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Abstract

Bicellar lipid mixture dispersions progressively coalesce to larger structures on warm-
ing. This phase behaviour is particularly sengitive to interactions that perturb bilayer prop-
erties. In this study, 2H NMR was used to study the perturbation of bicellar lipid mixtures
by two peptides (SP-Bgs.7g, alung surfactant protein fragment and Magainin 2, an antimi-
crobia peptide) which are structurally similar. Particular attention was paid to the relation
between peptide-induced perturbation and lipid composition.

In bicellar dispersions containing only zwitterionic lipids (DM PC-ds4/DMPC/DHPC
(3:1:1)) both peptides had little to no effect on the temperature at which coalescence to
larger structures occurred. Conversely, in mixtures containing anionic lipids
(DMPC-ds4/DMPG/DHPC (3:1:1)), both peptides modified bicellar phase behaviour. In
mixtures containing SP-Bg3.78, the presence of peptide decreased the temperature of the
ribbon-like to extended lamellar phase transition. The addition of Magainin 2 to DMPC-
ds4/DMPG/DHPC (3:1:1) mixtures, in contrast, increased the temperature of this transition
and yielded a series of spectra resembling DMPC/DHPC (4:1) mixtures. Additional stud-
iesof lipid dispersions containing deuterated anionic lipids were done to determine whether
the observed perturbation invol ved a peptide-induced separation of zwitterionic and anionic
lipids. Comparison of DMPC/DMPG-ds4/DHPC (3:1:1) and DMPC-ds4/DMPG/DHPC
(3:1:1) mixtures showed that DMPC and DMPG occupy similar environments in the pres-
ence of SP-Bgs.7g, but different lipid environments in the presence of Magainin 2. This
might reflect the promotion of anionic lipid clustering by Magainin 2. These results demon-
strate the variability of mechanisms of peptide-induced perturbation and suggest that lipid

composition is an important factor in the peptide-induced perturbation of lipid structures.
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Chapter 1

Peptide-Induced Perturbation of Lipid

Bilayers by Polypeptides

1.1 Introduction

The modification of the properties of lipid bilayers by peptides is believed to be im-
portant in several biological contexts. Two such examples are lung surfactant systems and
in antimicrobial activity against bacterial membranes [1, 2]. In this study, we examine
the effects of two lipid-associating polypeptides, a lung surfactant peptide fragment, SP-
Bes-7s and an antimicrobial peptide, Magainin 2. Both peptides are known to have asimilar
structure (a cationic and amphipathic o-helix), but different function. Due to their cationic
nature, these peptides are suggested to preferentialy interact with anionic lipids [3, 4].

Using bicellar lipid mixtures, which are sensitive to perturbing interactions, this study
has examined the effect of peptide-induced perturbations on theselipid dispersions. Asboth
peptides are cationic, their interactions with the lipids should vary with bicellar composi-

tion. This was investigated in the context of bicellar dispersions with and without anionic

1



lipids. Structural similarities between peptides also motivated the comparison of each pep-

tides’ mechanism of interaction with the lipid mixtures.

1.2 Lipid Bilayers

Lipid bilayers are important structures in many biological contexts. For example, lipid
bilayers are the main congtituent in cellular membranes, which segregates inner cellular
components from the exterior environment [5]. Lipids are amphiphilic molecules which
means they consist of two opposing domains. At one end, there is a hydrophilic (or water-
loving) headgroup, while the opposite end is composed of ahydrophobic (or water-fearing)
tail.

In biological systems, one of the most abundant lipid types is the phospholipid. The
structure of a phospholipid consists of a phosphate headgroup attached to a small organic
moiety such as a choline, a glycerol backbone and hydrocarbon acyl chains. The proper-
ties of these lipids are highly dependent on their molecular structure. In the hydrophilic
headgroup, for example, the molecular structure determines whether the lipid is zwitteri-
onic or anionic. For the hydrophobic chain region, lipid properties are dependent on the
length and saturation of the acyl chains. These phospholipids are able to self-assemble
into lipid bilayer structures when dispersed in water. The variability between phospholipid
types suggests that the composition of the bilayer isimportant in facilitating many biologi-
cal functions. For example, lung surfactant systems contain a significant portion of anionic
lipids such as phosphatidylglycerol (PG) and phosphatidylinositol (Pl) [1, 6]. In contrast,
mammalian erythrocyte membranes tend to have higher composition neutral lipids such as

phosphatidyl choline (PC), phosphatidylethanolamine (PE) and phosphatidylserine (PS) [7].



1.2.1 Phases

Synthetic lipid membranes offer many insights into the effects of temperature and com-
position on the behaviour and properties of lipid bilayers. Lipids are thermotropic which
means that their phase behaviour is sensitive to temperature. For synthetic bilayers where
lipids have longer acyl chains (about 10 or more carbon atoms per acyl chain), two phases
exist at different temperatures [8, 9]. The gel phase occurs at low temperatures, while the
liquid crystalline phase occurs at higher temperatures. It is also important to note that the
gel-to-liquid crystal transition temperature increases with increasing acyl chain length [5].

In the gel phase, acyl chains adopt an all trans conformation. At low temperatures, bi-
layers exhibit low chain mobility and higher chain orientational order [9, 10, 11]. Accord-
ingly, areaper lipid also decreases and bilayers are observed in a close packed morphology.

Figure 1.1 shows a general schematic of the lipid bilayer gel phase.

T
PO

Figure 1.1: A schematic of alipid bilayer in the gel phase

At higher temperatures, the bilayers experience a “melting” of the acyl chains which
corresponds to the trangition into the liquid crystaline phase [9]. Increasing temperature
increases disordering of the acyl chains and motions which are fast and axially symmetric

about the bilayer normal. Trans-gauche isomerisations resulting from segment reorientation




about carbon-carbon bonds contribute to the increase of fluidity in the lipid bilayer [11]. A

schematic of the bilayer liquid crystal phase is shown in Figure 1.2.
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Figure 1.2: A schematic of alipid bilayer in the liquid crystal phase

1.3 Bicdlar Mixtures

Bicellar mixtures offer an alternative system to conventional bilayer systems (e.g. vesi-
cles or mechanically oriented bilayers) for studies of peptide-induced perturbation. Upon
warming, bicellar mixtures are able to progressively coalesce to larger structures. The way
in which this behaviour changes in the presence of peptides has been shown to provide in-
sight into peptide-induced bilayer perturbations [12]. This section discusses the details of
bicellar composition, structure and their use as model membranes to observe peptide-lipid

interactions.




1.3.1 Structure and Properties of Bicellar Mixtures

Bicellar mixtures are mixtures of long chain and short chain lipids with the capac-
ity to form bilayered micelles under certain conditions of temperature and concentration
[13, 14, 15]. The most widely studied bicellar mixture is a combination of two zwitte-
rionic lipids: dimyristoylphosphatidylcholine (DMPC) and dihexanoyl phosphatidylcholine
(DHPC) (Figure 1.3 (a) and (b), respectively) which havelong and short acyl chains, respec-
tively. Asprevioudy mentioned, these bicellar mixtures areinteresting due to their propen-
Sity to progressively coaesceinto larger structuresasillustrated in Figure 1.4. DMPC/DHPC
mixtures exhibit 3 distinct phases depending on sample and experimental conditions [13,
16, 17]. In particular, this series of distinct phases or morphologies is observed as temper-
atureisraised.

At temperatures bel ow the gel-to-liquid crystal transition of the longer chain lipid com-
ponent, bicellar mixtures form small disc-shaped structures known as bicelles (bilayered
micelle) [18, 19, 20, 21]. Figure 1.4(a) shows a cartoon representation of bicelles. While
not always explicitly distinguished in the literature, this thesis will refer to bicelles as the
discoid structures while a combination of long chain and short chain lipids is a bicellar
mixture or bicellar disperson. The separation of long chain and short chain lipids into
planar and rim regions, respectively, of the discoid has been demonstrated by small angle
neutron scattering (SANS) and polarized optical microscopy (POM) experiments [17, 21].
In bicelles, long chain lipids orient perpendicular to the planar surface of the disk, creating
regions of bilayered lipids. In contrast, the short chain lipids form the curved structures at
the disk edges. In 2H NMR studies, these bicelles experience isotropic reorientation on an
NMR timescale (~10 ps) [22, 23]. This reflects the freedom of the discs to tumble quickly

on such timescales.
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Figure 1.3: The structures of commonly used lipids for bicellar mixtures preparation: (@)

DMPC, (b) DHPC and (c) DMPG.

As temperature is increased, the hydrocarbon chains become increasingly disordered.
This strains the short-chain lipid edge and the bicelles begin to coalesce into larger struc-
tures. The associated bicellar phase transition occurs near the gel-to-liquid crystal transition
temperature of the long chain lipids [24]. One striking property of the higher temperature
phase is its capacity to orient in a magnetic field. Local bilayer normals can orient per-
pendicular to the applied magnetic field in this state [25]. This magnetically orientable
phase has been suggested to form perforated lamellae with short chain lipids preferentially
re-located to pore regions in the long chain lipid lamellae [26, 27]. However, recent ex-

periments by SANS and POM have suggested that these bicellar mixtures are in a chira




nematic phase consisting of ribbon-like or worm-like structures [17, 28]. A cartoon of this
structureisillustrated in Figurel.4(b) These ribbon-like forms demonstrate orientation, but
lack short range positional order [28]. As with the isotropic bicelles and the perforated
lamellae model, the short chain lipids are suggested to preferentially inhabit areas of high
curvature with long chain lipids aligning along more planar faces. Ribbon-like structures
are also consistent with the observed increase of viscosity upon transition from isotropic
to magnetically orientable phases[17, 27, 28]. While the worm-like micelle model is con-
sistent with SANS data, geometric considerations by Triba and co-workers have suggested
that this phase may consist of highly perforated lamellae as originally considered [29, 30].
Although the perforated lamellar model is supported by diffusion studies, the structures of
both worm-like micelles and perforated lamellae are possibilities for this phase.

At higher temperatures, the bicellar mixtures further coalesce to a phase which con-
sists of extended lamellae or multilamellar vesicles (MLVs) [17, 24, 26, 28, 31]. Long
chain lipids such as DMPC are known to self assemble into MLV's which have been stud-
ied extensively [11, 32]. It has been suggested that the high temperature phase of bicellar
mixtures involves similar multilamellar structures with short chain lipids incorporated into
the multilamellar DMPC dispersion. However, 2H NMR results have demonstrated dif-
ferent lineshapes for DMPC-ds4/DHPC bicellar mixtures and DMPC-ds4s MLV dispersions
[33, 34]. In the same study, the decay time for the quadrupolar echo sequence was also ex-
amined, giving insight into motions that modul ate the quadrupol e interaction. Examination
of the echo decay time demonstrated that bicellar mixtures show a much longer echo decay
time than that of the MLVs[34]. This suggests that either fast motions of bicellar mixtures
are faster than MLVs or the slow motions are slower. While similar in structure to MLVs,

bicellar mixtures in the extended lamellar phase may contain more extended lamella with



pores or highly curved regions of short chained DHPC [33].

The phase behaviour of lipid mixtures is largely dependent on temperature [35, 36],
but bicellar composition aso affects bicellar phase morphology [17, 30]. The Q-vaue is
defined as the ratio of long chain lipids to short chain lipids. In the case of DMPC/DHPC
thisis

Q = [DMPC]/[DHPC]. (1.1)
Another important factor is the total lipid concentration, ¢, which quantifies the ratio of
lipid to water. More information regarding the effects of Q-value and ¢, can be found in

reviews by Katsaras et al. [13] and Marcotte and Auger [16].

wa@%-}@

d C

Low Temperature High Temperature

Figure 1.4: A schematic depicting the bicellar phase behaviour of DMPC/DHPC bicellar
mixtures upon warming. The light blue colouring in the bicellar structures represents the

position of short chain lipids, whilethered colour indicates the position of long chain lipids.



1.3.2 Bicellar Mixtures Containing Anionic Lipids

The peptide-lipid interactions studied in this thesis are drawn from two important ex-
amples: the interaction of hydrophobic lung surfactant proteins at the alveolar air-water
interface and the interaction of antimicrobial polypeptides with bacterial membranes. In
both cases, the peptides involved tend to be cationic and lipid bilayers tend to contain a
significant fraction of anionic lipids [4, 6]. Bicellar mixtures containing DMPC/DHPC
phospholipids have been well characterized through avariety of studies[14, 17, 19, 20, 22,
26, 27, 31, 35, 36, 37]. In order to use bicellar mixtures to model electrostatic aspects of
peptide-lipid interaction, however, it is necessary to use bicellar mixtures containing an-
ionic components. Given the inherent sensitivity of bicellar mixture properties to sample
composition and preparation techniques, it is important to carefully characterize anionic
bicellar mixtures prior to their use in studies of peptide-lipid interaction.

A number of studies have examined the effect of anionic lipids on bicellar mixtures.
Struppe and co-workers used 2H NMR to examine the effect of substituting phosphatidy!-
glycerol (PG) and phosphatidylserine (PS) phospholipids for DMPC in bicellar mixtures
[38, 39]. The result showed a stable bicellar system at pH values of 5.5 or greater. DMPG
doped bicelles have also been studied via SANS and POM studies to determine the bi-
cellar phase behaviour[40]. These experiments demonstrated similar phase transitions to
DMPC/DHPC bicelles with phases going from discoid to magnetically orientable to lamel-
lar on heating. Interestingly, the results of a combined study using SANS, pulsed-field-
gradient NMR and 3P NMR were interpreted as indicating that the magnetically ori-
entable phase consisted perforated aligned lamellag[41]. Recently, a comprehensive study
compared the DM PC-ds4/DHPC and DMPC-ds4/DMPG/DHPC bicelles at a fixed Q-value

(4:1), but varying DMPC/DMPG ratios [33]. This study demonstrated that increasing an-



ionic lipid content increased the temperature of the isotropic to anisotropic transition, while
lowering the temperature at which magnetically oriented phases transformed to extended
lamellar. It was also noted that as anionic lipid concentration increased, the transition
from the magnetically orientable phase to the extended lamellar phase was more distinct.

DMPC-ds4/DHPC bicelles, in contrast, display a more continuous transition between these

phases[33].

1.4 Perturbation by Lipid Associating Peptides

Aspreviously mentioned, both lung surfactant systems and antimicrobial activity against
bacteria involve the modification of lipid bilayers to function properly. In this study, one
peptide of each type will be studied: a fragment of a hydrophobic lung surfactant protein,
SP-Bgsz.78, and an antimicrobia peptide, Magainin 2. This section will provide a brief
overview of peptide-lipid interaction in these two contexts and some general results to mo-
tivate the use of bicellar mixtures for observing peptide-induced perturbations. The details

of structure and function of each peptide will be provided in Chapter 2.

1.4.1 Lung Surfactant

The facilitation of respiration requires the reduction of surface tension in the alveoli.
This modification of surface tension is accomplished through the surfactant layer which
aligns along the air-water interface to prevent alveolar collapse and reduce the work of
breathing [42, 43, 44, 45]. Lung surfactant primarily consists of phospholipids, with a
smaller fraction comprising surfactant proteins [1, 6, 46]. The hydrophobic surfactant

proteins are believed to be integral in maintaining the surfactant layer through the pro-
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motion of lipid adsorption from lamellar reservoirs to a spread surface active monolayer
[47, 48, 49, 50, 51]. In particular, the hydrophobic protein Surfactant Protein B (SP-B) is
believed to be essential for respiration.

As amonomer, SP-B consists of 79 amino acid residues, has a 7+ charge and ismainly
hydrophaobic. The structure is believed to consist of at least 4 o-helices stabilized through
3 disulfide bonds[1, 52, 53]. Despiteits essential function, the three-dimensional structure
and mechanism for maintenance of the surfactant layer are not fully understood. Several
fragments have been synthesized and investigated to provide new details about the function
of SP-B [54, 55, 56, 57, 58, 59]. In particular, the fragment containing the C-terminal
helix (SP-Bgs.7g) has similar properties to full length SP-B. SP-Bgs 75 is a-helical, has a
+3 charge and contains a significant portion of hydrophobic residues [54]. It has also been
shown to retain a significant fraction of function in studies with surfactant deficient mice
[59].

This study is motivated by previous observations of the perturbation of bicellar mix-
tures by SP-Bgz.7s [12]. It has been suggested that SP-B might enable the flow of lipid
material between bilayer reservoirs and the surfactant layer by promoting fusion and mix-
ing of bilayers and lipid assemblies [60]. Bicellar mixtures are an interesting system in
which to examine these effects due to their propensity to aggregate into larger structureson
warming. Sylvester et al. [12] examined bicellar dispersions of DMPC-ds,/DMPG/DHPC
(3:1:1) by 2H NMR as a function of increasing peptide concentration. In the study, the pep-
tide was observed to reduce the temperature at which bicellar mixtures coalesce into larger
structures [12]. These results might suggest that the ability of SP-Bgs.7s to promote bilayer

fusion and lipid mixing is similar to the mechanism of full length SP-B.
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1.4.2 Antimicrobial Activity

A second class of peptides, known as antimicrobial peptides (AMPs), are known to play
a significant role in host defense against invading pathogens [61, 62]. These peptides are
particularly interesting due to their ability to selectively target and combat a broad range
of bacteria[4]. Thisis believed to be accomplished through perturbation or disruption of
the bacterial membrane. While eukaryotic membranes have a high number of zwitterionic
or neutral charged lipids, bacteria membranes have a greater concentration of anionic lipid
content [63]. Most peptides of the AMP class exhibit two main properties. a number of
hydrophabic residues and a cationic charge [64]. Selectivetargeting of bacterial membranes
islikely facilitated due to the strong electrostatic interaction between cationic peptides and
anionic lipids [63, 65]. One of the most widely studied AMPsis Magainin 2.

Magainin 2 is 23-residue o-helical peptide whose properties include being cationic (4+)
and amphipathic. Severa studies have extensively investigated the mechanism of Magainin
2 [2, 4, 66, 67, 68, 69, 70, 71, 72]. The most widely accepted mechanism is membrane
disruption through the creation of toroidal pores[66, 68].

The use of bicellar mixtures asmodel membranes has not been widely utilized in studies
of AMPs. Recently a study by Bortolus and co-workers utilized electron paramagnetic
resonance (EPR) spectroscopy on spin labelled bicellar mixtures to characterize peptide-
induced perturbation by AMPs [73]. The addition of Magainin 2 to spin-labelled bicellar
mixtures caused a significant change in EPR lineshape. Magainin 2, in particular, was
observed to alter the lineshape more drastically than other AMPs such as, aamethicin or

trichogin GA IV. Thisindicates a greater disordering of the lipid mixtures by Magainin 2.
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1.5 Objectivesof Study

The work of Sylvester and co-workers [12] showed that the peptide-induced perturba-
tion of bicellar mixtures of DMPC-ds4/DMPG/DHPC (3:1:1) can be distinctly observed
by changes in bicellar phase behaviour. °H NMR spectra demonstrated that the presence
of SP-Bgs.7g facilitated coalescence to larger structures at lower temperatures. While the
previous results showed that the perturbing interaction can be observed in bicellar mix-
tures containing anionic lipids, they did not determine whether the observed perturbation
required the presence of anionic lipid.

The study reported in this thesis investigates the perturbing effect of SP-Bgsz.7g with
changing lipid composition. Experiments were performed to examine the sensitivity of
perturbing interactions with increasing anionic lipid content. These results were compared
in two ways. Firstly, the effect of the peptide was assessed by comparing the pure lipid
bicellar mixture to lipid dispersions with the addition of peptide. Secondly, the peptide-
induced perturbation was examined for different lipid compositions. In particular, mixtures
containing only zwitterionic lipids were compared to mixtures including anionic lipids.

Magainin 2 has very similar properties compared to SP-Bgsz.73. Both are cationic and
amphipathic a-helices which are known to interact with lipid bilayers. However, the func-
tions of both peptides are very different. Thisalowsfor an interesting comparison between
the perturbing interactions of each peptide. In the same way that we observe the effect
of SP-Bgz.7g on bicellar mixtures of varying composition, the same method is applied to
Magainin 2. By comparing the characteristics of the two mechanisms of interaction, new
insights into the function of each peptide can be observed along with the effect that lipid

composition hasin each perturbation.
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Thisthesisis organized in the following way: A brief overview of the experiments per-
formed in this thesis, a broad view of lipid bilayers and their synthetic assemblies, and a
review of some previous work is presented in Chapter 1. Chapter 2 gives a deeper un-
derstanding into the structure and function of each peptide used in this study. Chapter 3
provides the theoretical and instrumental basis for the experimental technique of 2H NMR.
The experimental methods are detailed in Chapter 4. The results of these experiments are
shown in Chapter 5, followed by a discussion in Chapter 6. Finally, Chapter 7 includes a

brief overview of the work and the conclusions.
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Chapter 2

Lipid Associating Peptides

2.1 Lung Surfactant System

2.1.1 Alveoli and Surfactants

Breathing isacritical and innate process necessary for human and animal life. Through
the exchange of oxygen and carbon dioxide within human respiratory systems and the exter-
nal environment (air) respiration is able to occur. Facilitating this exchange are structures
in the lungs called alveoli. Alveoli are covered with a thin liquid, creating an air-water
interface in the lungs [74]. Existence of this interface in the alveolar network gives rise
to surface tension forces on the lungs. These forces can be characterized by the Laplace

equation

_26

AP =2 (2.1)

The Laplace equation states that the change in pressure across an interface (AP) isre-

lated to the surface tension (c) and the radius of the alveoli (R). Based on this equation, the
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variation in size of each alveoli creates an instability such that larger alveoli will overinflate
and smaller alveoli will collapse. Further research indicated that the interstitial pressuresin
the lungs differ only dightly from atmospheric pressure [45, 74]. Thus, it was postul ated
that surface tension must be reduced in alveoli to accommodate these stipulations.
Discovery of surface active (surfactant) molecules in the lungs by Pattle [43] provided
evidence explaining the reduction of surfacetensionin alveoli. Lung surfactant iscomposed
of amphiphilic molecules which are able to spread along the air-water interface. These
amphiphilic surfactant molecules align such that the hydrophilic head interacts with water
while the hydrophobic tails interact with the air. By orienting as described across the air-
water interface, the lung surfactant reduces alveolar surface tension and prevents alveolar

collapse[42, 43, 45, 74].

2.1.2 Surfactant Composition

The composition of aveolar surfactant contains a variety of molecules around 80% of
which are phospholipids, 10% neutral lipids (mainly cholesterol) and the remaining 10%
proteins [1, 6]. The reduction of surface tension at the alveolar air-water interface is pri-
marily achieved by presence of phospholipids [75, 76]. Polar headgroups of the phospho-
lipids align to interact with the agueous phase, while hydrophobic tails interact with the
air. Alignment of these phospholipids creates the surface active layer which prevents aveo-
lar collapse during respiration. Within the phospholipid subgroup there exist many types of
phospholipids. Human lung lavage studies have shown that phosphatidylcholine (PC) lipids
comprise 60-70% of surfactant mass. Anionic phospholipids such as phosphatidylglycerol
(PG) and phosphatidylinositol (PI) contribute approximately 10-15% to the surfactant mass

[1, 6]. The remaining lipid fraction is distributed amongst a combination of acidic and
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unsaturated lipids [6].

Four surfactant proteins have been identified in lung surfactant, these are: Surfactant
Protein A (SP-A), Surfactant Protein B (SP-B), Surfactant Protein C (SP-C) and Surfactant
Protein D (SP-D) [51, 77]. While these collectively constitute only 8-10% of surfactant ma-
terial, surfactant proteins are integral in sustaining and protecting the surface active layer
during respiration. Proteins SP-A and SP-D are hydrophilic in nature and contribute pri-
marily in processes involving host defense [77]. SP-B and SP-C, in contrast, are small
hydrophobic proteins and are suggested to maintain the surfactant layer [3, 77]. While
al proteins aid in respiratory processes, studies have suggested that SP-B is essential for

proper respiratory function [78, 79]. Th

2.1.3 Surfactant Protein B

SP-B consists of 79 residues in its monomeric form. The full sequence of amino acids

is displayed below:

Phet-Pro?-11e3-Pro*-11e>-Pro®-Tyr -CyL-Trp?-Leul®-Cystt-Arg!?-Alals-Leul*-11e!®-
Lyste-Argt/-11e!-GIn'®-Ala?0-Met?l-1€22-Pro?3-Lys**-Gly?°-Ala?®-Leu?’-Ala?8-Val 2°-
Ala*0-Val31-Ala32-GIn3B3-Val*4-Cys®®-Arg®0-Val37-Val 38-Pro®-Leu™-Val - Al a*?-Gly*3-
Gly*-11e*-Cys®-GIn*"-Cys™-Leu®-Ala0-GluPL-Arg®2-Tyr33-Ser>4-Val %-1e%6-L eu®’-
Leu8-Agp®-Thrb0-L eubl-L euf2-Gly53-Arg®4-Metb>-L euf®-Prob’-GInb8-L eub-val °-

Q/S71'A rg72_ Leu’3-va™-Leu’-A rg76-Cys77-Ser78- Met’9

Each monomer has a high fraction of hydrophobic residues (52%) and a net weight of
8.7kDa[52]. The secondary structure of SP-B consists of 4-5 amphipathic o-helices as de-

termined by circular dichroism [80]. 7 cysteine residues are highly conserved and allow the
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creation of 3 intramolecular disulphide bonds linking Cys8«+Cys77, Cysl1«+Cys71 and
Cys31+»Cys46 [52, 81]. The remaining cysteine residue has been suggested to create an
intermolecular disulphide bond between SP-B monomers to create a homodimer. SP-B is
also acationic protein, with a 7+ charge at neutral pH values. This net positive charge has
suggested that SP-B preferentially interacts with anionic phospholipids [3]. These features
of SP-B suggest that the peptide interaction occurs at the interfacial surface where SP-B is
oriented along a planar orientation. This allows the peptide to interact with charged phos-
pholipid headgroups. However, some experiments have suggested a stronger perturbation
of the acyl chains.

The function of SP-B is critical for respiration and human life. In vivo studies of sur-
factant deficient rats demonstrated that the production of SP-B is necessary to facilitate
breathing [59]. On a molecular level, SP-B is believed to be associated with the incor-
poration of surfactant material in the alveolar hypophase into a functional surfactant layer
[49, 81]. Thislikely involves processes of interbilayer mixing and membrane fusion to cre-
ate functional surfactant topologies. Furthermore, the function of SP-B has been suggested

to maintain and stabilize the surfactant layer during respiratory processes.
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Figure 2.1: Surfactant Protein B: (A) demonstrates a smple schematic of the proposed
structure of SP-B, consisting of 4 o.-helices and stabilized by 3 disulfide bonds. (B) shows
the high resolution structure of an SP-B fragment containing the C-terminal helix (SP-
Bes.7s. This graphic was obtained from RCSB PDB (www.rcsh.org) with PDB ID: 1RG3

[54]

2.1.4 C-terminal Hdix of SP-B

Although a high resolution structure of full length SP-B has not been determined, sev-
eral fragments of SP-B have been subjected to structural and functional studies [54, 56,
58, 82]. One fragment is the C-terminal helix of SP-B (SP-Bgs.7g) Whose structure has
been determined in solution NMR studies using hexafluoro-2-propanol organic solvent and
sodium dodecy! sulfate (SDS) micelles [54]. These structural studies have determined that
SP-Bg3.78 foldsto an amphipathic a-helix, as predicted from full length SP-B studies. Func-

tional studies using surfactant deficient rats determined that the C-terminal helix fragment
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retained about half the functional activity of native SP-B [59]. Thus, studying SP-Bg3.78
may provide insight to the functional mechanism of full length SP-B.

SP-Bg3.7g consists of 16 residues:

Gly-Arg-Met-Leu-Pro-GIn-Leu-Val-Cys-Arg-Leu-Val-Leu-Arg-Cys-Ser

Similar to full length SP-B, SP-Bgs 75 is cationic (3+ charge) and amphipathic. Given
that SP-B function has been suggested to relate to its positive charge and amphipathic na-
ture, SP-Bgs.7g IS a good candidate to provide insight into the properties of full length
SP-B. In studies performed with mechanically oriented bilayers on mica plates, SP-Bgz.7g
was found to disrupt the lipid orientation, facilitating a more random distribution of bi-
layer normal directions [83]. This perturbation of bilayer orientation was discovered to be
greater in anionic bilayers of 1-palmitoyl-2-oleoylphosphatidylglycerol (POPG) than zwit-
terionic 1-pamitoyl-2-oleoyl phosphatidylcholine (POPC). This ateration of bilayer con-
figuration and orientation may reflect a peptide-induced perturbation which facilitates in-
terbilayer interaction. As previously discussed, another study recently examined the abil-
ity of SP-Bgsz.7s to promote coalescence in bicellar dispersions containing anionic lipids
(DMPC/DMPG/DHPC in 3:1:1 molar ratios) [12]. Bicellar mixtures are sensitive to per-
turbing interactions making them interesting systems in which to observe peptide-induced
perturbations. The functionality of SP-B is suggested to involve facilitating lipid interac-
tions, thus these bicellar mixtures may demonstrate the associated peptide-induced pertur-
bation. SP-Bgz 78 was found to reduce the temperature of coalescence from ribbon-like
phase to extended lamellar phase, suggesting that the peptide facilitates coalescence in
these mixtures. Furthermore, this effect was observed to lower the aforementioned transi-

tion temperature further as peptide concentration was increased.
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2.2 Antimicrobial Peptides

A second class of |ipid associating peptides are known as antimicrobial peptides (AMPS).
These peptides are part of an innate response to bacterial infection and have been charac-
terized in many different organisms [2, 4]. With antibiotic resistant bacteria becoming
increasingly prevalent, the need for new methods of combating these microbes is neces-
sary. Antimicrobial peptides present an interesting aternative to classic antibiotics, thus
prompting a further investigation of the mechanism by which these peptides perform their
function.

AMPs require some key characteristics to ensure invading pathogens are combated ef-
fectively. This includes a method to act against a broad spectrum of bacteria (both Gram-
negative and Gram-positive), but also selectivity [64, 84]. In this way, peptides are able to
target and attack invading bacteria while discriminating between the host cells. Evolution
has selected for peptides able to act against pathogens on timescales less than the time for
bacterial replication [4]. The ability of AMPs to employ these characteristics are largely
due to the targets associated with antimicrobial peptides. Lipidsin the bacterial membrane
serve as the primary targets of interaction for AMPs [4, 64]. The proposed mechanisms of
peptide interaction with bacterial lipid membranes will be discussed later in this section.

AMPs have relatively short sequences, consisting of around 12-45 amino acids. The
majority of these proteins are cationic, and contain a high number of hydrophobic residues.
These residues are assembled such that the secondary structure is amphipathic in either o-
helix or B-sheets[63, 64]. Often, linear AMPswill fail to form a stable secondary structure
in solution, and thus require interaction with membranes to adopt the necessary amphipathic

conformation [4].
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The toxicity of AMPs across a broad spectrum of bacteria is achieved by exploiting a
fundamental difference in bacterial and eukaryotic membranes. Bacterial membranes con-
tain a higher fraction of anionic lipids including PG, Pl and Cardiolipin (CL) [85, 86],
while multicellular membranes contain a higher content of neutral and zwitterionic lipids
such as PC, and Sphingomyelin [4, 85]. One property of AMPs is a net cationic charge.
This property indicates that the specificity of AMPs to bacterial membranesis likely facili-
tated through the strong electrostatic interaction with the anionic lipids and the hydrophobic
interaction in the membrane. In contrast, membranes containing a high content of zwitte-
rionic lipids experience a significantly weaker peptide interaction, driven singularly by the
hydrophobic interaction. This specificity is demonstrated in minimum inhibitory concen-
tration (MIC) assays which showed AMP bacterial lysisin 10-100 pg/mL concentration
ranges for Magainin 2 [69]. In contrast, a hemolytic assay of mammalian cells (erythro-
cytes) required a peptide concentration of over 1 mg/mL [69].

During interaction with the membrane lipids, many AMPs work to disrupt or perme-
abilize the bacterial membrane as the principal mode of action against bacterial infection
[4, 64]. Some species of AMPs have been suggested to target key intracellular processes
including nucleic acids, proteins, the inner membrane or membrane proteins [64, 87], but
the following commentswill focus on membrane disruption. A few models for the peptide-
induced formation of transmembrane pores have received particular attention. The barrel
stave model involves the clustering of peptides to form a helix bundle spanning the mem-
brane [85]. The toroidal pore model involves peptide-facilitated bending of lipids to form
a pore lined by lipid headgroups [66, 68, 84]. Both peptides and lipid headgroups inter-
act with water molecules in the formation of this pore. More recently, the concept of a

disordered toroidal pore has been suggested as a mechanism in molecular dynamics (MD)
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studies [88]. For high concentrations of peptide, some studies have suggested severe mem-
brane solubilization via the carpet model which segregates lipids into micellar structures
[87]. Other possible mechanisms include peptide induced clustering of anionic lipids[89],
alteration of membrane stability via thinning or thickening [64], or depolarization of mem-
branes [4]. It is important to note that these processes are not mutually exclusive to one
another. In fact, it has been suggested that some AMPs employ multiple methods to fight
bacteria infection[90]. By utilizing various mechanisms, AMPs are able to avoid the evo-

|ution of bacteria resistance.

2.2.1 Magainin 2

As one of the first antimicrobial peptides ever discovered, Magainin 2 has been well
characterized in literature. It was originally isolated from the skin granules of the African
clawed frog, Xenopus laevis and displayed activity against a wide variety of both Gram
negative and Gram positive bacteria[91, 92]. Further studies have also linked Magainin to
exhibit selectivity towards cancer cells [69]. Experiments utilizing D-enantiomers demon-
strated similar activity to peptides composed of L-amino acids, indicating the principle
targets of Magainin 2 are membrane lipids, specifically those which are anionic [93, 94].
Conversely, if the D-enantiomers had exhibited no activity, the principle interaction would
involve achiral receptor.

Structurally, Magainin 2 is cationic at neutral pH (+4 charge) and contains many hy-
drophobic residues. The environment in which Magainin 2 is placed directly influences
the type of secondary structure which is able to form. In solution, the protein is highly
flexible and does not create a stable secondary structure [95]. In contrast, when interacting

with lipids, Magainin 2 stabilizes into an amphipathic o-helix which aligns parallel to the
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bilayer normal [95, 96]. Figure 2.2(a) shows the high resolution structure of the peptide.

The 23 acmino acid sequence is shown below:

Glyl-11e2-Gly3-Lys*-Phe®-Leub-His’-Ser®-Ala’-Lys!O-Lys!1-Phel?-Gly13-Lys!*-Alal®-

Phe'®-vall’-Gly8-Glu'®-11e?0-Met?-Asn??-Ser?3,

Several studies have made significant discoveries regarding the mechanism associated
with Magainin 2 for antimicrobial activity. Electrochemical studies of K* efflux from bac-
terial membranes suggested that upon binding to the membrane, Magainin 2 induces a
depolarization causing areduction in cell viability [69, 72]. Another theory points to mem-
brane permeabilization as the primary means of antimicrobial activity. The most widely
accepted mechanism is through the formation of a toroidal pore. Figure 2.2(b) shows a
schematic of the creation of the toroidal pore by Magainin 2. Evidence for this mechanism
has come from neutron scattering [66], NMR [95, 96] and fluorescence spectroscopies in
Large Unilamellar Vesicles (LUVS) [71] and fluorescence in Giant Unilamellar Vesicles
(GUVs) [97]. In this model Magainin 2 bends lipids such that both the lipid headgroups
and hydrophilic regions of the amphipathic o-helix interact with the water molecules al-
lowing for lipid flip-flop between bilayer leaflets [68]. As stated earlier, these suggested

mechanisms may act simultaneously in order to combat broad ranges of bacterial infection.
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Surface state ‘Toroidal (wormhole) model
(Magainin)

Figure 2.2: Magainin 2: (A) shows the high resolution structure of Magainin 2. Thisfigure
was obtained from the RCSB PDB (www.rcsb.org) of PDB ID: 2MAG [96] (B) shows a
schematic of the formation of the toroidal pore. The dashed cylinders show the position
Magainin 2 to create the toroidal pore. This figure was obtained from [66] and used with

permission.

As previoudly discussed, the perturbing interaction of Magainin 2 was investigated by
EPR on spin labelled DMPC/DHPC bicellar mixtures [73]. Bicellar mixtures as model
membranes have been used previously due to their sensitivity to area per lipid and perturb-
ing interactions. Previous studies of Magainin 2 in DMPC/DHPC bicelles demonstrated
an alteration of EPR lineshapes and drastic reduction in order parameter [73]. The dras-
tic reduction of the order parameter to values close to the isotropic limit indicates a large
perturbing effect. These results indicate that Magainin 2 is disrupting bicellar structures as

predicted by mechanisms of membrane disruption in antimicrobia peptides.
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Chapter 3

°’H Nuclear M agnetic Resonance of

Bicdlar Mixtures

Solid state Nuclear Magnetic Resonance (NMR) is a useful tool for the examination
of lipid bilayers and their response to the perturbing interactions of amphipathic peptides.
For certain conditions, bicellar mixtures are able to orient in amagnetic field making NMR
particularly useful to characterize the phase behaviour of these lipid dispersions.

Nuclel with an odd number of protons or neutrons (or both) possess a non-zero angular
momentum corresponding to | > % Associated with the nuclear angular momentum is the
nuclear magnetic moment which interacts with the magnetic fields. In NMR experiments,
perturbations of the nuclear magnetic interaction are exploited to obtain information about
molecular conformations, dynamics and topology in both solution and solid state.

When magnetic nuclei are placed in a magnetic field, they precess with a frequency
value which depends on the strength of the external magnetic field and the nuclear magnetic
moment. Using acurrent carrying coil aligned perpendicular to the external magnetic field,

aradio frequency (rf) pulse can be applied to the sample. By selecting a pulse frequency
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which is resonant with the nuclear precession frequency, the net magnetization can be ro-
tated perpendicular to the external magnetic field. The precession of the net magnetization
can then be detected by the induced voltage in the coil. After the duration of the applied
pulse, nuclear interactions can perturb the precession frequency, providing insight into the
environment of the magnetic nuclei or the motions of the molecular segments carrying the
nuclei.

In this experiment, deuterium (°H) NMR is used. Deuterium is a spin-1 nucleus con-
taining one proton and one neutron and has a natural isotopic abundance of 0.016%. By
substituting deuterium in place of hydrogen on lipid acyl chains, information about lipid

membrane motion and conformation can be measured with 2H NMR.

3.1 2H NMR Theory

For a nucleus present in an external magnetic field, the Hamiltonian equation can be

written as

H = Ho+ Hq + Hes+ Hp. (3.1)

In this equation Hy is the nuclear Zeeman interaction, HQ is electric quadrupolar inter-
action of the deuterium quadrupole moment with the C-2H electric field gradient, Hes is
anisotropic chemical shift interaction dueto electronic shielding of the magnetic field at the
nucleus and Hp isthe dipolar coupling arising from dipolar interaction between two nuclei.
The value of the dipolar splitting is quite small, corresponding to approximately 4 kHz for
static methylene 2H atoms. Similarly, the range of chemical shifts for 2H is less than 1

kHz for typical superconducting magnetic fields. Conversely, the maximal splitting from
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the quadrupolar interaction is approximately 250 kHz and thus, relatively large in compar-
ison to the contributions of chemical shift and dipolar coupling. While chemical shift and
dipolar coupling are not completely negligible, they are sufficiently small such that they are
ignored for the purposes of the experiments in this thesis. The simplified Hamiltonian can

be re-written as;

H = Ho+ Ho. (3.2)

The Ho term describes the effect of the external magnetic field interacting on the nu-
clear magnetic moment. If the magnetic field direction is identified as the z-direction, the

Hamiltonian associated with the nuclear Zeeman interaction is written as,

Ho = —yhi"- By = vohl, (3.3)

where is the spin angular momentum, By is the external magnetic field, v is the gyromag-
netic ratio of deuterium, h is the Planck constant, I is the z-component of the spin angular
momentum and vo = — % is defined as the Larmor frequency. Because the magnetic field
isdirected along the z-axis, only the z-component of the spin angular momentum enters.
The Zeeman effect describes the splitting of the nuclear spin states by the applied mag-
netic field. As stated previoudy, deuterium is a spin-1 nucleus, which means that there are
three spin states corresponding to the angular momentum quantum numbersm= —1,0 and
1. In the presence of an external magnetic field, the shift in energy levels of each quantum

state obeys the energy eigenvalue equation,

Em = mhvo. (3.4)
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The Zeeman interaction thus shifts the m = 1 quantum state energy levels by equal
amounts characterized by the Larmor frequency. A spectrum for a system with just a Zee-
man splitting would display a single peak centred about the Larmor frequency as shown in
Figure 3.1.

The electric quadrupolar interaction is an internal nuclear effect which depends on the
electrical properties of the nucleus and its chemical environment. Nuclel with | > % have
a non-spherical charge distribution and thus, an electric quadrupole moment. This nuclear
quadrupole moment is able to interact with the electric field gradient (EFG) acting at the
nucleus due to bonding electrons. Compared to the Zeeman interaction, the strength of
the quadrupolar interaction is much weaker, thus the quadrupolar shift of energy levels can
be considered a weak perturbation of the Zeeman splitting. Perturbation of the Zeeman
interaction splitsthem= -1 — m=0and m= 0 — m= +1 transitions. For the case of a

static C-?H bond, the Hamiltonian for the nuclear quadrupole interaction is,

- €qQ
HQ_4|(2|—1)

[3Z—1(1+1)] % (3cos*0—1) + %n sn*¢cos20|,  (35)
where €2qQ describes the electric quadrupole moment, | is the total spin angular momen-
tum, 1, isthe z-component of the spin angular momentum, ¢ and 6 are the angles describing
the orientation of the EFG with respect to the external magnetic field and | is the asymme-
try parameter whose val ue reflects the departure from axial symmetry of the EFG. For C-2H
bonds, the asymmetry parameter is sufficiently small that it can be neglected (n ~ 0.05).

Thus, the effective quadrupolar Hamiltonian can be written as,

eqQ

Ho = ) [3Z-1(1+1)] B(scosze—l)} (3.6)

From the nuclear quadrupolar interaction Hamiltonian quadrupole energies are given by
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eQ

Em= 4 (21 — 1)[

3m? — (1 +1)] E(Scosze — 1)} : (3.7)

The total energy of a deuterium nucleus can now be written as

Em = yhvom+ ——= eZQQ [3m? — 2] E(Scosze - 1)} : (3.8)

As discussed previoudly, deuterium has 3 azimutha quantum numbers corresponding

tom= —1,0,1. The three energy values are thus,

E.q1=1yhvo+ ezzQ { 5(3co 05?6 — 1)} (3.99)
Eo— — eng { 5(3cos?0 - 1)} (3.9b)

and,
E . :—yhvo+eng{ (3c0os26 — 1)} (3.90)

Based on selection rules, the allowed energy transitions for a deuterium nucleus are the
m=-1—-m=0and m=0— m= +1 transitions. Using the relationship of energy and

frequency (AE = hv), the frequencies corresponding to the allowed energy transitions are

Vi =vo— 3e422Q {3005229 — 1} (3.10)
and
3¢? 3cos?H—-1
V_=vo+ 4EQ{ C°2 } (3.11)

The spectrum corresponding to these equations is a symmetric doublet centred at the
Larmor frequency. This spectrum is shown in Figure 3.1 From these equations, the separa-

tion in frequency of allowed energy transitionsis
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B _ 3€%0Q [3cos?H -1
Avg=Vv_—-v. = h { > } (3.12)
— /
m = 1 A Vo + i AVQ
Vo 2
S=1 m=20 }{ 1
VO Vo'_ AVQ
m=+1 —¥—

Vo Vo

Figure 3.1: A schematic of the frequency splittingsin NMR spectra. The Zeeman interac-

tion splits the associated frequencies in the triplet state by vo. The quadrupolar interaction

shifts these frequencies creating two distinct transitions. The associated spectrum corre-

sponds to a doublet separated by Avg

3.2 °H NMR Spectrum of Deuterated Phospholipid Acyl

Chains

Lipid bilayer liquid crystaline phases are characterized by fast acyl chain conforma-

tional fluctuations, fast axially symmetric molecular reorientation about the bilayer normal,
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and dower reorientation of the bilayer normal with respect to the applied magnetic field.
These motions modul ate the quadrupole interaction. Observed 2H splittings for acyl chain
deuterons are determined by the average of the quadrupol e interaction over the ~10 us char-
acteristic experimental timescale. Accordingly, the expressions for the quadrupole splitting

must be modified to account for this motional narrowing.

Bo

L

O

Figure 3.2: A schematic of the orientational parameters for the liquid crystalline phase of
alipid bilayer. In this diagram, the angle 8 represents the angle between the C-°H bond
and the bilayer normal (fi) and B represents the angle between the bilayer normal and the

external magnetic field.

Figure 3.2 shows the orientation of the C-2H bond with respect to the bilayer normal
(angle 6) and of the bilayer normal with respect to the magnetic field (angle 3). Following
the treatments by Seelig [11] and Davis [32], the effects of fluctuations in these angles can
be included by sequentially transforming the quadrupolar Hamiltonian from the EFG to the

principle axis system (PAS) and then from the PAS to the laboratory frame. The resulting
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expression for the quadrupolar splitting of a C-H bond is

(Avo) = 3e;c]1Q {300322[3—1} <3003229— 1>. (313)

This equation can also be rewritten as

_ 3e%qQ {30052[3— 1

(Avg) = 2 . } Seo. (3.14)

where

Sep = <&29_1> (3.15)

Scp is known as the orientational order parameter. The angled brackets represent the
motional averaging of the quadrupole interaction by the C-?H bond orientational fluctua-
tions.

For the purposes of the experiments in this work, the phospholipid acyl chainsare fully
deuterated. Each deuteron on the acyl chain has a specific doublet splitting which reflects
the motions of its methylene segment with respect to the bilayer normal. The resultant spec-
trum is a superposition of doublets from each deuteron on the acyl chains. The resolution
of each doublet splitting peak depends on the timescale of transverse relaxation.

The smallest splitting corresponds to methyl deuterons at the ends of acyl chains. This
is due to the fact that the methyl group experiences the least steric hindrance on the C-2H
bonds and extra rotation about the methyl axis. As the range of chain conformations and
orientations sampled by the C-?H bond increases, the orientational average gives rise to an
increasingly reduced quadrupole splitting. The methylene group closest to the headgroup

experiences the greatest degree of constraint giving rise to the largest quadrupole splitting.
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Deuteron quadrupolar doublet splittings generally increase as a function of acyl chain po-
sition from the methyl group to the methylene group closest to the headgroup.

The dependence of the quadrupole splitting, and thus orientational order parameter, on
segment position on the acyl chain can be represented by an orientational order parameter
profile. For phospholipids with saturated acyl chains, like dimyristoyl phosphatidylcholine
(DMPC), intheliquid crystalline phase, orientational order changes slowly with increasing
segment number for segment positions near the headgroup then drops quickly toward the
methyl end of the chain. The result is a characteristic orientational order parameter profile
in which the order parameters for the first few segments form a plateav.

As noted above, the ?H NMR spectrum of a chain perdeuterated phospholipid is a su-
perposition of doublets for all deuterons along the acyl chains. The doublets in the plateau
region of the orientational order parameter profile have smilar splittings. These normally
correspond to the largest splittings on the chain. The overlap of the plateau doublets gives
rise to a prominent feature close to the largest splitting in the °H NMR spectrum of a
perdeuterated-chain phospholipid in the liquid crystalline phase. In a sample with bilayer
normals oriented perpendicular to the magnetic field, this plateau appears as a strong dou-
blet with asplitting of ~ 25— 30kHz. For asample with randomly oriented bilayer normals,
such asamultilamellar vesicle (MLV), overlap of plateau deuteron Pake doublets givesrise
to a prominent spectral “edge” aso with a splitting of ~ 25— 30 kHz. A more comprehen-
sive description of Pake doubletswill be provided later in this chapter. An example of a?H
NMR spectrum and orientational order parameter profile for a DMPC-dss MLV dispersed

in excess of water is shown in Figure 3.3.
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Figure 3.3: An example of a DMPC-dss MLV 2H NMR spectrum and associated orien-
tational order parameter profile. The circled region in the orientational order parameter
profile represents the plateau region. This figure was adapted from the thesis of Andre E.

Brown [98] and used with permission.

3.3 ?H NMR Spectra of Bicellar Mixture Dispersion

When long and short chain phospholipids are mixed, they create bilayered micelles
which progressively coalesce to larger lipid structures as temperature increases. As de-
scribed in Section 1.3.1 bicellar mixtures have three distinct phases: an isotropically reori-
enting disk structure, a magnetically oriented worm-like micelle structure and an extended
lamellar phase. These phases al exhibit different spectral shapes in the NMR experiment
which are easily distinguished. The spectra associated with each phase are depicted in Fig-
ure 3.4 alongside a cartoon of the lipid structure. The following subsections will explore

the nature of each phase in greater detail.
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Figure 3.4: ?H NMR spectra corresponding to phases as temperature increases. From bot-
tom to top, the spectra represent the (A) isotropic phase, (B) magnetically oriented worm-
like micelle phase and (C) extended lamellar phase. A cartoon of each associated structure

is shown to the right of each spectrum.
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3.3.1 Isotropic Phase

At temperatures below the gel-to-liquid crysta transition of the long chain lipid com-
ponents, bicellar mixtures are ableto create small, disk-like structures. These bicelles have
long chain lipids along planar surfaces, while the short chain lipids occupy curved edges
[14, 19, 31]. This phase exhibits a characteristic narrow, single peak at the centre of the 2H
NMR spectrum. The lineshape suggests that these bicelles tumble isotropically and very
quickly on the experimental timescale (10> s). This spectrum arises due to the motional
averaging of the quadrupole interaction in these small lipid structures. When bicelles tum-
ble rapidly, the quadrupole interaction for al deuterons on the lipid acyl chains averages
to zero. For this reason, the resultant spectrum (shown in Figure 3.4 (A)) is a single peak

which is centred at zero.

3.3.2 Magnetically Oriented Phase

Above the chain melting temperature, the lipid mixtures coalesce into larger structures
which are suggested to be worm-like micelles or ribbon-like structures. These structures are
able to orient in a magnetic field. Bicellar mixtures in the worm-like micelle phase orient
with bilayer normals perpendicular to the external magnetic field [17, 26, 28]. The NMR
spectrum associated with this phase exhibits sharp doublets with a distribution of intensity
that is different from that of the classical powder pattern spectrum. Magnetic orientation
is evident in these spectra from the concentration of intensities at splittings corresponding
to B = 90°. An example of the spectrum for the magnetically oriented phase is shown in

Figure 3.4 (B).
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3.3.3 Extended Lamellar Phase

As the temperature is increased further, the bicellar mixtures further coalesce to the
extended lamellar phase. In this phase, the structures are likely multilamellar vesicles or
layerswith short chain lipids concentrated around the edges of curved pores. The associated
NMR spectrum displays doubletswhich are characteristic of powder pattern or more “Pake”
behaviour.

In a powder pattern, bilayer normal directions are distributed spherically over al orien-
tations of B from 0°to 180°. When the EFG is uniaxial, asis the case for axially symmetric
reorientation of C->H bonds, the spectrum yields a broad lineshape known as a Pake dou-
blet. This spectrum is a superposition of doublets corresponding to all EFG orientations
with different weightings for each orientation. Peak values occur for a § of 90° while the
weak outer shoulders have a 3 of 0°. The doublet is also symmetric about the Larmor
frequency with spectral components arising from the two allowed quantum transitions su-
perimposed. Spectral lineshapes arising from these coherences areillustrated in Figure 3.5
It isimportant to note that Avq refers to the separation between the § = 90° edges.

Examining a typical multilamellar vesicle dispersion, the 2H NMR spectrum is a su-
perposition of Pake doublets arising from each deuteron on the acyl chain. The extended
lamellar phase of bicellar dispersions exhibits similar propertiesincluding a more even dis-
tribution of intensities. This indicates a more random distribution of bilayer normalsin the
extended lamellar phase. However, the extended lamellar bicellar phase often displays a
prominent central isotropic peak which has been suggested to reflect the areas of higher

curvature dominated by the short chain lipids.
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Figure 3.5: A cartoon depiction of the 2H NMR spectrum for a powder sample. The two
allowed transitions are separated into the solid and dashed lines. The spectral components

corresponding to the 90° and 0° values of (3 are also shown.
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Chapter 4

Materials and Methods

4.1 Materials

Bicellar mixtures were created using thefollowing lipids: 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DM PC), 1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium
salt) (DMPG), 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC), 1,2-dimyristoyl-d54-
sn-glycero-3-phosphocholine (DM PC-ds4) and 1,2-dimyristoyl-d54-sn-glycero-3-[ phospho-
rac-(1-glycerol)] (sodium salt) (DMPG-dss). All lipids were purchased from Avanti Polar
Lipids (Alabaster, AL) and used without further purification. Table 4.1 showsthe molecular
formulae and molecular weights of each lipid.

Magainin 2 (NH3*-GIGKWLHSAKKFGKAFVGEIMNSCOO') and SP-Bgz.75 (NH.-
GRMLPQLVCRLVLRCS-COOH) were sythesized using solid phase techniques including
O-fluorenylmethyloxycarbonyl (Fmoc) chemistry. Synthesis and purification and were per-

formed in the lab of Dr. Vaerie Booth by Donna Jackman as described elsewhere [54].
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Lipid Molecular Formula | Molecular Weight (g/mol)
DMPC CasH72NOgP 677.94
DMPG C34Hes010PNa 688.85
DHPC CooH40NOgP 453.51
DMPC-ds4 | CgzgH18NOgPDsy 732.28
DMPG-ds4 | C34H12010PNaDs4 743.19

Table4.1: Lipids used in experiments and their associated molecular weights and molecular

formulae.

4.2 Methods

4.2.1 Bicellar MixturesPreparation

Two preparations were used to make bicellar mixtures. Samples prepared with the
first approach, in which dry components were weighed prior to mixing, provided useful
qualitative insights into the peptide-lipid interactions of interest. However, concerns about
component mixing and concentration determination led to the second approach that used a

DHPC stock solution.

4.2.1.1 Bicelar MixturePreparation 1

Dry lipid powders were weighed using a Metler A260 analytical balance to appropriate
molar ratios. The weights of deuterated lipids (DMPC-ds4 and DMPG-dsg) in labelled
sampleswere 18-25 mg or 9-12 mg, respectively. Dry peptide amounting to 10% of thelipid
fraction was also weighed. All componentswere dissolved in 2:1 chlorof orm/methanol and

transferred to a round bottom flask. After swirling to mix, the sample was placed in a
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rotary evaporator to remove organic solvents. Samples were then exposed to a vacuum for
an additional 4 to 5 hours to ensure all solvent was removed. Following vacuum exposure,
samples were hydrated with 10 mM HEPES buffer (pH = 7.0) such that the water to lipid
ratio was 0.1. The resulting dispersion was then sonicated for 15 minutesin a 21°C water
bath. Further mixing, along with the disruption of larger particles was obtained through a
freeze-thaw-vortex cycle where samples were exposed to temperatures of 77 K (liquid N»),
thawed in a 40°C water bath and vortexed. Samples were finally transferred to a 400 pL

NMR tube.

4.2.1.2 Bicelar Mixture Preparation 2

Dueto the sensitivity of bicellar mixtures to short chain lipid content (DHPC) adightly
altered preparation protocol was introduced to ensure results reflected the intended sample
compositions. Appropriate ratios of lipids were calculated prior to sample preparation such
that the weight of dry powdered perdeuterated lipids weighed around 20-25 mg or 10-12 mg
for DMPC-ds4 and DM PG-ds4, respectively. Thetotal weight of DHPC for al experiments
was measured and dissolved in 2:1 chloroform methanol. Using micropipettes, aiquots
were made to ensure each vial had the same DHPC content.

Samples were made in tandem to ensure consistency of the lipid compositions for sam-
ple pairs with and without a given peptide. Long chain lipids were weighed and dissolved
in 2:1 chloroform methanol and appropriate lipid fractions were transferred to two round
bottom flasks. Peptide (Magainin 2 or SP-Bgs.7g) corresponding to 10% of the total lipid
mass was weighed and added to one flask. Both samples (lipid only and lipid with protein)
were then treated following the same steps as for the original sample preparation: rotary

evaporation, vacuum exposure for 4-5 hours, hydration with 10 mM HEPES (pH = 7.0),
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sonication and freeze-thaw-vortex cycles. Samples were then transferred to 400 uL NMR

tubes.

422 2HNMR

2H NMR was performed on a 9.4 T superconducting magnet using a locally assembled
spectrometer. Acquisition of the free induction decay (FID) used the quadrupolar echo
pulse sequence as described in Davis [32]. The quadrupole pulse sequence consisted of
two /2 pulses with lengths of 4-5 ps separated by an interval of 35 ps. This resulted in
an echo being refocused 15us after the second pulse. Spectra were obtained by Fourier
transforming the FID obtained by discarding all signal prior to the echo maximum. For
samples containing either DMPC-ds4 or DMPG-ds4, the number of transients averaged to
obtai n a spectrum was 1000-2000 and 3000-6000, respectively. The repetition time between
transients was 0.9 s. The digitizer dwell time was 1 ps. After acquisition, FIDs were
processed to obtain an effective digitizer dwell time of 4 pususing an oversampling technique
described elsewhere[99]. Bicellar dispersions were allowed to stabilize for at least 25 mins

following an increase in temperature.



Chapter 5

Results

To investigate the effects of peptide-induced perturbation on bicellar mixtures, sam-
ples were prepared in tandem as per Section 4.2.1.2 and 2H NMR spectra were obtained
for a range of temperatures (8°C to 50°C). Bicellar lipid mixtures progressively coaesce
and reorganize into larger structures upon warming. Three distinct phases are observed for
bicellar dispersions: isotropically reorienting disks, magnetically orientable worm-like mi-
celles and extended lamellae. Within the selected temperature range, bicellar lipid mixtures
have been previoudly observed to display all three bicellar phases [12, 33, 100]. These bi-
cellar phases and associated phase transitions are easily distinguished in °H NMR spectra.
By comparing series of spectrain the absence and presence of peptide, the perturbing effect
of each peptide on lipid bilayers can be studied.

In this study, peptide-induced perturbation of bicellar mixtures was investigated for
different lipid compositions, with a particular interest in mixtures where some zwitterionic
lipids were replaced by anionic lipids. Both of the peptides used in thiswork (SP-Bgs.7g and
Magainin 2) have a net cationic charge and are thought to preferentially interact with an-

ionic lipids [3, 4]. Using lipid mixtures of purely zwitterionic (DMPC-ds4/DMPC/DHPC),
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and a combination of zwitterionic and anionic lipids (DM PC-ds,/DMPG/DHPC), the per-
turbing interaction of the peptide on bilayers with different surface charges could be ex-
amined and compared. By comparing the temperature dependence of 2H NMR spectrain
the presence and absence of peptide, and by using the different lipid compositions, it was
possible to obtain some insights into factors that might affect how these peptides function

by perturbing lipid structures.

51 2H NMR Seriesof Spectra

Before discussing the perturbing effect of these peptides on bicellar mixtures, itisim-
portant to characterize the temperature dependence of the 2H NMR spectra and the asso-
ciated phase behaviour for lipid-only mixtures. Figure 5.1 shows the series of spectra ob-
tained for alipid-only mixture of DMPC-ds4/DMPG/DHPC (3:1:1). This series of spectra
illustrates each distinct phase of the bicellar lipid mixture. From 8°C to 18°C, the spectra
consist of asingle peak in the centre of the spectrum. This indicates the presence of small
lipid structures (bicellar disks) which undergo isotropic reorientation on the timescale of
the NMR experiment (~10 ps). The spectrum at 20°C shows intensity over a much wider
range of frequency which suggests anisotropic reorientation of acyl chains which is not
axially symmetric on an NMR timescale. The yellow arrow indicates the temperature of
the transition from the isotropic phase to the magnetically oriented phase. From 20°C to
26°C, the spectra indicate increased magnetic orientation as illustrated by the sharpening
of the spectrum. Magnetic orientation which is axially symmetric with respect to the bi-
layer normal is observed from 28°C to 32°C as shown by the concentration of intensity at

the edge of the spectra. At 34°C, the peak intensities become more evenly spread across
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the spectrum indicating a departure from magnetic orientation and a more random di stribu-
tion of bilayer normal orientations. This indicates the transition from the ribbon-like phase
to the extended lamellar phase as identified by the green arrow. In the extended lamellar
phase (34°C to 50°C), the spectraexhibit a superposition of sharp powder pattern or “Pake”
doublets indicative of more randomly oriented bilayer normals.

It should be noted that the transition of the magnetically orientable phase to the ex-
tended lamellar phase is more distinct in DMPC/DMPG/DHPC (3:1:1) mixtures asillus-
trated by Figure 5.1, thanin DMPC/DHPC (4:1) mixtures. The subtlety associated with the
magnetically-oriented-to-extended-lamellar transition creates some difficulty in assigning
the transition temperature in some series of spectra. Future experiments may search for a
processing technique to allow the assignment of these temperatures using more quantitative
methods. However, for the purposes of thisthesis, the stacks of spectra contain asignificant

amount of data which demonstrate many new and interesting results.
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Figure 5.1: 2H NMR spectra for a bicellar mixture of DMPC-ds4/DMPG/DHPC (3:1:1).
The yellow arrow represents the isotropically-reorienting disk to ribbon like transition and

the green arrow represents the ribbon-like to extended lamellar transition.




Subsequent series of spectrain this thesis will be used to infer the phase behaviour of
bicellar mixturesin the same manner as above. Notably, the yellow arrows will indicate the
transition from isotropically reorienting disks to ribbon-like structures, and green arrows

will show the transition from ribbon-like structures to extended |lamellae.

5.2 Interaction of SP-Bgz.7g With Bicellar Mixtures

52.1 Preiminary SP-Bgs.73 Results

The effect of SP-Bgs.7g on bicellar coalescence was investigated using lipid mixtures
of different lipid composition. As a basis for comparison, ?H NMR series of spectra for
bicellar mixtures containing only zwitterionic lipids were examined first using the initial
preparation protocol. Preliminary results shown in Appendix A, indicated that the pres-
ence of peptide did not ater the transition temperatures in bicellar mixtures of DMPC-
ds4/DMPC/DHPC (3:1:1). In particular the magnetically oriented to extended lamellar
transition temperature was observed to be very similar in the absence and presence of SP-
Bes-78 (Appendix A).

In contrast, when a portion of the long chain lipid DMPC was replaced with the an-
ionic lipid DMPG, noticeable effects of the peptide on in bicellar phase behaviour were
observed. As shown in Appendix A, spectra for mixtures of DMPC-dss/DMPG/DHPC
(3:1:1) displayed areduced temperature for the magnetically oriented to extended lamellar
transition in the presence of SP-Bgs.7g, compared to the temperature for the correspond-
ing trangition in the absence of peptide. The perturbing effect of the peptide was observed
to increase with increasing concentration of anionic lipid. The observed reduction of the

ribbon-like to extended lamellar transition temperature by SP-Bgs.7g coincided well with
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previous observations by Sylvester and co-workers [12].

While these results appeared to be qualitatively consistent with previous observations
of comparable systems, some quantitative differences were noted. In particular, the ribbon-
like-to-extended-lamellar transition temperatures in these experiments differed from previ-
ous results [12, 33, 101] for pure lipid mixtures of DMPC-ds4/DMPG/DHPC (3:1:1). The
transition temperature for the mixture in this preliminary study was about 4°C higher than
that for a corresponding mixture reported earlier (38°C compared to 34°C). After some
investigation, it was suspected that the preparation of mixtures for these preliminary exper-
iments did not yield the same lipid composition (particularly with respect to DHPC) and
possibly lipid to water ratio as in corresponding mixtures used for previous studies. These
parameters have been shown to alter the phase behaviour of bicellar mixtures [17, 13].
These concerns made it difficult to be sure whether differences between results obtained
with and without peptide were due only to the peptide or also to the differences in lipid
ratios. For this reason, the updated sample preparation method described in Section 4.2.1.2

was introduced and used for experiments described in the rest of this chapter.

5.2.2 SP-Bgs.7g Interaction with Zwitterionic Bicelles

Using the updated sample preparation method described in Section 4.2.1.2, the perturb-
ing effect of SP-Bga.7g Was studied for various bicellar mixtures. Figure 5.2 shows the 2H
NMR spectrafor bicellar mixtures containing only zwitterionic (PC) lipids in the absence
and presence of SP-Bgs.7g. As previoudly discussed, the comparison of spectra can provide
insight into the perturbing effects of SP-Bgz.7s which might be relevant to understanding
how peptides could promote interlayer contacts and fusogenic lipid mixing.

Figure 5.2(a) shows ?H NMR spectra of DMPC-dss/DMPC/DHPC (3:1:1) for a series
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of temperatures. The spectral changes on warming are characteristic of DMPC/DHPC bi-
cellar dispersion phase behaviour described earlier. Narrow, unsplit peaks characteristic
of fast, isotropic reorientation are seen from 8°C to 16°C. The spectra in this temperature
range likely reflect the presence of fast tumbling bicellar disk structures which are able to
reorient with correlation times that are shorter than the 10us timescal e characteristic of the
2H NMR experiment[20]. Above this temperature, the spectra exhibit lineshapes that in-
dicate a change from small, disk-like structuresto larger structures, presumably worm-like
micelles, which can orient with bilayer normals perpendicular to the magnetic field [28].
The temperature of this bicellar dispersion phase transition coincides with the gel-to-liquid
crystal transition temperature of DMPC-ds, indicating that the long chain lipids dictate the
temperature at which the bicelle-to-ribbon-like micelle phase change occurs. Spectra char-
acteristic of magnetic orientation are observed from 26°C to 38°C. Above this temperature
range, the spectra become increasingly characteristic of a more random distribution of bi-
layer normals. Asnoted previoudly, this phase may correspond to afurther coalescence into
structures resembling more extended lamellae [26, 31, 34]. Lamellar phasesin zwitterionic
bicelles are observed above 38°C.

The addition of SP-Bgz 78 to the zwitterionic lipid mixture results in a dispersion that
displays the same progression of bicellar coalescence into larger structures as was seen
in the absence of peptide (Figure 5.2(b). In the peptide-containing sample, the isotropic
phase persisted from 8°C to 18°C. Magnetic orientation was observed from 26°C to 38°C,
followed by the extended lamellar phase from 40°C to 50°C. Each of the phases in the
peptide-containing sample was thus seen to persist over a temperature range which was
equal to or only slightly different from that in the sample containing no peptide. In particu-

lar, the range of temperatures over which magnetic orientation was observed, was the same
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as for sampleslacking SP-Bgs.7g.

The comparison illustrated in Figure 5.2 suggests that the presence of SP-Bgs.7g dightly
stabilizes the isotropic phase of zwitterionic bicellar mixtures. On the other hand, the tem-
perature at which the magnetically oriented to extended lamellar phase transition occurs
remains unchanged. These results indicate that the presence of the peptide does not pro-

mote or hinder coalescence in bicellar mixtures containing zwitterionic lipids.
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Figure 5.2: ?H NMR spectra for bicellar mixtures of DMPC-ds4:DMPC:DHPC (3:1:1) in

the absence (a) and presence (b) of SP-Bgz.78
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5.2.3 SP-Bgs.7g Interaction with Bicelles Containing Anionic Lipids

Different samples were prepared with anionic lipid (DMPG) added to the bicellar mix-
tures such that it replaced some of the long chain zwitterionic lipid (DM PC) components.
The concentration of anionic lipid was chosen to mimic the lung surfactant lipid composi-
tion [51, 77]. Bicellar mixtures with lipid ratios of DMPC-ds4/DMPG/DHPC (3:1:1) and
DMPC-ds4/DMPG/DHPC (3.33:0.67:1) were prepared with and without the inclusion of
SP-Bg3.78. These lipid ratios were selected such that the Q-ratio remained constant at 4:1.

It was previously found that the presence of anionic lipidsin abicellar mixture reduces
the temperature at which the magnetically-oriented-to-extended lamellar transition is ob-
served [33]. Anionic lipidswere al so shown to contribute to spectral broadening of doublets
in the oriented and extended lamellar phases[12, 33]. Figure 5.3 shows spectrafor DMPC-
ds4/DMPC/DHPC (3:1:1) and DMPC-ds4/DMPG/DHPC (3:1:1) mixtures. Comparison of
these spectraillustrate the effect of DM PG noted above, with the transition to the extended
lamellar phase occurring at 34°C in the DMPG containing sample (Figure 5.3(b)) as op-
posed to 40°C in the DM PC/DHPC bicellar dispersion (Figure 5.3(a)). It isalso interesting
to note that the ribbon-like-to-extended-lamellar transition is very distinct in the dispersion
containing DMPG compared to the transition in purely zwitterionic bicellar dispersions of

DMPC-dss/DMPC/DHPC (3:1:1).
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