptide binding to the head group region and obtaining a-helix fold the peptide can
insert into the top leaflet of the membrane. Aggregation leads to the formation of linear
fissures, locally destabilizing the bottom leaflet and thus the peptides access the bottom
leaflet by flip-flopping; this leads to the opening of transmembrane “cracks” [17]. The
surface acting aurein 1.2 follows a simpler mechanism: it was proposed that the first step
is largely identical, the linear peptides can bind to the surface and become helical; after
reaching a threshold concentration, the peptides aggregate on the top leaflet surface and
as a loose bundle they can partially penetrate into the top leaflet, leading to asymmetric
tension and thus distortion and blistering of the membrane; these blisters can eventually

detach as mixed micelles, hence dissolving the membrane [16].

The models have been proposed based largely on QCM data. QCM can infer but cannot
prove the localization and orientation of the peptide in the membrane during the stages of
the interaction. This information would clarify many features about each specific
mechanistic model. In this study the location and orientation of different concentrations of
these two different AMPs during the membrane disruption process was studied by using

neutron reflectometry.
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Materials and Methods

Buffer preparation

Potassium  dihydrogen  phosphate = (KH2POs) and  Fluka branded potassium
hydrogen phosphate (K.HPOs) were purchased from Sigma Aldrich (Castle Hill,
NSW, Australia) and Honeywell (Shanghai, China), respectively. Sodium chloride (NaCl)
was purchased from Chem-Supply Pty Ltd, Gillman SA, Australia. The phosphate
buffered saline (PBS) assay buffer contained 20mM phosphate and 100mM NaCl at pH
7.2. Deionized water of 18.2 MQcm resistivity (purified using an Ultrapure system,
Sartorius AG, Germany) was used for all solutions.

Vesicle preparation

Deuterated 1,2-dimyristoyl-sn-glycero-3-phosphocholine (dss-DMPC) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA) and chloroform (ACS Reagent, 99.8%)
was purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Lyophilized lipids
were dissolved in chloroform to a 100uM concentration and aliquoted into clean round
bottom test tubes. The chloroform was evaporated with a gentle flow of nitrogen gas
during continuous vortexing to obtain a uniform lipid layer at the bottom of the test tube;
the prepared tubes were stored in a desiccator. Before wuse the lipid aliquots
were hydrated in 1 ml PBS in a 37°C incubator for 30 minutes, followed by one-
minute vortexing and brief sonication. This method was shown before to yield a broad
distribution of mostly unilamellar liposomes [18]. The prepared lipid suspensions were
used immediately. The lipid bilayers were deposited on to silica wafers by in-situ vesicle
deposition [19]. Aurein 1.2 and melittin were purchased from GL Biochem Ltd.,

Shanghai.

Neutron reflectometry

Circular silicon wafers with diameter of 100 mm and 10 mm thick were cleaned in acidic
piranha solution (H2O/H2SO4/H>O; 4:3:1) for 30 minutes at 85°C. After cleaning, the
wafers were rinsed with deionized water and propanol. Neutron reflectometry data were
collected using the Platypus time-of-flight neutron reflectometer and a cold neutron
spectrum (2.8 A< A<18.0 A) at the OPAL 20 MW research reactor (Sydney, Australia)
[20-23]. Neutron pulses of 20 Hz were generated using a disc-chopper system (EADS

Astrium, Germany) in low-resolution mode (AA/A= 8%) and recorded on a 2-dimensional
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helium-3 neutron detector (Denex, Germany). Reflected beam spectra were collected for
each of the surfaces at 0.8° for 1 h (0.6 mm slits) and 3.0° for 3 h (2.25 mm slits),
respectively, for a D>O subphase and 0.6° (0.45 mm slits) for 1 h and 2.5° (1.875 mm
slits) for 3 h for other subphase contrasts. Direct beam measurements were collected
under the same collimation conditions for 1 h each. The data were reduced using the
SLIM reduction package which stitches the two data sets together in the appropriate
overlap region, re-bins the data at instrument resolution, and corrects for background and

detector efficiency [24].

Data was refined using the MOTOFIT reflectivity analysis software [25] with presenting

the reflectivity data as a function of the momentum transfer vector, Q:

B 4msin©
T2

Where 6 and A are the angle of incidence and the neutron wavelength, respectively.
The neutron scattering length density p, can be considered as a neutron refractive index
which is a function of the chemical composition of the material according to:

p =Mz (7)n,

L

Where Na is Avogadro’s number, P; and A; the mass density and the atomic mass,
respectively, and b; the nuclear scattering length of component i. By using deuterated
molecules and choosing a suitable solvent contrast different parts of the lipid bilayer can
be explored. Here the deuterated phospholipid hydrocarbon tails used and the solvents
were either a pure D20 (p = 6.35 x10% A) to highlight the protonated peptide, or a
mixture of DO and H>O where the nSLD is matched to silicon (p = 2.07 x 10 A2, 38%
D»0/62% H>0) and a pure H20 (p = -0.55 x 10" A-2) to highlight the deuterated tails.

Lipid bilayer data were fitted using a four discreet layers model consisting of silicon
oxide, head group 1 (closest to the silica surface), tail region, head group 2 being the head
groups in contact with the bulk solution. The p of each layer can be estimated by sum of

the scattering length density of each component in the layer.

player = (plipid plipid + (ppeptide ppeptide + @solvent Psolvent

Where ¢ is the volume fraction of component. When changing between different

subphase contrasts, the physical structure of the system is assumed not to change. This
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means that the thickness and roughness in the models are constrained to be the same

between each subphase whilst only letting the scattering length density vary.

Results and discussions

The silica layer was reported to have an interfacial roughness of 4 A [26], which was used
for all subsequent fits to the bilayers. Hydrocarbon deuterated chain lipids were used to
enable contrast against the protonated peptide. Three subphase contrasts of DO, H,O and
CMSI were used for bilayer measurement. For each layer, we started fitting from known

values for the parameters based on the literature [26, 27].

sLD (10° A%

T T T T T T T T
01 02 03 04 20 0 20 40 60
Q (AJ) distance from interface (A)

Figure 1. SLD graph and reflectivity graph for the fitted lipid on three contrasts as DO amber, CMSI
blue and H,O green
For the analysis first the neat deuterated DMPC membrane at each position was fitted on
three different contrasts at the same time to obtain the thickness, SLD and solvent
penetration for each layer [25]. To account for any holes or discontinuity in the
membrane, we trained the fit by applying sensible boundaries and head group to tail
proportion but still allowing some variations depending on each individual fit. As shown
in figure 1, the lipid data were fitted for three different contrasts (solvent backgrounds)

simultaneously.

In this study aurein 1.2 and melittin were used as typical surface acting and
transmembrane model AMPs, respectively. Afterward, for each position the NR profile of
each concentrations of peptides recorded with three different contrasts were fitted by
using the fitted lipid data for the same position as the starting point. As an example, the
fitted model for adding 10 pM melittin on fitted lipid data is presented in figure 2 with the

representative schematic figure referring to each layer.

133



Chapter Five

R ‘ b
. = Sda 33
F o 't - & 05
e | oy ! ' 5w a
RTINS AT A, AT -
¢ m_\.._c-)‘-f\_i.‘;b{! L4
1 -

SLD (107 A7)

0 I | [ o

T T T T. - - -

-20 a 20 40 ] a0
distance from interface (4)

Figure 2. SLD graph of fitted 10 uM melittin on fitted lipid data for the same position on three contrasts as D>O
amber, CMSI blue and H,O green

In the case of melittin based on the literature we know that at lower concentrations the
peptide mainly affects the top leaflet [17] so in order to separate the two leaflets the
peptide data were fitted using a five-layer model by dividing the core region into two
distinct layers. In each fitting all three parameters of top head group (H.G I) and core
region were varied individually while other layers were fixed, and by increasing the

concentration from 7 uM even bottom head group (H.G II) was allowed to change to

Table 1. Changes of different parameters for fitted melittin with different concentrations on different positions
starting from the neat fitted lipid parameters

Melittin Thickness (A) SLD (p /10 A% Solvent (% v/v)
Conc.
SiO; H.G Core H.G | SiO, | H.G Core H.G SiO; H.G Core H.G
1 11 1 11 1 11
1uM 10 5.16 18.37 | 10.54 | 7.17 | 3.47 | 1.88 7.21 |9.01 2.31 15.8 76.2 49.78 | 25.48 42.8
3uM 10 5.16 18.37 |20.62 6.76 | 3.47 1.88 7.21 |7.86 2.99 15.8 76.2 49.78 | 74.38 89.7

TuM 16.1 7.16 10 19.92 | 596 | 3.47 | 1.10 9.8 5.75 | 1.96 | 16.209 | 14.81 | 35.30 23.20 51.8

10pM 10.0 [ 7.73 16.97 | 20.74 | 6.45 | 347 | 2.13 | 6.78 [ 6.60 [ 3.4 | 16.209 | 31.01 325 34.64 423

obtain the best fit. As summarized in Table 1, at lower concentrations the scattering
length density (SLD) values for the top head group and the core region of the top leaflet

are increasing due to the presence of the dense peptide in those layers.
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Presence of peptide in the top leaflet initially decreases the thicknesses of these layers,
likely by introducing disorder in the orientation. However, increasing the concentration to
3 uM leads to swelling in the same layers, with concomitant higher solvent penetration.
This suggests that the insertion and potential aggregation of the amphiphilic peptide

allows water to enter the membrane core.
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Figure 3. Membrane thickness changes in each layer by adding different concentrations of melittin

By further increase of the peptide concentration to 7 uM and 10 pM there is a slight
change: some peptides transfer to the lower leaflet of the membrane, seen from the
increased SLD as well as the swelling of both head group zones. This is associated with
shrinking of core regions (figure 3); this is likely an artefact due to increased water
penetration. This is consistent with neutron scattering results reported for another
transmembrane peptide, magainin from African clawed frog; there it was explained with
lateral membrane expansion caused by peptide adsorption in the head group region and

thus decrease of the core region thickness [28, 29].
For the case of the surface acting aurein 1.2 it was proven before that converging the core

—Si

——H.GI
—— Core
_ [—HGI

0 2 4 6 8 10
Concentration (uM)

Figure 4. Membrane thickness changes in each layer by adding different concentrations of aurein 1.2

region as a single layer could result in more reliable fits [22] so the data were fitted using
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the common four-layer model used for neat lipid. As expected from literature [16, 22], the
results show that for aurein 1.2 at lower concentrations the change is mostly in the top
headgroup zone, as expected for surface effect (carpet-like mechanism). In each fitting all
parameters of H.G II and core region were varied individually, and by increasing the
concentration from 10 uM, H.G I was allowed to change as well. The intrusion to the
headgroup region also perturbs the membrane packing that causes a slight decrease in the
thickness. The SLD increase for top head group indicates the presence of peptide.
However, we do not expect the peptide to cover the whole surface at this concentration.
With increasing concentration, the addition of more peptides compensates for the
membrane thickening effect. By increasing the concentration up to 7 uM, it appears that
the peptide enters the core region of the membrane and causes membrane collapse as
well, indicated by increasing in SLD while the thickness decreases, showing that dense

material enters the core region.

Table 2. Changes of different parameters for fitted aurein 1.2 with different concentrations on different positions

Aurein Thickness (A) SLD (p /10 A% Solvent (% v/v)
Conc.
SiO; HGI Core H.GII SiO, H.GI Core H.GII SiO, H.GI Core H.GII
1uM 16.85 5.39 14.13 5.83 3.47 1.88 9.86 2.79 20.32 71.64 40.05 45.47
3uM 16.85 5.39 26.88 8.72 347 1.88 7.6 2.25 20.32 71.64 46.66 68.69
7uM 10.08 5.4 40.13 9.07 3.47 1.88 9.93 1.89 16.209 38.88 23.98 30.33
10uM 16.15 8.27 34.65 2.53 3.47 1.1 7.9 1.55 16.206 10.19 10.14 22.80

This behaviour is consistent with the mechanism hypothetically proposed in [17] where
the peptide penetration into the membrane was described as a 4 stage process: surface
binding, penetration, aggregation in the top leaflet to form fissures, flip-flopping and
completing the fissures in the bottom leaflet to break up the membrane into islands. On
the other hand, as can be seen in table 2 the solvent penetration shows a slight decrease in
this case, which suggests that the presence of the inserted a-helical aurein 1.2 increases
membrane density without opening any partial pockets for water penetration Further
peptide aggregation can be seen as thickness increase at 10 pM. This could also show the
beginning of asymmetric tension-induced blistering of the membrane as suggested before
[16] which is the only pathway for the membrane to expand, eventually leading to break
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up of the membrane and the individual “blisters” forming mixed micelles. That is

indicated by the greatly increased bottom leaflet thickness at this stage.

This data is consistent with the mechanism proposed in [16], where aureinl.2 binding has
the following distinct stages: surface binding, aggregation induced partial penetration to
the top leaflet, increased lateral pressure and hence asymmetric membrane tension
induced blistering of the membrane, which will eventually lead to breaking up of the

membrane to mixed micelles.

Conclusions

NR measurements were able to reveal the position of the peptides in the bilayer
membranes at different stages of disruption due to the highly concentration-dependent
mechanism. At lower concentrations, peptides are mainly on the top leaflet bound to the
head group region. Regarding aurein 1.2 the analysis of neutron results shows disruption
of the outer leaflet, consistent with surface action known as carpet mechanism, revealed
by SLD increase of top leaflet layers. Melittin model fitting confirms initial interaction of
peptide with top leaflet and insertion to bottom leaflet at higher concentrations. These

data confirm the hypothetic mechanism of each peptide as described before.
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Conclusions

Conclusions

The central aim of my thesis was to conduct a systematic study of the interaction between
transmembrane AMPs with biomimetic membranes of different structures, in order to
understand the steps in their molecular mechanism of action. I have undertaken this study
by using QCM-D nanoviscosimetry measurements as the principal technique. First, I
studied melittin from Apis mellifera venom. Melittin was chosen as it is probably the most
studied membrane disruptor AMP and yet there are persistent controversies concerning its
mechanism of action. After confirming the membrane disrupting effect of the peptide by
dye leakage method, I used QCM-D fingerprinting measurements to identify the
viscoelastic characteristics of the stages of the mechanism of action of the peptide on
different model membranes selected to emphasize on the fundamental differences between
mammalian and bacterial membranes. The initial results suggested that melittin is a non-
specific cell-lysing peptide regardless of membrane composition, including presence or
absence of cholesterol. However, the data allowed me to propose two main disrupting
pathways, both of these novel, to describe activity against the model membranes used in
the study. Thus, for zwitterionic membranes I suggested that the peptide follows the fissure-
forming pathway wheras in phosphatidylglycerol containing membrane the main pathway
is asymmetric tension, leading to membrane breach and eventually to the formation of

toroidal type pores.

Following on from the many controversies in the literature about melittin even when the
same model membranes were used, I have turned my attention specifically to the effect of
different membrane morphologies on the peptide mechanism of action. I thus compared
melittin interaction on liposome containing deposits and multiple bilayer membrane stacks
with activity against single bilayer membranes, which I have described in the previous
section. By using QCM viscosimetry measurements it was clear that membrane
morphology differences lead to considerable variances in the fingerprints and thus the
aparent peptide-membrane interaction. While I have identified the characteristic features of
the liposome containing and multilamellar membranes, it was also revealed that melittin
shows stranger activity, including full membrane dissolution, against membranes with
edges and/or sharp curvatures, such as a multi bilayer and liposome containing deposits. In
these cases, melittin can almost entirely remove the bilayers on top of the initial single

bilayer.
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Next in the hope of suggesting a common model for transmembrane disruptor AMPs, I used
QCM-D fingerprinting method with the support of dye leakage and AFM imaging to
identify any hitherto hidden stages in magainin 2 mechanism of action. I found that
magainin 2 also acts as a non-specific membrane-lysing peptide not sensitive to membrane
composition or the presence of cholesterol, at least in the model membrane systems used
in this study. I found that the mechanism of action is also very different. Based on the results
the mechanism follows the model proposed in the literature, which includes an initial
binding stage followed by transient pore stage and eventually leading to peptide flip-flop
from outer to inner leaflet and ensuing equilibrium with cessation/reduction of pore
activity. It should be noted that the presence of the peptide leads to extensive membrane
modulation and AFM image shows the final collapse of membrane into cylindrical mixed

micelle structures.

Based on the multi-stage mechanism of action uncovered for these transmembrane AMPs,
I endeavoured to find the thermodynamic states involved in those stages. I used QCM to
measure the viscosity changes as the function of temperature changes to study the
mechanism of membrane disrupting AMPs, based on DMPC phase transition temperature.
Presence of different phase transition temperatures demonstrates the existence of distinct
domains, characterized by specific peptide-membrane interactions and thus specific
thermodynamic states of the peptide within the membrane. The presence of four distinct
domains was identified for melittin-DMPC interaction and three thermodynamic states
shown for magainin 2. These results well correlated to their hypothetical model mechanism

described thoroughly previously.

In order to find the peptide position in the bilayer membrane throughout the mechanism of
action I attempted neutron reflectometry measurements on DMPC membrane with different
concentrations of melittin. Because of the lack of a well-established methodology I required
a reference peptide, for which I chose aurein 1.2 a well-known surface acting peptide. It
was shown that in low concentrations, both peptides are mainly associated with the head
group region of top leaflet of the membrane. However, by increasing the concentration the
top leaflet SLD increased for aurein 1.2 suggesting surface action which is in agreement
with its carpet mechanism. On the other hand, increasing concentration pushed melittin into
the top leaflet of the membrane, and eventually from top leaflet to the bottom leaflet,

confirming the previously proposed model.
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Conclusions

My results open a new perspective on the mechanism of transmembrane AMPs, by
identifying distinct molecular mechanistic stages and revealing distinct thermodynamic
states involved in the mechanism of action. I believe that my results will contribute to
developing membrane disrupting AMPs into actual pharmaceutical application by
overcoming the challenges of specificity and selectivity that hitherto thwarted all efforts to
design AMP based therapeutic agents.

142



Appendix

Supplementary Information

Membrane morphology effects in quartz crystal microbalance

characterization of antimicrobial peptide activity

Sara Pandidan and Adam Mechler*
La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Australia

*a.mechler@latrobe.edu.au

a)
04 10 3
T 2
= s
o
< -20 4 5 E
S =
8 s
L 0
1 ki
-40 T T T o D
0 10 20 30
b)
0 1® 3
T 2
= 14 &
o c
=~ <)
g 101 12 =
8 -3
e lo g
-20 : : : =
0 5 10 15
c)
N 0+ 15 »;
T 2
- | 10 &
? -20 =
@ .0
S 5 b
g 401 2
i 0 g
-60 =

0 20 40 60 80 100120
Time (min)
S1. Representative sensograms of QCM experiment (shown from buffer baseline) for a) liposome

containing deposit b) single bilayer membrane ¢) multiple bilayer stack. b) and c) show the osmotic stress
treatment to remove any residual liposomes.

143



Appendix

Supplementary Information

Nano-viscosimetry analysis of the membrane disrupting action of the bee

venom peptide melittin

Sara Pandidan and Adam Mechler

La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Australia

Dynamic Light Scattering (DLS) experiments

Size Distribution by Intensity

H

;L: 6""""'{ ....... Aebosattmabbtnacant i

4 5 S

> :/ \

. R e I T PR Ko s i esiieane Ravposancinmansioiy

= .

g s z \.\
2 R R R RIS , ...... A . f{ ............. TR R
0.1 1 10 100 1000 10000

Size (d.nm)

Figure S1. Representative DLS size distribution graph of the product of melittin membrane disruption at
high peptide concentration.
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