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Abstract

Islet amyloid polypeptide (IAPP) is a peptide that is produced by the
beta cells in the pancreas. A misfolded, aggregated form of this peptide is
associated with Type 2 Diabetes and is found as large fibrils in pancreata,
intimately associated with the islet architecture. The role of these fibrils
is though to be benign in terms of membrane damage. However, smaller
oligomers that assemble en-route to becoming fibrils are thought to be
toxic to cells. In addition, the assembly of the peptide into amyloid is
known to be accelerated by lipid and the assembly process itself has been
shown to cause damage to cell and artificial lipid membranes. The en-
vironment in which Islet amyloid polypeptide is produced is in secretory
granules that are highly regulated, and various environmental factors have
been shown to affect assembly of IAPP into fibrils. The work presented
in this thesis looks at two important factors from these granules, zinc and
pH, and their effect on the interaction of this peptide with the membrane.
Using lipid membrane mimetics, I have shown a novel function of mem-
brane fusion for human IAPP and in addition show that this function
can be modulated by zinc. I have also investigated the consequences for
membrane at the molecular scale using environment-sensitive fluorophores
that report on lipid order and viscosity. Finally, I show that depending
on the lipid composition and the pH, hIAPP and rIAPP can increase the
order of lipid membranes.
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Chapter 1

Introduction

1.1 IAPP as an amyloid peptide

1.1.1 Amyloid proteins

The presence of amyloid at post-mortem examinations has been described since the

17th century, with deposits, and associated changes to organs, noted via macroscopic

and microscopic observation (Sipe and Cohen, 2000; Schier, 2010). In 1854 Rudolph

Virchow conducted biochemical experiments and concluded that the substance was

comprised of cellulose and coined the term amyloid, derived from the Latin amylum

and the Greek amylon (reviewed by Cohen (1986)). A subsequent discourse regarding

the nature of deposits took place with the research community unsure as to whether

the main component of deposits consisted of starch, cellulose or protein. However, in

1859 Friedreich and Kekule (Cohen, 1986) demonstrated both the presence of protein,

based on the high nitrogen content, and the apparent absence of carbohydrate in a

mass of amyloid and attention was shifted to the study of amyloid first as a protein

and later as a class of proteins, with a propensity to undergo changes in conformation

that result in fibril formation (Sipe and Cohen, 2000).

Since the first description of amyloid, various systems have been employed for the

classification of the deposits and their related syndromes and involved tissues.

Based on the location of macroscopic abnormalities found in organs and tissues of

patients and associated clinical syndromes, the amyloidoses were initially classified

as primary, secondary or hereditary (Sipe and Cohen, 2000). Following the

1



realisation of the chemical diversity of amyloid and amyloidosis in mid-70s, it was

suggested that classification should be based on chemical composition. The

Nomenclature Committee of the International Society of Amyloidosis (ISA) met in

2014 and made recommendations for the nomenclature of amyloid fibril proteins

and the clinical classification of the amyloidoses (Sipe et al., 2014). A sample of

amyloid proteins that are part of this classification are reproduced in table 1.1. Of

the listed diseases and associated amyloid proteins, perhaps the most familiar to

general audiences is Alzheimer’s disease and associated Aβ protein, with its

devastating consequences first described in the early 20th century by Alois

Alzheimer and the neurohistopathology currently under heavy investigation

(Scheltens et al., 2016). Less famous is islet amyloid polypeptide (IAPP), which is

found as part of amyloid plaques in the pancreata of type 2 diabetes (T2D)

sufferers, and is discussed in the next section.

Fibril
protein

Precursor
protein

Systemic
and/or
localised

Acquired
or

hereditary

Target
organs

AL Immunoglobulin Light Chain S, L A, H All organs except CNS
AH Immunoglobulin Heavy Chain S, L A All organs except CNS
AA (Apo) Serum Amyloid A S A All organs except CNS
ATTR Transthyretin, wild type S A Heart mainly in males,

Ligaments, Tenosynovium
Transthyretin, variants S H PNS, ANS, heart, eye, leptomen

Aβ2M β2-Microglobulin, wild type L A Musculoskeletal System
β2-Microglobulin, variant S H ANS

AApoAI Apolipoprotein A I, variants S H Heart, liver, kidney, PNS, testis,
larynx (C terminal variants),
skin (C terminal variants)

AApoAII Apolipoprotein A II, variants S H Kidney
AApoAIV Apolipoprotein A IV, wild type S A Kidney medulla and systemic
Aβ Aβ protein precursor, wild type L A CNS

Aβ protein precursor, variant L H CNS
APrP Prion protein, wild type L A CJD, Fatal insomnia

Prion protein variants L H CJD, GSS syndrome, Fatal insomnia
ACal (Pro)calcitonin L A C-cell thyroid tumors
AIAPP Islet Amyloid Polypeptide L A Islets of Langerhans, Insulinomas
AANF Atrial Natriuretic Factor L A Cardiac atria
APro Prolactin L A Pituitary prolactinomas, aging pituitary

Table 1.1. A Selection of Amyloid proteins and associated proteins. The
first letter A of each fibril protein name stands for Amyloid and its designation is
intended to distinguish protein in this form from monomeric protein. Adapted from
Sipe et al. (2014).
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1.1.2 Brief history of IAPP as an amyloid

The first description of what is now known as IAPP was the result of gross analyses

of pancreata from patients who had type 2 diabetes (T2D). The material found in

the islets was first described as hyaline in nature due to its glassy appearance (Opie,

1901). It was not until much later that these deposits started to be described as

amyloid due to use of histological stains previously used to identify amyloid in other

diseases (Ahronheim, 1943). electron microscopy (EM) enabled clear visualisation

of fibrillar structures protruding into cells of the islets of Langerhans (Westermark,

1973) (fig. 1.1).

However it wasn’t until the 1980’s that the main constituent of these amyloid deposits

was ascribed to the 37 amino acid peptide IAPP, with a C-terminal amidated peptide

found to be the major peptide in the plaque (Cooper et al., 1987; Westermark et al.,

1987a). In addition it was confirmed, by a variety of methods and groups, that the

peptide was a product of β-cells in the islets of the pancreas (Westermark et al.,

1987a,b; Johnson et al., 1988; Lukinius et al., 1989; Westermark et al., 1993).

Work is ongoing in an attempt to establish the general rules governing assembly of

the various soluble amyloid peptides into plaques, as well as the molecular details of

assembly of intermediates. Amyloid peptides generally share the same kinetic

pathway to plaque formation but establishing general rules for this process is

complicated (fig. 1.2). Indeed, the complex landscape of structural dynamics and

kinetics has made it difficult to identify exactly how amyloid contributes to

pathology like that shown in figure 1.1. In fact in previous years the question of

whether amyloid plaques serve a protective role has been considered (Lee et al.,

2004; Castellani et al., 2009). However, the general position has become that the

fibrils that bundle together to form plaques are themselves not the most toxic form

of amyloid proteins but that the active assembly of intermediates to fibrils, and the

intermediates themselves, are likely to be the main players in the pathology of T2D

(Williams et al., 2011; Sokolov et al., 2006; Kayed et al., 2004; Meier et al., 2006).
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Figure 1.1. IAPP fibrils in a pancreatic islet from a patient who had T2D.
Electron micrograph of a field of secretory granules containing electro-dense material
with a bundle of fibrils projecting into the field of view (image from Westermark
(2011)).

Figure 1.2. Misfolding pathway of amyloid proteins. General pathway for the
interconversion of amyloid monomer to fibre (figure from Invernizzi et al. (2012).
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1.1.3 IAPP fibrillization

1.1.3.1 Important regions for fibrillization

IAPP belongs to the calcitonin related peptide family which is comprised of

adrenomedullin, α-and β-calcitonin gene-related peptide (CGRP), intermedin, and

calcitonin (Muff et al., 1995). IAPP is most similar to CRGP, sharing reasonable

sequence homology, however they diverge the most within the peptide segment

20-29. hIAPP is very amyloidogenic whereas CRGP is not, prompting the initial

hypothesis that the region 20-29 dictates amyloid formation of IAPP. Comparison of

the amino acid sequences of IAPP among different animal species, combined with in

vitro experimentation with synthetic IAPP has led to the identification of an

“amyloidgenic” region essential for formation of fibrils (Betsholtz et al., 1989;

Ashburn and Lansbury, 1993; Westermark et al., 1990). In addition single proline

substitutions within the 2029 segment have been shown to significantly reduce the

amyloidogenicity of hIAPP (Green et al., 2003). Notably mice and rats to not

develop diabetes or plaques naturally and human and rat IAPP differ by only six

amino acids, five of which occur in the 20-29 region (fig. 1.3). Interestingly,

although IAPP from dogs can form amyloid, it is not associated with T2D but the

presence of insulonmas, indicating that at least in this case increased expression of

IAPP is important to form amyloid (Johnson et al., 1991).

Other fragments have also been shown to form amyloid: 3037, 820, and 1019 (Nilsson

and Raleigh, 1999; Scrocchi et al., 2003; Gilead and Gazit, 2008). In particular the

maximal binding of full length hIAPP was found to be to a 11-20 region of hIAAPP

(with the sequence RLANFLVHSS) which led to the suggestion that contacts within

this region were important for initial hIAPP-hIAPP contacts during fibrillization

(Mazor et al., 2002). In support of this, the use of an IAPP-MBP construct revealed

pairs of hIAPP peptides made contact in this region (Wiltzius et al., 2009). The 20-29

region is not the only determinant of whether hIAPP fibrillizes. Amyloid formation

is abolished by multiple proline substitutions outside of this region (Abedini and
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Raleigh, 2006) as well as by replacement of Asn-14 and Asn-21 (Koo et al., 2008).

Clearly the potential to form amyloid is not just due to the 20-29 region.

1 11 21 31

Human KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNT

Rat ·········· ·······R·· ··L·PV·PP· ······

Mouse ·········· ·······R·· ··L·PV·PP· ······

Cat ·········· ······IR·· ··L·····P· ······

Monkey ·········· ·······R·· ····T····· ······

Dog ·········· ·······RT· ··L·····P· ······

Forms Amyloid

Yes

No

No

Yes

Yes

Yes* 

Figure 1.3. Capacity of IAPP from different species to form amyloid. The
red dashed rectangle represents the region that is believed to be important for amyloid
formation. Red letters represent amino acids that form part of amyloid forming IAPP.
The asterix for dog IAPP is due to its ability to form IAPP but its lack of association
with T2D (adapted from Jeong and An (2015)).

1.1.3.2 Structure of fibrils and on-pathway intermediates

Since IAPP readily forms amyloid fibrils it is not possible for it to be crystallized.

Thus it has not been possible to gain high resolution X-ray crystallographic data of

IAPP in its native mature form. Use of IAPP-MBP constructs revealed that hIAPP

could adopt α-helical structure at residues 8-18 and 22-27 and that IAPP could

dimerize (Wiltzius et al., 2009). In addition several other in vitro studies have

provided evidence for the population of α helical intermediates during the formation

of amyloid in solution (Williamson and Miranker, 2007)(Williamson et al.,

2009)(Abedini and Raleigh, 2009)(Wiltzius et al., 2009).

However information for models of IAPP fibril structure has come from solid state

nuclear magnetic resonance (NMR) spectroscopy of hIAPP as well X-ray diffraction

experiments using microcrystals formed of small peptide fragments of hIAPP. In

general, the resulting models describe a fibril composed of two related columns of

IAPP monomers (Wiltzius et al., 2008; Luca et al., 2007) with each column containing

two in register parallel β-sheets. The N-terminal strand encompasses residues 8 to 17

and the C-terminal strand residues 28 to 37 (Luca et al., 2007). Two structures have

been proposed from the NMR data which differ in terms of the register of the side

chains. In one structure Arg-11, Ala-13, and Phe-15 are all solvent exposed but in

the other they are buried in the core of the fibril. Burial of an Arg-11 is energetically
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unfavourable making a fibril structure with it exposed the more likely case (Akter

et al., 2016). Interestingly most of the 20-29 segment is not part of the ordered

β-sheet structure in the NMR structural models but instead forms a loop linking

the two β-strands (Akter et al., 2016) initially making it unclear why mutations in

this area would have a dramatic impact on amyloid formation. However, a transient

“non-native” intermediate was found that has parallel β-sheet structure localized in

residues 2327 (Buchanan et al., 2013) which must be disrupted in order for the loop in

region 20-29 to be formed supporting the NMR based model. However, head-to-tail

dimerization of hIAPP has been proposed as another on pathway conformation where

His18 makes critical contact with Tyr37 (Tu et al., 2014; Vaiana et al., 2009).

The only known natural mutation found in mature human IAPP is a S20G mis-sense

mutation, found with a small frequency in Chinese and Japanese populations (Lee

et al., 2001; Sakagashira, S. Sanke, T. Hanabusa, T. Shimomura, 2013). The mutation

appears to be associated with increased risk of early onset type 2 diabetes (Morita

et al., 2011). Early experiments showed IAPP(S20G) to undergo faster fibrillization

and to be more toxic to cells (Sakagashira et al., 2000). Accelerated fibrillization of

this mutant has also been shown more recently by Cao et al. (2012).

Artificial mutations have been used to explore how fibrillization is affected (fig. 1.4).

F15L mutation generated from a single-point mutation, which altered the α-helix and

β-sheet propensities of the protein, resulted in formation of amyloid that was almost

twice as rapid for the F15L mutant as for the wild type. The rate of fibrillization

of the Y37L and F23L mutants were almost 2-fold slower and almost 3-fold slower,

respectively. (Tu and Raleigh, 2013). In support of this, in silico experiments showed

that the Y37L mutant resulted in greater flexibility of the C-terminus, with loss of

the steric zipper interactions, and that the F23L mutation showed slower amyloid

formation (Bernhardt et al., 2013).

Although use of mutant IAPP has shed light on important regions for fibrillization, it

has been noted that care must be taken when comparing different mutational studies

as a range of conditions have been used and the rate of amyloid formation of IAPP
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Rate of Fibrillization 

compared to wild type  

Increased

Increased

Decreased

Decreased

Decreased

1 11 21 31

wt KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNT

S20G ·········· ·········G ·········· ······

F15L ·········· ····L····· ·········· ······

Y37L ·········· ·········· ·········· ·····L

F23L ·········· ·········· ··L······· ······

H18L ·········· ·······L·· ·········· ······











Figure 1.4. Effect of mutations on the rate of fibrillization of IAPP. Mutants
of hIAPP and there propensity to form amyloid (adapted from Jeong and An (2015)).

is sensitive to slight changes in buffer composition, including salt, pH, as well as even

the degree of agitation and volume of sample (Akter et al., 2016).

Before introducing specific aspects regarding hIAPP and its toxicity as an amyloid

peptide, it is pertinent to talk about how it is processed and secreted for the following

reasons. Firstly, intermediates along the synthesis pathway have been investigated

for their ability to form amyloid and cause toxicity, and secondly, the environment

in which IAPP processing takes place is highly regulated, making it a reasonable

hypothesis that disruption to this environment where IAPP is processed and stored

may contribute to formation of amyloid and cellular toxicity.

1.2 IAPP: synthesis and granule environment

1.2.1 Synthesis and processing

The details of the cellular processing of IAPP have been elucidated primarily by

Marzban et al. (2005a). IAPP is synthesised as an 89 amino acid pre-prohormone

and undergoes several cleavage events before being expressed in its mature form as a

37 amino acid peptide with an amidated C-terminal tyrosine residue. The

N-terminal 22 amino acids constituent the signal peptide enabling the peptide to

reach the Golgi apparatus, and once there it is subsequently cleaved leaving the 67

amino acid pro-IAPP. Between leaving the Golgi apparatus and entering the

immature secretory granule three cleavage events take place. First, prohormone

convertase 1/3 (PC1/3) produces an N-terminal proIAPP intermediate (Marzban

et al., 2004). The second main cleavage event is by prohormone convertase 2 (PC2)

and is believed to happen in the mature secretory granule (Wang et al., 2001).
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Contemporaneously, Carboxypeptidase E (CPE) removes the C-terminal lysine and

arginine amino acids (Marzban et al., 2005a) enabling peptidylglycine

monooxygenase (PAM) to remove the remaining glycine and amidate the

C-terminus, resulting in the mature peptide. In addition an intramolecular bridge is

formed between cysteine 2 and 7. This process is summarised graphically in figure

1.5.

Figure 1.5. Enzymatic processing pathway of IAPP. The white embossed
numbers relate to the locations of processing reactions. Lighting bolts indicate where
cleavage has occurred (modified from Marzban et al. (2005a, 2004)).

Processing of IAPP in the secretory pathway takes place alongside insulin processing,

with PC1/3 and PC2 responsible for cleavages that create mature insulin and C-

peptide (Kaufmann et al., 1997; Fricker, 2004; Zhu et al., 2002; Furuta et al., 1997).

In the regulated pathway, prohormone convertase 3 (PC3) is active at the B chain-C-

peptide junction under conditions of neutral pH and low calcium concentration. This
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is followed by PC2 activity at the C-peptide-A chain junction under conditions of

more acidic pH and higher calcium concentration (Hutton, 1994). This is in line with

PC1/3 preceding PC2 cleavage activity on IAPP in the maturing granule (Higham

et al., 2000).

1.2.2 Granule environment and IAPP

The basis of cellular production provides clues to factors in the processing

environment that might influence amyloid formation. The main role of the secretory

granule is to secrete insulin in response to glucose levels. The defining structural

feature of a mature secretory granule is the presence of a crystalline core, composed

of insulin coordinated with zinc ions as a hexamer (Emdin et al., 1980; Li, 2014)

with estimates of zinc concentrations in the low to high millimolar range

(GRODSKY and SCHMID-FORMBY, 1985; Hutton, 1983; Foster et al., 1993). In

addition to the role of crystallizing insulin, zinc has also been found to effect the in

vitro misfolding of IAPP in a complex manner, with low concentrations thought to

inhibit, and high concentrations accelerate, fibrillization (Brender et al., 2010).

Insulin has also been shown to interact with hIAPP affecting fibrillization (Brender

et al., 2011; Larson and Miranker, 2004) and this interaction is dependent on the

state of insulin (Nedumpully-Govindan and Ding, 2015). The area around the core,

known as the ‘halo’ region, is thought to be surrounded by an acidic halo containing

IAPP, C-peptide and soluble insulin (Michael et al., 1987). It has been found that

solubility of insulin is affected by C-peptide (Landreh et al., 2012).

As the secretory granule matures it becomes more acidic, with the pH of the mature

granule thought to be about 5.5 pH (Hutton, 1982). This is consistent with the

knowledge that the low pH environment inside mature granule favours the binding

of Zn2+ to insulin, whereas the higher pH of interstitial fluid and blood favours the

dissociation of Zn2+ from insulin, making it soluble (Robertson, 2011). In addition

it has been found that at low pH the fibrllization of IAPP is inhibited and that

processing of pro-IAPP generates increasingly amyloidogenic peptides (Yonemoto
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et al., 2008). Therefore, reduction in pH may serve to prevent misfolding of hIAPP

in the granule.

There is also a high concentration of calcium and magnesium in the insulin secretory

granule (Njus et al., 1986) with the concentration of calcium found to be particularly

high (173mM). However due to the complexity of the mixture of granule components

and their possible interactions, this may not imply high activity of the ion (Reiffen

and Gratzl, 1986). Indeed the high concentration of calcium was found not to have a

significant effect on fibrillization of hIAPP in solution (Chargé et al., 1995). However,

more recently calcium was shown to have an affect on the way IAPP interacts with

lipids in vitro (Sciacca et al., 2013).

1.3 The role of hIAPP in T2D

1.3.1 How does T2D manifest and develop

T2D has been characterised as a “heterogeneous, multifactorial, polygenic disease

characterized by a defect in insulins secretion (the β-cell secretory defect) and action

(insulin resistance)” (Hayden, 2002; Höppener et al., 2000). Risk factors for T2D

include a positive family history, ageing, and obesity (Zimmet et al., 2001; Jack

et al., 2004; Sladek et al., 2007; Zeggini et al., 2007). It has been shown that insulin

resistance precedes the development of hyperglycaemia in subjects that eventually

develop T2D subjects with the onset of β-cell dysfunction (Martin et al., 1992; Lillioja

et al., 1988). However, it has also been realised that T2D develops in insulin- resistant

subjects with the onset of β-cell dysfunction (Kahn, 2003; Porte, 2001; Leahy, 2005;

Prentki et al., 2002; Poitout and Robertson, 2002).

The secretory defect is initially caused by dysfunction of the β cells and then reduction

in β cell mass due to apoptosis. Initial post-mortem studies of T2D patients suggested

β-cell mass was reduced by 25-50% (Clark et al., 1988; Klöppel et al., 1985). In

addition, a more recent study matching diabetic patients and control subjects for

body mass index (BMI) showed there was a significant reduction in β-cell mass and
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a threefold increase in β-cell apoptosis (Butler et al., 2003a). This evidence suggests

that the decrease in β-cell mass in T2D is secondary to increased rates of β-cell

apoptosis. A model for β-cell failure has been posited such that when there is stress

on the β-cells there is a compensatory response (Prentki and Nolan, 2006). For

people with robust β-cells, a sustained adaptive response can take place consistent

with normal glucose tolerance. However, if β-cells are susceptible, due to genetic

and acquired defects, various metabolic stresses can lead to cellular dysfunction and

impaired glucose tolerance, and eventually progression to overt T2D.

Several factors are considered to be responsible for loss of β-cell function and mass

(Wajchenberg, 2007) including glucotoxicity, lipotoxicity, pro-inflammatory

cytokines and leptins are reviewed in more detail by others (Wajchenberg, 2007;

Cernea and Dobreanu, 2013) and the possible mechanism by which these factors

result in toxicity have also been discussed previously (Popa and Mot, 2013). Since

this thesis is concerned with the toxic effect of IAPP, we will focus on its association

with T2D and β-cell dysfunction.

1.3.2 Role of IAPP in β-cell dysfunction

1.3.2.1 Loss or gain of function?

Aggregation of IAPP might preclude it from carrying out its function, thus

contributing to T2D as a result of ’loss of function’. The physiological function of

hIAPP and rIAPP are likely similar, and although experiments with IAPP

knockout mice have demonstrated minor changes to physiology (Hay et al., 2015)

and even demonstrated improved insulin secretion and glucose tolerance in one

mouse model (Gebre-Medhin et al., 1998), generally loss of function is not

hypothesized to be the major contributing factor to the pathology of T2D.

Therefore, as with most diseases associated with an amyloid peptide, the

pathological significance of hIAPP in relation to diabetes has been understood

through a gain of function, as opposed to a loss of function, mechanism.
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1.3.2.2 The role of IAPP processing intermediates

A variety of animal and cell studies have shown that expression of hIAPP has a

substantial toxic effect. One avenue that has been explored is the failure of

processing enzymes along the synthesis pathway resulting in higher levels of

pro-IAPP and intermediates that may act to seed fibrillization of mature hIAPP

and cause cell toxicity (Marzban et al., 2005b; Paulsson and Westermark, 2005;

Westermark, 2011; Westermark et al., 2011). However, this type of seeding would

have to be a rare event since if the majority of amyloid found in plaques is mature

IAPP, the process that results in IAPP maturation would need to be largely intact.

In addition, synthetic pro-IAPP was found to be less amyloidogenic in the presence

of lipid membranes (Khemtémourian et al., 2009) in contrast to mature hIAPP for

which fibrillization is accelerated by the presence of lipid membranes (Tomasello

et al., 2015). It was suggested that amyloid deposited in β-cells, formed of IAPP

processing intermediates (pro-IAPP and N-terminal IAPP), likely reflected a general

defect in protein homoeostatic control known to occur in diabetes, rather than a

specific feature of T2D pathology (Yonemoto et al., 2008). Therefore, in seeking a

role for misfolded or misfolding hIAPP in cellular toxicity, it is appropriate to

consider mature hIAPP as the main pathological agent.

1.3.2.3 Accumulation of IAPP is associated with loss of β cells

Support for a role of IAPP amyloid in the pathophysiology of T2D is evidenced by the

spontaneous occurrence of T2D in monkeys and cats (Howard, 1986; O’Brien et al.,

1986) which share a high degree of sequence homology in the 11-20 region of IAPP (see

section 1.4). Transgenic mice expressing human islet amyloid polypeptide (hIAPP)

in β-cells, when obese, spontaneously develop diabetes characterized by islet amyloid

and decreased β-cell mass (Soeller et al., 1998). Prospective studies in these mice

support the hypothesis that the mechanism of reduction β-cell mass is increased

apoptosis (Butler et al., 2003b). In addition, IAPP induces apoptosis in cultured

human pancreatic islets (Lin et al., 2005). Because islet amyloidosis in patients with
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T2D is associated with a reduced mass of insulin-producing β-cells, it is most likely

an important factor in the development of β-cell failure (Höppener et al., 2000).

Patients who require insulin treatment have the greatest reduction in islet mass and

the most prominent amyloid deposits, indicating that the degree of islet amyloidosis

may be related to the severity of the disease (Westermark, 1994). This is supported

by the decline in β-cell function that precedes loss of β-cell mass in the hIAPP

transgenic rat models of T2D. Using a hIAPP transgenic rat model that develops islet

pathology comparable to humans with T2D, it was found that β-cell apoptosis and

impaired first-phase insulin secretion precedes the development of impaired fasting

glucose (IFG), which coincides with a 50% decrease in β-cell mass and onset of hepatic

insulin resistance (Matveyenko and Butler, 2006).

Effect of intra and extracellular IAPP

The toxicity of IAPP originating from both intracellular and extracellular sources has

been explored. There are currently two main hypotheses, outlined as follows: 1) that

hIAPP forms amyloid intra-cellularly, with the resultant toxicity eventually leading

to cell apoptosis and cell death and replacement of β-cells by amyloid plaques; and 2)

hIAPP reaches the extracellular space but a change in the extracellular environment

results in misfolding of peptide with subsequent formation of amyloid plaques; this

disturbs the architecture of the islets resulting in dysfunction and induction of the

path to cell death. The validity of the positions outlined above are important in terms

of employing a strategy to prevent cellular toxicity. Whether formation of the toxic

species is intracellular or extracellular has implications for how formation of such a

species might be blocked and toxicity alleviated.

Some early studies using isolated islets from mice expressing hIAPP showed that

extracellular fibrils were clearly apparent but that intracellular fibrils made up a small

proportion of total fibril mass (MacArthur et al., 1999) and the organelles which

contained these fibrils were not easily identifiable. In addition, intracellular fibrils

did not occur before extracellular fibrils. They posit that fibrils are formed at the

site of β-cell granule release. However there are studies supporting a role for IAPP
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conversion to amyloid intracellularly (Gurlo et al., 2010; Hiddinga and Eberhardt,

1999).

Oligomers or fibrils as the major toxic species

Previously there was a general acceptance that the fibrillar form of amylin is the toxic

species (Mattson and Goodman, 1995; Mirzabekov et al., 1996; Tomiyama et al., 1997;

Kapurniotu et al., 1998; Bai et al., 1999; Hiddinga and Eberhardt, 1999). However,

the findings from the Mayo Clinic that only a minority (about 10%) of the cases

with IFG had islet amyloid present, while already having a deficit in presumptive

β-cell mass of approximately 40%, is consistent with the suggestion that small IAPP

oligomers are the cause of β-cell loss, whereas the large extracellular amyloid deposits

visible by light microscopy are inert (Butler et al., 2003a). The more recent consensus

is that the soluble oligomeric structures exert the toxic effect (Janson et al., 1999;

Anguiano et al., 2002; Kayed et al., 2004; Konarkowska et al., 2006; Meier et al.,

2006; Ritzel et al., 2007; Aitken et al., 2010). Indeed, inhibition of human IAPP fibril

formation does not prevent β-cell death (Meier et al., 2006).

1.3.3 Mechanism of IAPP toxicity

In early experiments it was shown that aurintricarboxylic acid, an endonuclease

inhibitor that stops apoptosis, is able to reduce hIAPP-mediated toxicity of islet

cells (Lorenzo et al., 1994). This was further supported by the finding that hIAPP

increases the expression of c-Jun, a gene involved in the apoptotic pathway, in

RINm5F and the human insulinoma cell lines (Zhang et al., 2002). One proposed

mechanism of hIAPP mediated toxicity is through the generation of reactive oxygen

species such as hydrogen peroxide (H2O2) that result in cell death and it has been

shown that hIAPP increases the accumulation of H2O2 in β-cells (Schubert et al.,

1995; Mattson and Goodman, 1995). It was later also shown that high expression of

hIAPP could trigger endoplasmic reticulum stress-induced apoptosis as well as

accumulation of polyubiquintated proteins (Huang et al., 2007b,a).
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More recently, it was found that hIAPP oligomers induced elevated cytosolic levels

of Ca2+ in the rat insulinoma cell line INS 832/13 that resulted in hyperactivation

of the protease calpain-2, leading to apoptosis (Huang et al., 2010). Evidence of the

formation of intracellular hIAPP oligomers in the secretory pathway causing toxicity

(Gurlo et al., 2010) and hIAPP causing cellular toxicity via mitochondrial dysfunction

(Lim et al., 2010) has been reported. hIAPP oligomers have also been found to

inhibit cell coupling, induce apoptosis, and impair insulin secretion in isolated human

islets (Ritzel et al., 2007). These recently identified mechanisms of toxicity have

been postulated to involve a common element- disruption of the lipid membranes

(Engel and Walter, 2008). Indeed, it has been demonstrated that misfolded hIAPP

localises with a variety of intracellular organelles and hIAPP has been shown to

co-localise with the membranes of Golgi apparatus and mitochondria (Gurlo et al.,

2010), and ER (Hiddinga and Eberhardt, 1999), lysozymes (Bram et al., 2014) and

plasma membranes (Magzoub and Miranker, 2012). Therefore membrane interaction

of IAPP in various confirmations may be the interface between different downstream

mechanisms of toxicity and in the next section we will consider how IAPP and lipid

membrane might interact resulting in cell toxicity.

1.4 The interaction of IAPP with membrane plays

a central role in toxicity

It was shown early on in the research that cell membrane was important for

mediating the toxicity of hIAPP (Lorenzo et al., 1994). It was also shown that at

cytotoxic concentrations, IAPP forms voltage-dependent, relatively non selective,

ion-permeable channels in planar phospholipid bilayer membranes, with the

presence of negatively charged lipids leading to the presence of a higher number of

pores (Mirzabekov et al., 1996). Using synthetic vesicles it was found that formation

of a hIAPP amyloid pore is temporally correlated to the formation of early IAPP

oligomers, and its disappearance to the appearance of amyloid fibrils (Anguiano

et al., 2002). Permeabilization of lipid bilayers is a common conformation-dependent
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activity of soluble amyloid oligomers in protein misfolding diseases (Kayed et al.

2004).

From work mostly done using lipid mimetics, such as LUVs and GUVs, it is clear that

the presence of negatively charged lipids accelerates fibrillization of hIAPP. One of

the first studies showing the effect of phospholipid on IAPP structure was by Knight

and Miranker, who showed that lipid membranes catalysed fibrillization of hIAPP

and that it was dependent on the charge of lipid present (Knight and Miranker,

2004). They showed that membranes composed of only zwitterionic lipids did not

accelerate fibrillization and that it was necessary to include negatively charged lipids.

In addition they showed that hIAPP did not bind to membranes composed only of

zwitterionic lipids. rIAPP also binds to negatively charged membrane, although more

weakly than hIAPP, but without formation of fibrils.

Since these studies, many more have been undertaken to look at the effect of lipids

on IAPP structure. hIAPP was shown to undergo membrane-associated, α-helical

aggregation with associated leakage of liposome content (Knight et al., 2006).

Transient helical states in hIAPP measured in solution were found, a property that

appears to be conserved across species (Williamson and Miranker, 2007). A position

for fibrillation proceeding through an α-helical intermediate was further

consolidated upon by Williamson et al. (2009) whereby they support the idea that

catalysis of IAPP fibrillization is due to stabilisation of nucleation competent

α-helical oligomers that also exist in solution.

Small to moderate proportions of negatively charged lipids accelerate fibrillization,

however large amounts of negatively charged lipids have been shown to over-stabilise

hIAPP in α-helical structures ,effectively trapping it in that form. The conversion

of monomers to fibrils is affected, for instance, by the use of a high percentage of

negatively charged lipid PS at a low ionic strength to kinetically trap hIAPP in

α-helical state (Apostolidou et al., 2008; Jayasinghe and Langen, 2005). This is

not only demonstrated in the context of negatively charged lipids; it has also been

demonstrated through the use of high concentration of HFIP (Higham et al., 2000).
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Mutations affecting the ability of hIAPP to form helical intermediates eliminates the

toxic effect in insulin secreting cell lines (Hebda and Miranker, 2009; Magzoub and

Miranker, 2012). Although the variant lacks the ability to form α-helical structure,

it is able to form β sheet strands and assemble into fibrils. This indicates that this

variant assembles to fibrils via a different pathway.

Study of toxicity extracellular peptide suggests a few toxic mechanisms including pore

formation and a cell crossing peptide (CCP) mechanism. Pore formation is normally

considered from the perspective of calcium dysregulation leading to cell death. CCP

toxicity is a mechanism usually thought about in the context of antimicrobial peptides

(Last et al., 2013; Magzoub and Miranker, 2012). An alternative way in which IAPP

may be toxic is from the active assembly of monomeric peptide into fibrils at lipid

interfaces. It has been shown that growth of IAPP fibrils at lipid membranes can

lead to significant disruption and incorporation of lipids into the growing fibril (Sparr

et al., 2004; Engel et al., 2008).A detergent mechanism for IAPP induced membrane

perturbation has been ruled out by Last et al. They showed that continued leakage

of liposomes by rIAPP, and hIAPP, are inconsistent with a detergent or carpet model

for leakage, and instead assign an all-or-none model where leakage is dependent on a

conformational change and/or stabilisation of a surface tension induced defect, which

is postulated to be some kind of pore, including toroidal, barrel or chaotic (Last et al.,

2011).

1.5 Summary and aims

So far, the nature of IAPP and our understanding of it as an amyloid has been

introduced and the most important elements of the peptide in relation to fibrillization

have been discussed. The process of IAPP synthesis, and the consistency of the

secretory granule, including important interrelated factors such as the presence of

zinc and the role of insulin, C-peptide and pH, have been noted. The wider evidence

of the role of hIAPP in toxicity has been discussed. Finally, the idea of reciprocal

18



influence of phospholipid membranes and hIAPP on each other, and the resultant

toxicity, have been introduced.

This exposition has revealed a number of areas for further research. The use of

membrane mimetics has often involved the use of only negatively charged lipids, or

a high proportion of such, in order to increase the rate of formation of fibrils or to

probe the membrane perturbing properties of variants of IAPP. Therefore the use of

a composition of lipids that more closely matches the physiological composition of

membrane lipids should yield a more insightful understanding of IAPP-membrane

interactions. As of yet no thorough investigation of the influence of secretory

granule factors on IAPP membrane interaction has been conducted. The aim is to

characterise the effect of zinc on the ability of IAPP to interact and perturb lipid

membranes. In addition, together with the classical mechanisms postulated for

IAPP membrane perturbation, I will be exploring the interaction of IAPP with

separate lipid membranes, whether mixing between these separate membranes is

possible and if this constitutes true fusion. Finally, the effect of IAPP on membrane

order remains uninvestigated and changes in membrane order by peptides is thought

to be an important mechanism for enabling fusion.

Consequently, my thesis addresses these areas in the following fashion. In chapter

three, the roles of zinc and salt are investigated for their effect on the interaction of

IAPP with membrane prior to fibrillization. In chapter four, for the first time, FRET

is used to probe the ability of IAPP to induce lipid mixing between lipid membranes

and investigate how this mixing is effected by zinc and salt. This is further expanded

on in chapter five with the use of Nanoparticle Tracking Analysis (NTA) to examine

the fusion of liposomes. Finally in chapter six, the effect of IAPP on the lipid order

of membranes consisting of neutral and negatively charged lipids is explored using

the the environmentally sensitive fluorescent dye laurdan.
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Chapter 2

Methods

2.1 General

2.1.1 Peptide preparation

IAPP variants were obtained from several sources. hIAPP(wt), rIAPP(wt) and

hIAPP(W38) were all synthesized by Generon; hIAPP(Y37W) was synthesised by

Synpeptide. Mastoparan was from Sigma. All peptides had a purity of more than

95% (determined by high pressure liquid chromatography (HPLC) by the suppliers

of the peptides).

All peptides were received lyophilized. Stocks of IAPP peptides for use in lipid mixing,

fusion and leakage assays, were prepared as follows. IAPP peptides were dissolved in

dimethyl sulfoxide (DMSO) at a concentration of 2 mg/ml in 1.5 ml tubes they were

subsequently bath-sonicated for four rounds of 16 seconds at room temperature. The

peptide solution was then added to polypropylene ultracentrifuge tubes (Beckman

Coulter) and centrifuged on a TLA-100 for 1 hour at 75,000 revolutions per minute

(rpm), 4oC. After centrifugation the peptides were aliquoted in volumes of 5-10 µL

and kept at -80oC until use. Mastoparan was dissolved in distilled water (dH2O) at

a concentration 1 mg/ml without any further processing and stored at 4oC until use.

For circular dichroism (CD) experiments, batches of lyophilized IAPP were dissolved

in Hexafluoro-2-propanol (HFIP) at a concentration 2 mg/ml for 1 hour at room

temperature and subsequently aliquoted and stored at -80oC.

20



2.1.2 Buffer preparation

Buffers were prepared using standard laboratory reagents. All buffers and solutions

were filtered either through a 0.22 µM vacuum filter (Corning) or 0.22 µM Millex-GP

syringe filter (Merck Millipore) and stored at RT.

2.1.3 Liposome preparation

2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (PC) (Sigma, 42773) and

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (PS) (Avanti Polar Lipids,

840034) were received lyophilized and dissolved in chloroform. They were then

aliquoted and subsequently stored at -20oC until further use.

2.1.3.1 LUVs

Desired proportions of lipids were added to 1.5 ml siliconized tubes (Fisherbrand). A

vortexer, on a low revolution setting, was used to create a centripetal force that coated

the tube with the lipid solution whilst a stream of N2 gas was passed over to evaporate

the chloroform. The tube was then filled with a total volume of 1 ml of the desired

buffer and heated for 15 minuites at 60oC. This solution was then vortexed for 30s

and subsequently used to prepare liposomes. Preparation of liposomes (also known

asLUV) was undertaken using the extrusion method (MacDonald et al., 1991) with a

commercially available mini-extruder (Avanti Polar Lipids) by following a generalised

procedure commonly used to prepare liposomes. The apparatus consists of two 1 ml

gastight syringes, which fit into either side of a chamber holding a nitrocellulose

membrane with pores of a defined size. Disposable membrane supports are inserted

on either side of the membrane to avoid rupture of the membrane due to high pressures

generated during extrusion. The lipid solution was passed 21 times through a 400

µM nitrocellulose membrane (Whatman) producing liposomes that were subsequently

stored at 4oC and used within one week.
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2.1.3.2 GUVs

Giant unilamellar vesicles GUVs were prepared using the technique of

electroformation with a custom manufactured teflon chamber with a screwable lid

with two platinum wires inserted (gift from Erdinc Sezgin, Eggeling group, WIMM,

University of Oxford). The chambers were washed with chloroform then ethanol and

finally dried with N2 before each use. The required mixture of lipids was prepared

in chloroform and added, drop wise, to the two platinum wires and dried using a

stream of N2.

Following a published protocol (Leite et al., 2015) the GUVs were made as follows.

The teflon chamber was filled with 300µL of 300mM of sucrose and the lid screwed

on, with the platinum wires now inserted into the solution. The chamber was

subsequently inserted into a modified gene pulse holder (Bio-Rad) and connected to

a k8016 function generator (Velleman Instruments) forming a circuit. The generator

was controlled by PC lab 2000 software (Velleman Instruments) to apply 4.5 V peak

to peak voltage at the following frequencies and timings: 10 Hz for 1800s, 3 Hz for

900s, 1Hz for 420s and 0.5 Hertz (Hz) for 420s. The electroformation was performed

at room temperature.

2.1.4 Cell Culture

INS-1e cells were routinely cultured in RPMI 1640 medium supplemented with the

following: 10% FBS, 2 mmol/L L-glutamine, 5 µmol/L βmercaptoethanol, 200

µg/ml G 418 disulfate salt solution (Sigma). HeLa cells were routinely cultured in

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with: 10% FBS,

NEAA and Penicillin/Streptomycin. All cells were incubated at 37oC in 5% CO2.

2.1.5 Plasmid DNA preparation and transfection

The DNA plasmid was purified using a QIAprep spin mini prep kit (Qiagen) according

to the manufacturer’s protocol. Plasmids were introduced to cells using Lipofectamine
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2000 (Thermo Fisher Scientific). Optimal Lipofectamine:DNA ratios for transfection

were determined empirically in accordance with the manufacturer’s protocol and cells

were transfected for 48 hours prior to imaging.

2.2 ThT assay

A stock concentration of Thioflavin T (ThT) was prepared in dH2O at 1.79 mM and

stored at 4oC protected from light. The assay was performed using a concentration

of 32 µM ThT in a 96 well µ-clear plate (Greiner Bio-one) at 37oC without shaking.

Fluorescence was measured using a Fluostar Optima plate reader (BMG Labtech)

operated in kinetic mode with excitation at 450 nm and emission recorded at 490 nm.

2.3 TbCl3-DPA leakage assay

The assay used is based on a concept of an assay originally intended for the

investigation of liposome fusion (Fraley et al., 1980). Instead of putting TbCl3 and

diplonic acid (DPA) in separate liposome populations and then purifying each

through a column, lipsomes containing TbCl3 were prepared and put through a

column and DPA was added to the outside, explained in further detail below.

Liposomes were prepared in buffer consisting of 20 mM

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 5 µM TbCl3 and 50

µM Sodium Citrate. Additionally, the liposomes were eluted through a PD-10 G-25

Minitrap column (GE) according to the to manufacturer’s protocol. The elution

buffer was 20 mM HEPES, pH 7.4. The entire eluent volume, after the void, was

collected.

Fluorescence emission was measured with a Fluorolog FL3-22 spectrofluorometer

controlled by FluorEssence software v3.5 (HORIBA Jobin Yvon). Quartz cuvettes

(10 mm 108.002F-QS, Hellma) were used for the assay. The following collection

parameters were used: Excitation 272 nm (2 nm bandpass), emission 488 nm (5 nm

bandpass), and integration time 0.1s. For time courses a baseline was established for
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243 seconds before addition of peptide and measurements were taken every 81

seconds and stopped after the required time. For single end point measurements

parameters were the same.

2.4 Tryptophan burial

LUVs were prepared as described with appropriate buffers and peptides were added

to liposomes (50 µM) at a L:P ratio of 12:1 in a quartz cuvette incubated at 37oC

for 10 minutes before tryptophan fluorescence was measured. The collection

parameters were: Excitation 270 nm (5 nm bandpass), Emission 300 nm (5 nm

bandpass), Increment 1 nm, Integration Time 0.1 seconds. Emission spectra were

corrected for wavelength response of the monochromators and normalised to the

resistance of the lamp in order to account for variations in lamp intensity.

2.5 Circular dichroism

A Jasco J-815 Spectropolarimeter was used to measure mDeg using a cuvette of path

length 10 mm. The following parameters were used: Scanning speed of 50 nm/min for

the wavelength range 190-250 nm, Bandwidth of 1 nm, data integration time (D.I.T)

of 1 second, Data pitch of 0.5 nm. Data accumulation was set to four and all spectra

were corrected for background using a blank sample calculated by the instrument

associated software.

2.6 DiO-DiI lipid mixing assay

The rational of the assay is explained in detail in the results (Chapter Four) but the

general procedure is detailed here. The assay consists of preparing three separate

populations of liposomes with the fluorophores combinations:

3,3’-Dioctadecyloxacarbocyanine perchlorate (DiO) only,

1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine (DiI) only and both DiO and

DiI. A fourth pollution of liposomes was prepared without any fluorophore. The
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Fluorophore:Lipid (F:L) ratio was 1:20. For liposomes containing both DiO and DiI,

lipid concentration was doubled to simulate the result of full mixing of separate

populations of liposomes. Measurements were carried out in 96 well µ-clear plates

(Greiner Bio-One) at 37oC. Fluorescence was measured using a Fluostar optima

platereader (BMG Labtech) operated in kinetic plate mode with measurement taken

every 243 seconds. Sample excitation and reading of emission were from the bottom

of the plate.

For each well three measurements were taken of the emission from direct excitation

of DiO (filter pair 480/520 nm) and direct excitation of DiI (filter pair 550/580 nm),

and FRET between DiO and DiI (480/580 nm). Fluorescence quenching of the donor,

DiO, was used to follow Förster resonance energy transfer (FRET) by measuring the

emission after direct excitation. This was normalised to a percentage scale using DiO

emission intensity from direct excitation of a control sample of a mixture of DiO

and DiI populations (max fluorescence) and a DiO/DiI population (min fluorescence)

using the following equation:

quenching =
maxfluorescence− samplefluoresence
maxfluorescence−minfluorescence

× 100

(2.1)

2.7 Liposome gold content fusion assay

A method for the preparation of gold encapsulated liposomes was modified from

(Paasonen et al., 2007) using 5 and 20 nm colloidal gold particles (BBI International).

Volumes of 5 nm and 20 nm gold particles were added to each liposome population so

that the concentration (particles/ml) were approximately equal. The liposomes were

than spun for 1 hour at 4oC on a benchtop centrifuge at maximum rpm.

TEM samples were prepared by Errin Johnson (Sir William Dunn School of

Pathology) outlined as follows. 10 µL of a 50 µM liposome reaction volume was
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applied to freshly glow discharged carbon formvar 200 mesh copper grids for 2 mins,

blotted with filter paper and stained with 2% uranyl acetate for 10 s, then further

blotted and air dried. Grids were imaged in a FEI Tecnai 12 TEM at 120 kV using

a Gatan OneView CMOS camera.

2.8 Nanosight Tracking Analysis

Particle diameter measurements were carried out on a NanoSight LM10 with a high

sensitivity sCMOS camera (Malvern). Capture and analysis of videos was performed

using NanoSight NTA 3.1 software. The instrument was modified by the addition of

a 10 capacity filter wheel controlled using a Lambda 10-3 unit (Sutter Instrument).

The filter wheel modification was undertaken by K. Tec microscopes.

The temperature of the sample chamber was recorded after the acquisition of a single

video using a digital thermometer (804U, Omega) and input manually when requested

by the NanoSight software. For videos acquired as a time series, the temperature

input was automated using point and click software (PTFB pro). The filters used in

experiments were: 508 ALP (for DiI and Fluoresbrite) and 575 ALP (for octadecyl

rhodamine B chloride (r18)) (Omega filters). The 488 nm laser unit was used for all

measurements. Further data manipulation was undertaken in Matlab (Mathworks)

and Origin (OrginLab).

2.8.1 Fluorescent beads

Fluoresbrite size range kit (0.1 nm, 0.2 nm, 0.5 nm, 0.75 nm, 1.0 nm diameter beads

(Polysciences)) was used to demonstrate the resolving power of NTA. Acquisition

parameters were adjusted because of fluorescence intensity difference due to increasing

intensity at lower sizes of beads.
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2.8.2 Liposome fusion by DiI fluorescence

Liposomes were prepared with DiI (F:L ratio of 1:20). Peptide was added 50 µM lipid

and the reaction was incubated at 37oC and removed at desired time points. The

sample was then diluted ten times yielding a final volume of 1 ml and transferred to a

1 ml plastic syringe. A syringe pump (Harvard Apparatus) connected to the sample

chamber was set to a flow rate of 60 units and solution was flowed through the chamber

and recorded for a 260 seconds. Parameters for recording movies were as follows:

camera shutter 350, camera gain 350, histogram 0 - 16380. The following settings

for Analysis were used: Detect Threshold 5, Blur Size and Max Jump Distance set

to auto. In the case of time course measurements of hIAPP(wt) with liposomes, the

concentration of L:P ratio was 6:1.

2.8.3 R18 liposome fusion by quenching

r18 (Sigma) was dissolved to make a chloroform stock. LUVs were prepared with a

F:L ratio of 1:20. Sample was flowed through the chamber at a pump speed of 50.

The following camera setting were used for acquisition of movies: Shutter 100, Gain

200, histogram 0-16380. The following settings for Analysis were used: Detection

Threshold 5, Blur Size and Max Jump Distance set to auto. Further details are

explained in chapter 6.

2.9 Membrane order

2.9.1 Laurdan measurements

A stock of 6-Dodecanoyl-N,N-dimethyl-2-naphthylamine (laurdan) stock was

prepared in chloroform and stored at -20oC. Liposomes were created containing

laurdan at a F:L ratio of 1:400. Fluorescence of samples were measured on a

Fluorolog FL3-22 spectrofluorometer (HORIBA Jobin Yvon) in quartz cuvettes at

room temperature. At each excitation wavelength (from 340 nm to 410 nm at 10

nm intervals) an emission spectrum was recorded (from 440 nm to 490 nm at 10 nm
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intervals). This manifests as an excitation-emission matrix or a 3D scan. GPex and

GPem curves were generated (as outline in chapter six).The collection parameters

were as follows: Excitation (5 nm bandpass), Emission (5 nm bandpass), Increment

1 nm, Integration time 0.1 seconds. Background signal from a 3D scan of liposomes

without fluorophore was subtracted from each 3D scan. Data processing was done

using custom scripts in OriginLab.

2.9.2 DPH and TMA-DPH measurements

1,6-Diphenyl-1,3,5-hexatriene (DPH) and

N,N,N-Trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenylammonium

p-toluenesulfonate (TMA-DPH) stock solutions were made in chloroform and stored

at -20oC. Liposomes were prepared with a F:L ratio of 1:400. Anisotropy

measurements were made on the Fluorolog FL3-22 using the following parameters:

Excitation 355 nm (5 nm bandpass), Emission 440 (5 nm bandpass), Increment 1

nm, Integration time 0.1 seconds, G Factor=1.

2.10 Viscosity measurements

2.10.1 Synthesis of Bodipy-C12 and Bodipy-SNAP

The Bodipy-C12 and Bodipy-SNAP were synthesised by Niall Moon (Prof. Tim

Donohoe, Chemistry). Bodipy-C12 synthesis was based on the procedure of Levitt

et al. (2009). Details pertaining to the synthesis and structure of Bodipy-C12 and

Bodipy-SNAP were produced by Niall Moon in the format of a Final Honours Thesis.

2.10.2 Steady state intensity measurements

Emission spectra of 5 µM Bodipy-SNAP, BODIPY-C12 and selected intermediates

in Methanol:Glycerol mixtures measured in 10 mm quartz cuvettes (Hellma). The

following collection parameters were used: Excitation 480 nm (3 nm bandpass),
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Emission 500-600 nm (3 nm bandpass), Increment 1 nm, Integration time 0.1

seconds.

2.10.3 Microscopy and fluorescence lifetime measurements

Imaging was carried out on a Olympus FV 1000 with a SPC-150 Time-correlated

single-photon counting (TCSPC) card (Becker & Hickl) for lifetime measurements.

A 488 nm laser pulsed at 80 MHz was used for acquiring lifetime measurements. The

data were processed using the SPCImage v 4.9.7 (Becker & Hickl).

2.10.3.1 Viscosity calibration

Solutions of Methanol:Glycerol of various ratios were prepared. Solutions were well

mixed at room temperature using a shaker overnight. The lifetimes of 15 µM Bodipy-

C12 in these solutions were measured in 96 Well µ-Plate (Ibidi) with a 60X objective,

in ‘single’ mode with data acquired for one minute.

2.10.3.2 GUV measurements

GUVs were generated according to method described in section 2.1.3.2. GUVs were

prepared with a Bodipy-C12:lipid ratio of 1:20 from a stock of Bodipy-C12 in

chloroform. Imaging was done using 60X magnification in first in first out (FIFO)

mode and photons were recorded for five minutes.

2.10.3.3 Cell measurements

All cells were plated in a 96 Well µ-Plate (Ibidi). INS-1e cells were incubated in 15µM

of Bodipy-C12 from a DMSO stock for 30 minutes at 37oC, 5% CO2. Cells were then

washed for a total of three times with RMPI-media, before replacing with fresh media

and incubation for 30 minutes. A final wash was performed before imaging at room

temperature. Imaging was done using 60X magnification in FIFO mode and photons

were recorded for five minutes. The photon count histograms were fitted using an

exponential decay model with two components with the following parameters: pixel
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binning 10 and intensity threshold 5. The instrument response function (IRF) was

automatically generated by the software, and is calculated using the highest intensity

pixel.

HeLa cells were incubated in 15 µM of Bodipy-SNAP for 30 minutes at 37oC.

Following a single wash, they were incubated in 0.1% delipidated BSA for 2.5 hours.

Cells were washed once more before imaging. Imaging was performed using 100X

using FIFO mode and photon counts were recorded for 5 minutes. The photon

count histograms were fitted using an double exponential decay model with the

following parameters: pixel binning 10 and intensity threshold 5. The IRF was

automatically generated by the software, and is calculated using the highest

intensity pixel.

30



Chapter 3

IAPP-membrane interaction

3.1 Introduction

The interaction of IAPP with lipid bilayers has been elucidated in a variety of

contexts. The use of membrane mimetics, such as liposomes, in pull down and

leakage assays, and planar lipid bilayers, in cross membrane voltage measurements,

have established IAPP association with lipid membranes. Additionally in cellular

studies fluorophore-labelled IAPP has been found associated with both extra and

intra cellular membranes. Some of the factors that are believed to be important

determinants of the interaction of IAPP with lipid membranes have been discussed

previously (Chapter 1: introduction).

Although some of the basic requirements for interaction of IAPP with lipid

membranes have been described (chapter 1 introduction), the connection between

peptide structure and the subsequent effect on bilayers has not been fully evaluated.

The consequence of various physiologically relevant factors, particularly in relation

to the secretory granule, have mostly been investigated with regard to IAPP

misfolding and fibrillization in solution. However, the role that these factors play in

membrane interaction, and subsequent peptide and membrane structural change,

has not received as much attention.

There are several aims of this chapter. The first is to describe IAPP variants in terms

of their fibrillization potential and ability to induce leakage from liposomes of defined

lipid compositions. The second is to investigate the position of a particular IAPP

31



variant at the membrane, hIAPP(Y37W) which has a C-terminal tryptophan (Trp)

substitution and behaves like wild type. The final aim is to explore the effect of ionic

strength and zinc on the interaction of IAPP with lipid membranes.

3.2 Choice of IAPP variants

The interaction of amyloid peptides with lipid membranes is often verified by

liposome leakage assays, such as dequenching, or through visualisation of

fluorophore labelled IAPP at lipid membranes. The use of labelled peptides is

widespread, however in the case of IAPP, the possible effects this practice has on

IAPP misfolding, assembly into higher order structures and interaction with

membranes should not be ignored. IAPP, like Aβ, is amongst the shortest of the

amyloid forming peptides and the effect of even modest modifications should be

considered. Indeed, comparison between the kinetics of non-amidated and amidated

hIAPP showed that the non-amidated form had a longer lag time before

fibirillization (Yonemoto et al., 2008). It is therefore not unreasonable to think that

other modifications used in order to follow peptide association with lipid membranes

might result in significant differences in fibrillization dynamics and kinetics. With

this in mind, before assessing the effects of IAPP variants on membranes, I first

determined whether hIAPP, modified by either a C-terminal addition (W38) or

substitution (Y37W), had any effect on its the ability to fibrillize.

The choice of including tryptophan by addition is due to tyrptophan making up one

of the top three residues in terms of aggregation potential (the other two being

phenylalanine and tyrosine) as determined by predictive amyloid propensity tools

(Pawar et al., 2005; Tartaglia et al., 2005) and so it was thought that this might

increase fibrillization potential. Although no examples of the use of IAPP variants

with aromatic additions or substitutions were initially found, a subsequent literature

search revealed that C-terminal amidated hIAPP, with a tyrosine substituted for a

tryptophan (hIAPP(Y37W)), had been created for use in triplet quenching

experiments (Vaiana et al., 2009). The aim of the work by Vaiana et al was to
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examine the contact dynamics of interaction between the C-terminal tryptophan

and N-terminal disulphide bond, in order to reveal information about the structure

of IAPP. Although in their study the formation of amyloid fibrils by hIAPP(Y37W)

was demonstrated by transmission electron microscopy (TEM) and showed no

observable differences compared to hIAPP(wt), no information on the kinetics of

assembly using an amyloid sensitive dye, such as ThT, was undertaken. Therefore

we decided to synthesise hIAPP(Y37W), in addition to hIAPP(W38), for use in

tryptophan membrane burial experiments.

3.3 Kinetics of IAPP fibril formation

Formation of amyloid by the various peptides was assessed using the commonly

employed ThT assay. The assay involves following an increase in fluorescence

emitted from ThT thought to be due to binding of the fluorescence molecule to

grooves created by β sheet formation. Therefore, fluorescence of ThT incubated

with amyloid peptide allows one to follow the kinetics of monomer assembly to

amyloid fibrils. The kinetics of this assembly is described by a sigmoidal curve (fig.

3.1) demonstrating three key aspects of the kinetics of amyloid formation: 1) a lag

phase where monomers are coming together to form oligomeric species, acting as

nuclei for assembly, and culminating in the initiation of fibrillization; 2) a rapid

growth phase whereby such oligomers or nuclei undergo conversion to fibrils by

continued addition of monomers to the nuclei; and 3) steady state or saturation, in

which the on and off rates of monomer binding and fibrils breaking are now equal

and is exemplified by a plateau in the fluorescence emission which correlates with

the presence of peptide that is in a mature amyloid state. These various components

are often used to compare kinetics of assembly between different conditions.
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Figure 3.1. Typical amyloid growth curve. Natively folded peptide undergoes
structural changes on the pathway to becoming part of an amyloid fibril. The end
point is signified by the presence of supramolecular polymers characterised by a
regular repeating arrangement of subunita (Figure from Iannuzzi et al. (2013)).

3.4 Results

3.4.1 Examining kinetics of fibril assembly of IAPP variants

Four variants of the peptide were tested for their ability to form amyloid: Wild type

hIAPP(wt), hIAPP(W38), hIAPP(Y37W) and rIAPP (fig 3.2). rIAPP is known

not to form amyloid, and so is used as a negative control. A completely unrelated

peptide, mastoparan, was used as another negative control, for the ThT assay, as well

a positive control in leakage assays that have been used to assess the perturbation

of the membrane by IAPP variants. Mastoparan is a peptide produced by wasps

and is contained within their venom. It causes the release of histamine from mast

cells causing the accompanying pain following a wasp sting. It has previously been

characterised as a pore forming peptide (Arbuzova and Schwarz, 1999; Whiles et al.,

2001; Hori et al., 2001).

As mentioned in the introduction, the presence of lipid accelerates hIAPP
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hIAPP(wt) KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY

rIAPP(wt) KCNTATCATQ RLANFLVRSS NNLGPVLPPT NVGSNTY

hIAPP(_W38) KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTYW

hIAPP(Y37W) KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTW

Figure 3.2. Sequences of IAPP variants used. From top to bottom: Human
wild type, Rat wild type, hIAPP with tryptophan addition (W38), and hIAPP with
trytophan substition (Y37W). Differences in sequence between wild type rat and
human IAPP are highlighted in red and, where present, tryptophan(W) is highlighted
in green.

fibrillization. We can see that compared to buffer alone, presence of PCPS

liposomes leads to a much shorter lag time before initiation of hIAPP(wt)

fibrillization (fig. 3.3). Indeed, hIAPP(wt) incubated in the absence of PCPS

liposomes does not even reach the rapid growth phase at 2000 minutes (∼33hrs),

clearly showing the accelerating effect of this lipid composition on fibrillization of

hIAPP(wt). As expected, rIAPP produces no change in ThT emission representing

a lack of fibrillization. DMSO was included to check for any interference with the

ThT assay; indeed, there is no change in ThT emission during the measurement

time period with incubation of DMSO and ThT alone.

Comparison between wild type and modified peptides revealed interesting results.

hIAPP(Y37W) resulted in an increase in ThT signal described kinetically by a

sigmoidal curve, similar to that of hIAPP(wt), with a similar plateau being reached

as well as a similar rate of growth; however the lag time is shorter, possibly

indicating faster formation of a nucleus (fig. 3.4). The ThT data is consistent with

the EM data from Vaiana et al. which showed hIAPP(Y37W) forms amyloid. The

ThT data further shows that this variant shares similar kinetics of fibrillization with

hIAPP(wt). hIAPP(W38) also has the capacity to form amyloid, but the kinetics

are clearly different from both the wild type and hIAPP(Y37W). First, the lag time

before initiation of the growth phase is 100 minutes, at least five times longer than

the wild type. Additionally, the plateau height is reduced, indicating the creation of

fewer fibrils. It is clear that while hIAPP(W38) forms fibrils it does so with a

reduced capacity.
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Figure 3.3. Addition of negatively charged lipids accelerates fibrillization.
ThT emission of DMSO, rIAPP(wt) (4.2 µM) and hIAPP(wt) (4.2 µM) in the
presence of PCPS liposomes (50 µM) was recorded for 1000 minutes; hIAPP(wt)
without lipid (-PCPS) was recorded for a further 1000 minutes (total time of ∼33hrs).
All reactions were carried out in a 100 µL volume of 20 mM Hepes, 7.4 pH and
incubated at 37oC.
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Figure 3.4. Comparison of different peptides for amyloid forming potential.
4.2 µM of each of the three IAPP variants and 25 µM of mastoparan were incubated
with PCPS liposomes (50 µM) at 37oC. For each curve error bar indicate SEM for
n=3.
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These experiments were done in the presence of lipid and which accelerates

formation of fibrils by many orders of magnitude. The effect on lipid membrane

during the acceleration of fibril formation may or may not cause damage to

membrane depending on the lipid composition and ionic environment. In addition

to investigating the effect of negatively charged liposomes (PCPS) on the kinetics of

amyloid formation, I also investigated the effect of neutral liposomes, composed only

of the zwitterionic lipid POPC. Unexpectedly, I found that the addition of salt

resulted in accelerated fibrillization compared to POPC alone (fig. 3.6). The four

conditions in which hIAPP was incubated, as shown in figure 3.6, are buffer only,

buffer + NaCl, PC, and PC + NaCl. The presence of NaCl leads to a decrease in

lag time compared to buffer alone; however, the addition of PC and NaCl shifts the

curve even more, suggesting a cooperative effect that requires both components,

leading to an accelerated fibrillization at the surface.
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Figure 3.5. Difference in lag time of IAPP variants. IAPP peptides (4.2 µM)
were added to 50 µM of PCPS liposomes and incubated at 37oC. For each curve error
bar indicate SEM for n=3.
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Figure 3.6. Combined effect of PC and high ionic strength on hIAPP
fibrillisation. IAPP was added at ac concentration of 4.2 µM to solutions at pH
7.4 of either Buffer (Hepes 20 mM) Buffer+NaCl (Hepes 20mM, NaCl 100 mM,
Buffer+PC (Hepes 20 mM, PC 50 µM), or (PC 50 µM, NaCl 100 mM). For each
curve error bars indicate SEM (n=3).
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Although the ThT assay elucidates whether modified hIAPP is comparable in terms

of fibrillization behaviour to wild type, it does not provide information about the

subsequent effect on membrane structure. Although the kinetic behavior of

hIAPP(W38) fibrillization was very different from wild-type, on both short and long

time scales, I decided to test the ability of hIAPP(W38) to cause leakage of

membranes. This was because of evidence relating to α-helical conformations being

responsible for membrane damage. Since there is no significant fibrillization of

hIAPP(W38), compared to hIAPP(wt) and hIAPP(Y37W), up until 100 minutes, I

wanted to see if there would be a difference in ability to cause leakage. Lipid

membranes have a differential ability to accelerate formation of amyloid, which is

dependent on lipid composition as well as the ionic strength and composition of the

solution surrounding the membrane. In the next section we explore the influences of

these factors on the ability of IAPP to cause membrane perturbation.

3.4.2 Membrane interaction: leakage from perturbation

A number of putative mechanisms have been put forward in order to explain

amyloid peptide induced membrane perturbation. Pore formation and detergent

action (Hebda and Miranker, 2009), fibril elongation (Engel et al., 2008) and cell

crossing (Magzoub and Miranker, 2012) have all been implicated as mechanisms.

From the kinetic data on amyloid assembly, one can see that the lag time before

initiation of the growth phase is around 10 minutes for hIAPP(Y37W), 20 minutes

for hIAPP(wt) and 100 minutes for hIAPP(38W) (this may be considered a lower

limit as there is a delay between adding peptide to all wells and initiating recording

of the fluorescence emission). Using a spectrofluorometer based liposome leakage

assay, I examined the ability of the various peptides to cause membrane

perturbation. Use of such assays are common for examining the extent to which

peptides perturb lipid membranes.

Typically liposome leakage has been assessed by leakage of the fluorophore calcein.

This entails producing liposomes that have a very high concentration (in excess of 50
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mM) of fluorophore within liposomes. At such high concentrations calcein is quenched

within the luminal volume of the liposome meaning that the fluorescence intensity

is very low upon excitation. Release of calcein into the extra luminal space results

in a decrease in its concentration due to dilution into the bulk volume, resulting in

dequenching, and a concomitant increase in the intensity of the fluorescence emission.

However, in order to observe this dequenching, the extra liposomal calcein must be

removed before initiation of leakage so there is a minimal background fluorescence

above which an increase in fluorescence can be readily seen. This is normally achieved

by utilising column chromatography, commonly in the form of commercially available

pre-packed columns.

However, the calcein assay was not the preferred assay for the following reasons. A

practical issue is that in order to get a low enough background often only the first

part of the eluent is usable, which has two key implications. Firstly, in order to get

an appreciable number of liposomes that have quenched dye in the internal volume, a

considerable number of liposomes must be put through the column as a large amount

of liposomes will be lost in the initial eluent in order to avoid too much extra-luminal

calcein. Secondly, the use of millimolar concentrations of fluorophore requires the

elution buffer, as well as any buffer used for subsequent dilution, to be isotonic in

order to avoid osmotic stress, and potential loss of integrity, of the liposomes.

Instead another form of leakage assay was used based on the interaction of the metal

ion terbium (Tb) and DPA (Wilschut et al., 1980). Terbium is weakly fluorescent in

solution but chelation by DPA results in a 20,000 fold increase in fluorescence. An

advantage of this is that the concentration of both terbium and DPA can be kept

low, micromolar range. The version of the assay I adopted was that of TbCl3 in the

luminal volume with DPA subsequently added to the extra-luminal volume; this was

done to reduce interaction of Tb with peptide added to the system. Perturbation

of liposome membranes, such that there is interaction between the intra and extra-

luminal volumes results in an increase in fluorescence. A version of this assay was first

tried that relied on an increase over the background fluorescence of interaction extra-

luminal Tb and DPA. This provided a reasonable signal-to-noise ratio, potentially
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obviating the need for the use of chromatography. However, the dynamic range was

further improved by use of a column which, importantly, enabled the use of the whole

eluent. To check for any considerable changes in lipid concentration, I compared

the kinetics of fibrillization of hIAPP(wt) between three different preparations of

liposomes: 1) liposomes without TbCl3; 2) eluent from a column that had received

preparation 1; and 3) eluent from a column that received liposomes prepared with

TbCl3 (fig.3.7). The kinetics of amyloid formation, as judged by ThT, did not change

considerably (fig. 3.7) validating comparison of the fibrillization kinetics of IAPP

incubated with lipsomes prepared using these three different procedures. It was of

further use to compare the kinetics of assembly of IAPP with and without terbium

in order to check if terbium had any influence on the kinetics of assembly, which it

does not.

Using the Tb-DPA assay I was able to measure the amount of leakage induced by

the IAPP variants, as well as by the control peptide mastoparan. When added to

PCPS liposomes composed of 70% POPC and 30% POPS (fig. 3.8) all hIAPP

peptides caused leakage. hIAPP(wt), hIAPP(Y37W) and hIAPP(W38) all resulted

in statistically significant leakage described by mono-exponential kinetics. Such

leakage kinetics are commonly described for antimicrobial peptides (Gregory et al.,

2008) and Mastoparan (Yandek et al., 2009). Interestingly, the amount of leakage

resulting from hIAPP(38W) relative to hIAPP(wt) was lower, mirroring the results

of the ThT assay, where hIAPP(38W) reached a lower plateau height compared to

hIAPP(wt).

It is of interest to speculate on the nature of the species responsible for leakage.

Such species are unlikely to be fibrillar or proto-fibrillar in nature as approximately

half of the total leakage for hIAPP(wt) and hIAPP(Y38W)took place within 4.05

minutes. The speed of leakage resulting from all three peptides is consistent with

leakage competent conformations that are either adopted in solution or are rapidly

converted to such conformations at the membrane. Given that lag times are related

to the ability of nuclei to form before initiation of fibrillization, it is possible that the

reduced capacity of hIAPP(38W) to induce leakage is due to a reduced ability to form
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Figure 3.7. Effect of chromatography and TbCl3 on fibrillization kinetics.
50 µM of PCPS liposomes was the starting material. No Column curve represents
no additional processing after production of liposomes. G25 Column curve represents
the eluent of the starting PCPS liposome solution. The volume used for the assay
was scaled to correct for the dilution from eluting through the column. G25
Column+TbCl3 curve represents liposomes that were made with TbCl3 and then
put through the column; again volume used was scaled due to dilution of eluent. All
samples had 4.2 µM of IAPP added. For each curve error bars reprsent SEM for n=3.
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oligomers that are able to pertub lipid membranes. Such on pathway oligomers have

been proposed to be composed of α-helical (Williamson and Miranker, 2007) and β-

sheet (Buchanan et al., 2013; Jiang et al., 2011) structure. However, the fact that all

three hIAPP variants reach plateau before or during the growth phase of fibrillization

does not support a role for fibril growth of such oligomers at the membrane as a cause

of leakage.
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Figure 3.8. Leakage from PCPS lipsosomes is induced by all hIAPP
variants. 4.2 µM of peptide was added to a concentration of ∼50 µM liposomes
(the volume of liposome solution was adjusted for dilution due to elution through a
column). The percentage leakage is calculated relative to total release from control
lipsomes ruptured with 10% cholate. For each curve error bars represent SEM for
n=3.

In comparison to PCPS, it was expected that liposomes composed only of PC would

not undergo significant leakage as this had not been previously reported. However,

in light of the finding of the combined kinetic effect of NaCl and neutral

2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (PC) on fibrillization, it was

reasonable to check for perturbation and leakage of PC lipid bilayers. Rather than
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Figure 3.9. Peptide induced leakage of PCPS and PC liposomes after 1
hour. 4.2 µ of IAPP variants and 25 µM of mastoparan was added to liposomes
and leakage at 1 hour recorded. Percentage leakage is calculated relative to the total
release resulting from addition of 10% cholate. Error bars represent SEM for n=3.
Significance between DMSO and peptides determined using a one way ANOVA with
Tukey’s posthoc test.

collect a timecourse to gain kinetic information, a single time point was taken at 1

hour as the expected result was that PC liposomes remained intact. Indeed, at this

time point there was no significant leakage consistent with the membrane being

intact (fig. 3.4.2). However, results from the ThT assay showing acceleration of

fibrillization of hIAPP(wt) by PC, in the presence of a high concentration of NaCl,

are clearly consistent with interaction of hIAPP(wt) with the this membrane. It was

therefore reasonable to look for evidence of membrane interaction using the

tryptophan variant hIAPP(Y37W) (see 3.4.3).

Investigation of the effect of zinc using the Tb-DPA assay proved challenging.

Although use of chromatography removes a large proportion of extra-luminal

terbium, enough remains that addition of DPA produces a background signal.
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When trying to evaluate the impact of zinc on the kinetics of leakage, it was found

that inclusion of zinc led to a decrease in the background signal of fluorescence,

consistent with DPA chelating zinc. The concentration of zinc that I was using was

500 µM, about 20 times the concentration of terbium used when preparing the

assay, effectively out-competing Tb in binding to DPA. Therefore the effect of zinc

on leakage kinetics could not be investigated with this method.

Accordingly, I turned to the prototypical calcein leakage assay to try and asses the

effect of zinc. Using commercial columns, I took the first part of the eluent containing

liposomes with luminal self-quenched calcein. However, again the use of zinc resulted

in unwanted effects. Addition of hIAPP(wt) resulted in an increase of fluorescence

as compared to DMSO. However, addition of zinc alone to liposomes resulted in a

similar increase in fluorescence, rendering it unsuitable for assessing the impact of

zinc. This highlights an issue of investigating the role of such metals for their effect

on membrane integrity through such fluorescence assays. Cobalt is well known to

quench calcein and is the basis of many assays. There are fewer expositions on the

effect of zinc on calcein fluorescence, however a fluorescence-enhancing effect has been

noted (Markuszewski, 1976). It is difficult to draw conclusions on these issues given

the paucity of literature on the topic but it appears there are general difficulties in

assessing effects of metals on peptide induced leakage.

In the next part of this chapter we consider the position of the peptide in the bilayer

by the use of the intrinsic fluorescence properties of tryptophan.

3.4.3 C-terminal membrane interaction: Trp burial

Intrinsic fluorescence of amino acids is often used to follow folding dynamics (Moens

et al., 2004) and interaction (Loura, 2003; Wimley and White, 2000) of proteins and

peptides with membranes. There are three amino acids with high enough quantum

yields that can been used, all containing aromatic rings: phenylalanine, tyrosine and

tryptophan. Both rIAPP(wt) and hIAPP(wt) have a C-terminal tyrosine as well as

one and two phenylalanines, respectively. Initially I attempted to use the intrinsic
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fluorescence of tyrosine which has been utilised previously (Padrick and Miranker,

2001). However, at the concentration of peptide I was using, the quantum yield was

too low to provide an adequate signal to noise ratio acceptable for following small

changes in fluorescence. Additionally, during preliminary experiments, the recording

of tyrosine emission from hIAPP(wt) was affected by substantial scattering

producing artefacts that made it difficult to measure the true fluorescence emission.

Therefore any subsequent shift in wavelength due to burial in a hydrophobic

environment (blue shift when interacting with membrane) could not be accurately

measured. Accordingly, the use of hIAPP(Y37W) was appropriate due to the higher

quantum yield of tryptophan and the similarity of kinetics of fibrillization to that of

hIAPP(wt); thus hIAPP(Y37W) was used as an analogue for the investigation of

the interaction of the hIAPP C-terminus with lipid membrane.

Using liposomes with compositions of PC and PCPS I investigated the effect zinc and

NaCl had on the ability of the C-terminal part of hIAPP to interact with and bury

into lipid bilayers. It is clear from the normalised spectra of PCPS, PC and Buffer

(fig. 3.10a) that there is a difference in peak wavelength of peptide interacting with

PCPS (∼347 nm) compared to PC or Buffer (∼342 nm). Interestingly, for PCPS,

this blue shift is prevented in the presence of zinc or sodium chloride (fig. 3.10b. For

PC liposomes, no significant shift is apparent regardless of the presence of zinc or

NaCl (fig. 3.10c).

The normalised spectra serve to make the changes in peak wavelength more obvious.

However, as well as changes to tryptophan emission wavelength, an increase in the

quantum yield of tryptophan in a less polar environment results in a concomitant

increase in the intensity of fluorescence emission. The changes in peak wavelength

and intensity between the different conditions, as well as the errors of the mean, are

illustrated using a scatter plot (fig. 3.11).

When interpreting the degree of Trp burial using the wavelength parameter, it is

clear that the presence of negatively charged lipid in the form of PCPS results in

the largest significant blue shift compared to peptide in buffer alone. The presence of
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Figure 3.10. Effect of lipid compositions and ionic environment on C-
terminal burial. Normalised emission spectra of C-terminal tryptophan from 4.2µM
hIAPP(Y37W). (a) Comparison of peak wavelength of IAPP in buffer or negatively
charged (PCPS) and neutral (PC) lipid; (b) Effect of zinc and NaCl on C-terminal
burial in negatively charged lipsomes (PCPS) (c) Effect of zinc and NaCl on C-
terminal on C-terminal burial in neutral liposomes (PC). Curves were smoothed and
averaged (n=3).
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Figure 3.11. Peak wavelength vs intensity scatter plot. The peak value is
created from averaging the peak values of 3 replicates. The significance between buffer
alone and with varying lipids and conditions was tested using one-way ANOVA with
Tukeys mean comparison. For each point error bar indicates SEM for n=3.
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Figure 3.12. Confirmation of β sheet structure for hIAPP variants by CD.
4.2 µM hIAPP(Y37W), hIAPP(W38), hIAPP(wt), from a TFA prepared stock (2
mg/ml), were seperately added to phosphate buffer (20 mM, 7.4 pH) and incubated
at ambient temperature for 1 hour. CD spectra were subsequently measured.

sodium chloride (NaCl) and zinc both abrogate this blue shift leading to no significant

difference to buffer alone. However, there is a significant difference in intensity of

hIAPP(Y37W) incubated with PCPS in the presence of NaCl and zinc compared

to buffer alone. According to peak wavelength, there is no burial of Trp at the

experimental time point of 10 minutes for liposomes composed of PC under any

conditions.

3.5 Discussion

The effect that changing the aromatic residues of IAPP has on its folding in solution

has been explored by others but has not generally been considered in the context of

lipid membranes. The substitution of one aromatic for another (Y37W) has the
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effect of reducing the lag time before the onset of rapid assembly (fig. 3.5). Previous

work has been undertaken exploring the effect of substitution of aromatic residues

on the kinetics of hIAPP fibrillization. Tu and Raleigh (2013) compared

fibrillization kinetics of hIAPP variants with each of the three naturally occurring

aromatic amino acids substituted, in turn, with leucine: IAPP(F15L), IAPP(F23L)

and IAPP(Y37L). In comparison with hIAPP(wt), F15L resulted in a decrease,

F23L caused an increase and Y37L resulted in an even greater increase in lag time.

Therefore a tyrosine to tryptophan substitution (hIAPP(Y37W)), which constitutes

a change to a more aggregation prone amino acid, might be expected to accelerate

fibrillization. Indeed this is borne out in the date where hIAPP(Y37W) fibrillizes

more quickly then the hIAPP(wt) (fig. 3.5). Although substitution of

hIAPP(Y37W) results in a shorter lag time before the onset of the growth phase,

the same plateau is reached indicating that the same amount of fibrillar material is

produced. On the other hand, addition of tryptophan to hIAPP (hIAPP(W38))

affects amyloid formation resulting in a considerably longer lag time. In the absence

of an explanation for this finding from existing literature, it could be suggested that

an additional hydrophobic aromatic residue might interfere with

Histandine(18)-Tyrosine(37) interactions. However, previous studies by Tu et al.

(2014) using C-terminus amidated IAPP variants that contain the fluorescent

TyrPhe analogue, 4-cyanophenylalanine, argue that the aromatic side chains remain

solvated during the lag phase and suggest that aromatic-aromatic interactions

involving Tyr-37 or interactions of Tyr-37 with a neutral His do not develop during

the lag phase (Marek et al., 2008). Again, use of p-cyano substitutes for time

resolved fluorescence assays and SternVolmer quenching indicated that significant

sequestering of aromatic side chains does not occur until β sheet structure has

developed, sufficient to bind ThT (Marek et al., 2010).

I do not have data regarding the absolute position of the C-terminal within the

membrane, so it is difficult to draw conclusions about the role of the C-terminal.

However, addition of tryptophan in the form of hIAPP(W38) results in a longer lag

time as well as a lower signal at plateau. The reason for this is not completely
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clear. The presence of the C-terminal tryptophan might make it more difficult for C-

terminus to interact with other hIAPP peptides to form oligomers cable of membrane

leakage. Clearly the structure of lag phase intermediates is important. The role of

aromatics in peptide fragments have also been explored, however their relevance to

full length peptide is not so clear. (Milardi et al., 2011) use a 12-18 fragment of

IAPP to investigate the role of neutral lipid (DMPC) on fibrillization. hIAPP(wt)

fibrillization was accelerated by DMPC without salt.

So far we have considered the effect of negatively charged lipid membranes, that is

binary compositions of zwitterionic POPC and negatively charged POPS. In my

experiments concerning hIAPP incubated in buffer only, the addition of NaCl

resulted in a reduction in the lag time. Inclusion of liposomes composed only of PC,

together with the addition of NaCl, resulted in an even greater acceleration in the

kinetics of hIAPP fibrillization, consistent with an additive effect. The presence of

PC liposomes alone did not have the same accelerating effect. Thus this data

indicates that the presence of NaCl makes interaction of peptide with neutral

membrane more favourable. A couple of groups have provided evidence for

C-terminal interaction with lipid membranes through molecular dynamics. Qian

et al. (2016) show that the adsorption process of monomeric hIAPP to bilayers

composed of either zwitterionic (POPC) or anionic lipids (POPG) is different. They

found that biding of hIAPP to POPC with 0.1 M salt resulted in IAPP that had a

more restricted C-terminus, with burial into the membrane; use of negatively

charged POPG resulted in C-terminus that was more free. Through molecular

modelling it was also shown that under low pH condition, His-18 acts as an anchor,

limiting the flexibility of the amyloidgenic region of the C-terminus. At neutral pH,

His-18 is not protonated and it is thought that this allows the C-terminal region to

be more flexible and therefore might contribute to the acceleration of fibrillization

(Skeby et al., 2016). The result of the tryptophan burial data of hIAPP(Y37W) are

not in line with this. The only condition that results in burial of the C-terminus is

PCPS lipid in 20 mM HEPES. In the other conditions this suggest that the

C-terminus is more free.
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The results from my experiments also contrast with those from other studies, Caillon

et al. evaluated lipids of various charges and chain lengths, and in various membrane

geometries, for their effects on the fibrillization and secondary structure of hIAPP

and their results differed from mine. They found using a ThT assay that compared

with a lipid free system, addition of POPC liposomes resulted in an increase in lag

time (Caillon et al., 2013). However, lag times calculated from changes in β-structure

determined by CD, showed a reduction in lag time of hIAPP fibrillization incubated

with POPC as compared to a lipid free environment. There is no explicit attempt

to address this inconsistency but it is important to acknowledge that differences in

experimental observations may be due, in part, to the use of peptide dissolved in

different solvents; peptide prepared from a DMSO stock was used in the ThT assay

and peptide from a HFIP sock was used in CD measurements. There has been

consideration of the effects of different solvents on membranes. Indeed, Miranker et

al., when first investigating the role of lipids on IAPP assembly, adopted DMSO as

the solvent of choice since HFIP was shown to accelerate both fibrillization of hIAPP

as well as perturb lipid membranes at low V/V% (Knight and Miranker, 2004).

Interestingly it has been shown that leakage of DMPC LUVs is possible after

incunation of hIAPP(wt) and that there is a lag phase before initiation of leakage

which seems to correlate with ThT fibrils growth (Milardi et al., 2011). Aβ has also

been found to perturb PC membranes (de Planque et al., 2007). Kinnunen et al.

(2015) show, like many others, that PC only liposomes, specifically SOPC slows

down fibrillization in comparison to bulk. Addition of NaCl in the absence of lipid

results in a decrease in lag time for fibrillization (Marek et al., 2012).

In conclusion, we find that changes to the peptide that might be considered to be

minor can profoundly effect the fibrillization and membrane perturbation potential

of hIAPP. In the next chapter we report a novel type of membrane perturbation not

currently attributed to hIAPP, that of lipid mixing and membrane fusion.
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Chapter 4

Lipid Mixing

4.1 Introduction

The preceding chapter concerned itself with establishing the interaction of IAPP

variants with lipid membranes and resultant leakage. In this chapter I describe the

ability of hIAPP to cause lipid mixing between liposomes, an effect not previously

ascribed to hIAPP. A correlation between lipid mixing and fibrillization is also

discussed. Additionally, I show that the process of lipid mixing can be modulated

through the use of the zinc.

A recent publication points to hIAPP being capable of inducing curvature in lipid

membranes (Kegulian et al., 2015) and hIAPP was found to have a preference for

membranes with high negative curvature (Smith et al., 2009); such behaviour is

consistent with an ability to induce lipid mixing between membranes, and indeed

fusion of liposomes. Induction of fusion between membranes has been described for

fragments of amyloid proteins including C-terminus of Aβ (Vestergaard et al.,

2013), prion (Pillot et al., 1997; Dupiereux et al., 2005) and α-synuclein (Fantini

et al., 2011). Full length α-synuclein has been shown to induce curvature of

membranes (Braun et al., 2012; Varkey et al., 2010; Westphal and Chandra, 2013).

However, there is no report of liposome fusion in vitro induced by a physiological,

full length, amyloid peptide. Unwanted fusion between membranes can be expected

to have disastrous consequences for the cell and fusion between organelles, for
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example the secretory granule and lysozyme, has been shown to be a contributor to

the pathology of lyposomal storage disorders (Park et al., 2016).

4.2 Results

4.2.1 Basics of FRET and assay concept

In order to investigate IAPP induced fusion, a FRET based assay was employed.

The concept and uses of FRET in the context of membrane fusion are well described

(Loura and Prieto, 2011; Marsden et al., 2011; Yoon et al., 2006; Kyoung et al., 2013)

but a brief explanation is pertinent. Implicit in the name, FRET involves the transfer

of energy from a donor fluorophore to an acceptor fluorophore. The resonance term

relates to how well the emission spectrum of the donor and the excitation spectrum

of the acceptor overlap; the larger the overlap, the more efficient the transfer will be.

For an idealised FRET pair, excitation of the donor would lead to almost complete

transfer of energy to the acceptor, without any radiative emission from the donor.

With the appropriate model, For̈ster distances can be calculated and appropriate

distance constants can be obtained for a given interaction between donor and

acceptor fluorophores. Measurement of FRET can be done either by measuring

steady state intensities of acceptor and donor emission or measuring lifetime of the

donor fluorescence. For my purposes, relative measurements of FRET were sufficient

to follow the kinetics of lipid mixing and so an intensity based assay was used.

4.2.2 Ratifying the assay

There are a variety of lipid mixing assays employing FRET-based readouts that

have been used, particularly in the study of snare mediated fusion of liposomes

(Yoon et al., 2006; Zick and Wickner, 2014; Zucchi and Zick, 2011). Lipid mixing

assays are often used to follow fusion between membranes and, for the purposes of

investigating IAPP fusion, I chose to use a FRET lipid mixing assay with the

lipophilic fluorophores DiO and DiI, as donor and acceptor, respectively. Although
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• FRET assay:
• DiO as donor (max excitation ~480nm)

• DiI as acceptor (max emission ~ 580nm)

Lipid mixing 

Mixing=FRET 

Figure 4.1. Cartoon of lipid mixing assay. Two populations of liposomes are
mixed toegther. One population has donor fluorophores (D), shown in green circles, in
the lipid membrane and the other liposome population has acceptor fluorophores (A),
shown in red cricles. When D and A fluophores are brought close enough together, due
to lipid mixing by fusogenic peptide, FRET between D and A is possible (shown by
yellow arrow). Subsequently, direct excitation of D results in a simulatenous decrease
of its own emission and an increase in emission from A.

FRET-based lipid mixing assays are relatively well established, there are a few

caveats that need to be considered when designing an assay. In particular certain

aspects relating to the mixing of fluorophores with lipids became apparent and

warrant a brief explanation.

Initially the use of a dye to lipid ratio of 1:1000 was used, resulting in relatively poor

signal to noise (S/N) ratios. In order to keep consistency between methods in terms

of lipid concentrations but to increase the signal to noise ratio, this was eventually

increased to 1:20. Secondly, there was a concentration dependent effect in the ability

of the dye to incorporate into lipid, since preparation of lipid films with identical

proportions of dye, but dried from differing amounts of added solvent, resulted in

liposomes preps with significantly different fluorescence intensities. This was taken

into account when producing liposome with varying amounts of lipid.

Such high ratios of dye to lipid are not uncommon, especially in dequenching

approaches, but in order to rule out changes in fluorescence other than lipid mixing,
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a few control experiments were undertaken. To exclude the possibility of micellised

donor and acceptor dyes interacting due to amyloid formation, donor and acceptor

populations of dyes were prepared without lipid and incubated with the relevant

peptide. A low fluorescence emission from dye without lipid is expected since the

fluorescence emission of carbocyanine dyes are known to increase many-fold when

incorporated into lipid. In this case the acceptor and donor signals, before addition

of peptide, were negligible compared to lipid preparations containing dye.

Importantly, there was no significant change in the donor signal, demonstrating no

mixing of fluorophores took place.

As mentioned, intensity based measurement of FRET can be done using either a

decrease in donor fluorescence emission or an increase in acceptor emission. Increase

in acceptor emission under ‘FRET excitation’ conditions is often used to follow FRET.

It was found that donor emission would increase when incubated with non-fluorophore

liposomes. Because the precise density of fluorophores in liposome membranes was

unknown and the uncertainty of how lipid mixing would change fuophore density, I

decided to use a decrease in donor emission as a measure of FRET and, by extension, a

measure of heterotypic mixing of lipid vesicles. An idealised population of liposomes,

composed of DiO and DiI was used to represent the maximum amount of lipid mixing;

in this case the individual F:L ratios would change from 1:20 before lipid mixing fusion

to to 1:40 after lipid mixing.

The non-amyloid peptide mastoparan which was previously shown to cause leakage

of PCPS liposomes, was demonstrated to cause lipid mixing of liposomes of the same

composition (fig. 4.2, upper panel). Mastoparan has previously been shown to cause

fusion of liposomes (Yandek et al., 2009) and so it is used here as a positive control.

Concurrently, a separate population of liposomes was incubated with mastoparan

and the intensity of ThT was measured without an increase indicating a lack of

fibrillization as expected (fig. 4.2, lower panel). The quenching was very rapid and

already reaches 60% during the dead time of the measurement. These experiments

confirmed mastoparan caused lipid mixing without formation of amyloid.
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Figure 4.2. Mastoparan causes fusion of negatively charged liposomes.
Kinetics of lipid mixing (upper panel) and fibrillization (lower panel) over 1hr as
result of the addition of 25 µM mastoparan to 50 µM liposomes. For each curve error
bars represent SEM (n=3).
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4.2.3 Examining fusion of negatively charged liposomes

Next we wanted to establish whether hIAPP and rIAPP could cause lipid mixing

of negatively charged liposomes. hIAPP(wt) is capable of causing lipid mixing of

PCPS (fig. 4.3, upper panel), displaying a kinetic profile that mirrors fibrillization,

indicating in this case that formation of fibrils is needed for lipid mixing. rIAPP does

not cause fusion and, as expected, does not produce fibrils (fig. 4.3, lower panel). The

use of DMSO at 0.81% v/v does not cause any lipid mixing. Even though DMSO

is not known to cause membrane perturbation to same degree as commonly used

solvent HFIP (Knight and Miranker, 2004; Wang et al., 2014) it was important to

establish that DMSO at this concentration did not cause lipid mixing. It is clear that

at this concentration DMSO does not affect the membrane in a way that favours lipid

mixing; in addition, it has no effect on the fluorescence emission of ThT.

Next we looked at the influence of high ionic strength in the form of 100 mM NaCl. As

rIAPP did not exhibit a lipid mixing ability, we continued only with hIAPP variants

when investigating the influence of various ionic factors. It is clear that NaCl has

the effect of retarding the emergence of lipid mixing. Again this kinetic profile is

mirrored in fibrillization, with an increase in the lag phase. The presence of NaCl

alone has little effect on lipid mixing. Interestingly, the presence of NaCl has the

effect of lowering the ThT intensity at which the growth curves plateau, suggesting

a lower amount of fibril mass at steady-state.

Addition of zinc has a modulatory effect on lipid mixing. The presence of 500 µM of

zinc results in a dramatic change in the lipid mixing kinetics of negatively charged

PCPS liposomes induced by hIAPP(wt), with a clear transformation from a sigmoidal

profile with a lag phase to one of mono-exponential growth. There is also a profound

effect on fibrillization, with a complete absence of any fibrillization as measured by

ThT fluorescence.

One concern was that the presence of zinc interferes with the ThT assay. From

the groups that have used zinc in ThT assays Brender et al. (2010) visualised the

effect of high concentration of zinc on hIAPP using EM. They found that there was a
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Figure 4.3. Ability of hIAPP and rIAPP to cause lipid mixing of negatively
charged liposomes. Kinetic traces of lipid mixing (upper graph) and fibrillization
(lower graph) of rIAPP and hIAPP (4.2 µm) incubated with negatively charged
populations of DiO and DiI liposomes (total lipid concentration 50 µM. Each curve
represent n=3 and error bars are the SEM).
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Figure 4.4. Effect of high ionic strength on fibrillization of hIAPP(wt) and
lipid mixing of negatively charged liposomes. hIAPP(wt) (4.2 µm) incubated
with DiO and DiI liposome populations (total lipid concentration of 50 µm), with and
without 100 mM of NaCl. Kinetic trace of lipid mixing (upper panel) and fibrillization
(lower panel). Each curve represent n=3 and error bars are the SEM.
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Figure 4.5. Zinc accelerates lipid mixing of negatively charge PCPS
liposomes whilst blocking fibril formation. hIAPP(wt) (4.2 µM) incubated
with DiO and DiI liposome populations (total lipid concentration of 50 µM), with
and without 500 µM of ZnCl2. Kinetic traces of lipid mixing (upper panel) and
fibrillization (lower panel). Error bars for each curve represent SEM (n=3).
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substantial reduction in fibrils in the presence of zinc consistent with the results using

zinc in ThT assays. I additionally confirmed that there was no effect of zinc on the

ThT assay by producing IAPP fibrils and subsequently adding ThT in the presence

and absence of zinc. In both cases there was an increase in emission, consistent with

zinc not interfering with ThT binding to fibrils.

Several different concentrations were used to further examine the effect of zinc on

lipid mixing. Concentrations of 0, 50 and 200 µM zinc resulted in the same change

in kinetics. Control reactions with zinc show a gradual increase from baseline, but

the summation of the percentage change from hIAPP and zinc separately is less than

when combined. This indicates that it is the combined effect of hIAPP and zinc

that is responsible for acceleration of fusion. However it is only possible to draw a

conclusion regarding the effect of zinc up to a concentration of 500 µM. At higher

concentrations, the contribution of zinc to lipid mixing was at a level that the sum

of percentages of lipid mixing from peptide and zinc alone was equal to peptide

and zinc together. Therefore, it is not possible to draw conclusions about how zinc

modulates lipid mixing at concentrations higher than 500 µm. However, at the lower

concentrations it is clear that zinc has a major effect in shifting the kinetic profile of

lipid mixing.

I also wanted to check that hIAPP(Y37W) was able to cause lipid mixing and was

also amenable to modulation by zinc (fig. 4.7,top panel)). Indeed, hIAPP(Y37W)

does cause lipid mixing and correlates with the kinetics of fibrillization. Similar to

hIAPP(wt), the addition of zinc to hIAPP(Y37W) has a major accelerating effect,

resulting in transformation to mono-exponential kinetics. The presence of zinc also

abolishes fibrillization of the hIAPP(Y37W).

Since hIAPP(W38) did not mirror the fibrillization and leakage kinetics of hIAPP(wt)

(Chapter 3), its relevance to pathological or physiological fusion was not a primary

interest. However, it was of interest to see if the addition of tryptophan resulted in

a change in fusogenic potential in line with its effect on leakage kinetics the ability

of hIAPP(W38) to induce lipid mixing is substantially reduced compared to both
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Figure 4.6. Effect of different concentrations of zinc on hIAPP(wt) induced
fusion. Two populations of PCPS liposomes (DiO and DiI) were incubated with
various concentrations of ZnCl2 with hIAPP(wt) (a and b) and without hIAPP(wt)
(c and b). Error bars for each curve represent SEM (n=3).

64



0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
0

2 0
4 0
6 0
8 0

1 0 0
1 2 0

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0

0
5 0 0 0

1 0 0 0 0
1 5 0 0 0
2 0 0 0 0
2 5 0 0 0
3 0 0 0 0
3 5 0 0 0

 h I A P P ( Y 3 7 W )  +  0  u M  Z i n c  h I A P P ( Y 3 7 W )  +  5 0 0  u M  Z i n c
 h I A P P ( W 3 8 )  +  0  u M  Z i n c  h I A P P ( W 3 8 )  +  5 0 0  u M  Z i n c
 D M S O  +  0  u M  Z i n c  D M S O  +  5 0 0  u M  Z i n c

Qu
en

ch
ing

(%
)

Th
T I

nte
ns

ity 
(ar

b. 
un

its)

T i m e
Figure 4.7. Tryptophan variants also cause lipid mixing of negatively
charged lipids. Donor(DiO) and acceptor(DiI) populations of PCPS liposomes
incubated with 4.2 µM of hIAPP(Y37W) or hIAPP(W38), in the presence or absence
of ZnCl2. Lipid mixing (upper panel) and fibrillization (lower panel). Error bars for
each curve represent SEM (n=3).
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hIAPP(wt) and hIAPP(Y37W) (fig. 4.7, top panel). The reduced capacity for lipid

mixing is in line with a reduced capacity to induce leakage, as well as a reduced

potential for fibrillization. As is apparent, the ThT emission is a more noisy than in

previous kinetics traces for fibrillization. The issues in reproducibility of ThT assays

and the stochastic effects on kinetics have been discussed in the literature (Hudson

et al., 2009; Giehm and Otzen, 2010; Eisert et al., 2006) attention. In the case of

hIAPP(W38) and hIAPP(Y37W), there appears to be slightly more variability in the

fibrillization profiles than with hIAPP(wt).

4.2.4 Neutral liposomes

In the previous chapter we see that the presence of neutral liposomes in the presence

of high ionic strength results in an acceleration of fibrillization. For completeness, I

investigated whether the presence of high ionic strength and zinc resulted in induction

of lipid mixing of neutral liposomes by IAPP.

As expected, there was no increase in quenching, suggesting that there is no lipid

mixing. Instead there is a decrease in the quenching, resulting in negative percentage

values. There are a few possible reasons for this. One explanation is that DiO in PC

only liposomes is arranged in the membrane in such a way that its fluorescence is

quenched. Upon addition of DMSO, for example, there is a rearrangement such that

DiO molecules are not quenched, raising the intensity of DiO, resulting in negative

percentage value for quenching. Negative values for the percentage of quenching are

seen again with the addition DMSO and NaCl together. Interestingly, addition of

hIAPP(wt) removes the effect of NaCl. The acceleration in hIAPP(wt) fibrillization

with the addition of NaCl shown previously in Chapter 3 is reproduced here together

with the trace for lipid mixing. Despite an increase in ThT emission consistent with

fibrillization, there is no lipid mixing, evidenced by no increase in quenching. The

effect of zinc on lipid mixing of PC vesicle is shown in figure 4.10. In this case there

is no fibrillization or lipid mixing. Although there is still an effect in the form of a

negative value for quenching from the addition of zinc alone (fig. 4.10), it is not as
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Figure 4.8. hIAPP and rIAPP are not able to cause lipid mixing of neutral
membranes. Donor(DiO) and acceptor(DiI) populations of PC liposomes (50 µM)
were incubated with 4.2 µM of hIAPP(wt) or rIAPP(wt); lipid mixing (upper panel)
and fibrillization (lower panel). Error bars for each curve represent SEM (n=3).
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Figure 4.9. Addition of NaCl does not enable lipid mixing of PC liposomes
by hIAPP(wt). Donor(DiO) and acceptor(DiI) populations of PCPS liposomes (50
µM) incubated with 4.2 µM of hIAPP(wt), in the presence or absence of 100mM
NaCl; lipid mixing (upper panel) and fibrillization (lower panel). Error bars for each
curve represent SEM (n=3).

profound as that with NaCl (fig. 4.9). It is unclear why there is negative quenching

but one possibility is that the DiO and DiI partition differently in different order

domains (Baumgart et al., 2007).

4.2.5 Evidence of content mixing

Having established lipid mixing, it was of interest to see if content mixing was taking

place. Throughout this chapter I have referred to lipid mixing and not explicitly to

fusion. This is because although lipid mixing is consistent with fusion taking place,

transfer of lipid form one bilayer to another can take place through the hemi-fusion.

Although it is common to use evidence of lipid mixing as the sole identifier of fusion,

we decided to investigate whether there was content mixing
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Figure 4.10. Addition of zinc does not enable lipid mixing of PC liposomes
by hIAPP(wt). Donor(DiO) and acceptor(DiI) populations of PCPS liposomes (50
µM) incubated with 4.2 µM of hIAPP(wt), in the presence or absence of 100 mM
NaCl; lipid mixing (upper panel) and fibrillization (lower panel). Curve represent
n=3 and error bars are the SEM.

In order to find evidence for content mixing and also gain information about the

structure of the membrane, we decided to use electron microscopy to image

liposome populations with different sizes of gold. Fusion resulting from the addition

of peptide is visible as the presence of both sizes of gold in a membrane bound

structure. Standard negative stain EM was performed.

PCPS liposomes were incubated with mastoparan and it is clear that both sizes of gold

are present in the same membrane structure (fig. 4.11). The same PCPS liposome

mixture was incubated with hIAPP(wt) (fig. 4.12). The number of gold particles

present, of both sizes, is not as high. However, it is evident from both micrographs

that the presence of either size of gold particle is associated with liposome membrane.

This indicates that different size gold particles are only able to come into apposition
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if associated with membranes. This is mostly likely due to induction by the fusogenic

peptide but it is also possible that the process of negative staining can cause the

appearance of fusion.

To my knowledge this is the first documentation of lipid mixing by hIAPP and as

such the dynamics of such a process are unknown. Unlike mastoparan, hIAPP exists

in different structural states, evolving from monomer to oligomeric assembles and

fibrils. How this affects dynamics of fusion, such as the number of rounds of fusion

a particular IAPP assembly can participate in, is unknown. The abundance of gold

particles in liposomes incubated with mastoparan may be the result of many rounds

of fusion compared to that of hIAPP(wt), where gold particles are not as numerous.

The previous discussion brings me to the more general issue of quantifying a process

such as fusion. EM is an extraordinarily good technique for visualising the component

dynamics of processes such as fusion on individual particles and at high resolution.

Much information about fibrils assembly has been gained from EM. However, it is

a necessarily destructive technique with the potential for unexpected artefacts due

to the preparation process, particularly for negative stain EM and in relation to

structures such as liposomes. Cryo-EM is a modality which offers more protection

against such artefacts. However, the use of EM as a tool for following fusion is limited

by the number of events that can be viewed. Coupled with the desire to follow kinetics

of a process such as fusion, EM does not lend itself to being the first choice modality.
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Figure 4.11. TEM micrograph of fused PCPS liposomes after incubation
with mastoparan. Liposomes from two different populations, containing 5 nm
and 20 nm gold particles, incubated with 25 µM mastoparan. Mastoparan, was
incubated with a mixture of liposomes made up from the two populations. In the
EM micrograph, two sizes of gold particles can clearly be seen distributed amongst
the liposomes.
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Figure 4.12. TEM micrograph of fused PCPS liposomes after incubation
with hIAPP(wt). Two different populations of liposomes containing 5 and 20 nm
gold particles were incubated with 4.2 µM hIAPP(wt); evidence of fusion from the
presence of both 5 nm and 20 nm in close apposition.
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4.3 Discussion

The ability of hIAPP to induce fusion is firstly dependent on the presence of sufficient

negative charge in the membrane and secondly, at most a six amino acid difference

from rIAPP. This sequence difference involves a difference in structure. From the data,

the kinetic correlation between lipid mixing and increase in ThT emission implies that

it is due to a change from a structure that is mostly α-helical to one that contains β

sheet.

However, there is the possibility of threshold effect. Since the binding of ThT to

amyloid causes a change in the spectral properties such that there is a change in

fluorescence emission. hIAPP fibrillization is accelerated due to peptide interacting

with lipid membrane, therefore it is difficult to separate fusion from fibrillization.

Threshold effects of the assay could mean that fusion is actually happening before

any fibrillization has taken place but that it is not measurable. Therefore, it is

more appropriate to be appropriate to compare Time till half maximal intensity (t 1
2
)

rather than lag times. The estimated t 1
2

value is 130 minutes for lipid mixing of

PCPS by hIAPP(wt) and 20 minutes for ThT emission. This implicates formation

of assemblies with β sheet structure are important inducing fusion. At this point,

one cannot say in what form hIAPP(wt) is fusogenic. Use of hIAPP tryptophan

variants provided interesting results with hIAPP(Y37W) and hIAPP(W38) having

strikingly different abilities to induce fusion. Both peptides have a sigmoidal kinetic

profile but incubation of hIAPP(W38) results in substantially less lipid mixing. We

have previously seen that hIAPP(W38) has a reduced ability to form ThT positive

material.

As zinc appears at relatively high concentration in the secretory granule (Li, 2014),

it was pertinent to explore its effect on lipid mixing. hIAPP with 500 µM clearly

results in an acceleration of quenching over hIAPP alone. However, it is clear that

zinc alone also hase the ability to facilitate liposome fusion as shown by the slow rise

in amount of quenching. Strikingly, acceleration of lipid mixing is not accompanied

by any increase in ThT intensity consistent with a lack of hIAPP adopting a β
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sheet structure. Interestingly, inclusion of zinc results in a switch in the kinetics of

lipid mixing by hIAPP(Y38W) and hIAPP(W38), resulting in near identical profiles.

This result suggests that whatever the structure of the assembly that causes lipid

mixing, extension of the C-terminus affects its ability to do so. However, addition of

zinc results in hIAPP(W38) having the same lipid mixing profile as hIAPP(Y37W),

while simultaneously halting fibrillization of either peptide within the timescale of

measurement. It seems that zinc interacts with part of the peptide in a way that

increases the abundace of species capable of causing fusion, but prevents formation

of conformations that bind ThT. Are these structures off-path conformations?.

In solution, it was found that hIAPP rapidly associate into transient low-order

oligomers such as dimers and timers (Wei et al., 2011) and perhaps these

conformations can be stabilised by zinc. The effect of zinc on hIAPP fibrillization

has been examined in solution (Salamekh et al., 2011; Brender et al., 2010, 2013).

Salamekh et al. (2011) investigated the effect of zinc on IAPP fibrillization and

intermediate structures with the following results. Using an mass

spectrometry (MS) approach there was a peak corresponding to the expcted

molecular weight of dimeric hIAPP. However, inclusion of zinc inhibited formation

of hIAPP dimer and mature fibres while promoting the formation of oligomers. This

led them to suggest that zinc supressed natural self-association of the peptide. They

state the crystal structure of dimeric hIAPP argues against incorporation of zinc

into a helical dimer, since in this structure the His18 is rotated away from the dimer

interface. Isothermal titration calorimetry experiments showed that zinc binds to

hIAPP with low micro molar efficiency. Since a minimum of three histidines are

required to achieve this low affinity and zinc prefers 4-6 ligands, the authors suggest

a complex of approximately one zinc for every six hIAPP (Salamekh et al., 2011). A

different action of zinc on assembly was found by Brender et al. (2013).

Stabilisation of pre-fibrillar oligomers was also found in the presence of zinc, with an

increase in density of aggregates. However, in the presence of zinc, typical fibrils are

formed at a faster rate in the presence of micromolar zinc. However their substrate
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for assembly was not lipid, but mica, and so it is difficult to draw comparisons with

use of planar lipid or liposomes.

My data is consistent with results of Salamek et al. whereby zinc stabilises an

oligomeric, off-pathway species that causes fusion; it is considered off pathway as

there is no fibrillization. Although it can not be determined from my experiments

whether such an oligomeric assembly is formed of α-helical or β sheet structures,

the possibility of both is consistent with the data. Five stacked β sheets are thought

to be necessary for binding of ThT (Biancalana and Koide, 2010). It is therefore

possible that the fusogenic species formed in the presence of zinc are made up of

stabilised oligomers that are less than this number and so unable to bind ThT.

Interestingly, the N-terminal fragment of HIV gp41 adopts small, β-strand oligomers

capable of causing fusion (Qiang et al., 2009; Gabrys et al., 2013). A fusogenic

sequence from sea urchin fertilization protein Bindin, B18, has also been shown to

be modulated by zinc (Ulrich et al., 1999). At low concentration and in the presence

of Zn2, B18 adopts a predominantly alpha-helical conformation in zwitterionic

(neutral) and negatively charged membranes, which correlates with its fusogenic

activity. Further work, using higher P:L ratios in the absence of zinc, showed the

presence of only lamellar lipid morphologies, consistent with the absence of fusion

(Grage et al., 2004). They conclude that the peptide conformation of the peptide at

high P:L ratios is not fusogenic and that in this case the structure associated with

the membrane is beta sheet (Grage et al., 2004). The results from the work on

Bindin provide further evidence that an amyloid peptide is capable of true fusion,

with an added caveat that hIAPP may also be able to cause fusion via β sheets

assemblies.

Although I have demonstrated fusion of liposomes is dependent on lipid composition

and presence of peptide, it is possible in cells that hIAPP acts in a different way to

modulate fusion between membranes. Indeed, non-aggregated α-synuclein has been

shown to inhibit SNARE dependent vesicle fusion at low concentrations (Lai et al.,

2014) by binding acidic lipids, but not v-SNARE. At low concentrations α-synuclein

oligomers have also been found to inhibit SNARE dependent vesicle fusion by a
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mechanism that requires v-SNARE interaction (Choi et al., 2013). Such a mechanism

is also plausible in the context of a pancreatic beta cell. SNARE mechanism is

important for docking of granules to the plasma membrane and interaction of hIAPP

with the SNARE components might result in inhibition of granule fusion.

One of the most common systems in which fusion has been studied is that of snare

proteins. Proteoliposomes containing SNARE proteins have been used in liposome

fusion assays in order to study which proteins are sufficient to enable fusion. SNARE

proteins in this context can be seen as a model system for several reasons. One is

that any fusion only happens between liposomes containing complementary parts of

the SNARE complex proteins and as such only heterologous fusion is possible. Also,

although vesicles have been reported to go through multiple snare mediated fusion

events (Parlati et al., 1999; Cypionka et al., 2009), the system does not evolve in such

a way that the constituent parts of the SNARE system are depleted.

In contrast to the previous example, fusion induced by amyloid peptides is

complicated by the evolution of hIAPP into higher order oligomeric structures.

hIAPP undergoes structural changes both on an individual peptide basis, from

unstructured to α-helical to β sheet, as well as ensemble changes whereby the

various individual structures can interact, eventually evolving to form highly

ordered fibrillar structures. As mentioned previously, these structural changes of

hIAPP are accelerated in the presence of lipid Therefore any fusion that takes place

does so in the context of continuous structural changes to both peptide and lipid

bilayer.

Although the sole use of lipid mixing assays to establish fusion is commonplace, the

demonstration of true fusion is often supported by a content mixing assay. In the case

of SNARE machinery, components reconstituted in an in vitro liposome system, such

content mixing is relatively simple to demonstrate due to the nature of the membrane

fusion that takes place: that of non-destructive peptide interaction. Content mixing

assay can be divided into several types: broadly these are based on 1)chelation of

a quencher; 2) chelation causing increase in fluorescence; 3) complementary binders
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e.g. avidin/biotin, dextran/concanavalin A. Having established in the chapter 3 that

the interaction of hIAPP permits considerable leakage of the molecules DPA and

Tb, molecules of the order of 0.6 kda as soon as introduced to liposomes, it was not

appropriate to use content mixing assay based on small molecule chelation. Large

binding partners have been used, such as avidin-biotin or dextran-concanavalin A,

associated with donor and acceptors for FRET, but practical limitations in terms of

labelling density of proteins required large amounts of donor and acceptor in order to

get high signal/noise. In addition, it is not possible to obtain information about the

size of liposomes or their evolution over time since these are ensemble measurements.

Therefore in the next chapter we look to a technique which enables non-destructive

measurement of individual particles to shed light on fusion of the liposomes.

4.4 Conclusion

In this chapter I have demonstrated that via a lipid mixing assay that hIAPP(wt) is

able to induce fusion of negatively charged (PCPS). This fusion is clearly modulated

by zinc resulting in two different kinetic regimes. From the data, it is not possible to

provide concrete information about the structure of the fusogenic conformations only

that it is likely that there are two conformations, one of which is not a species on the

path to fibrillization.

Although the amount of fusion induced by hIAPP(38W) is a lot lower than both

hIAPP(wt) and hIAPP(Y37W), addition of zinc results in the same amount of fusion

and kinetics. This is striking as it suggests that the mechanism by which zinc enhances

fusion is not effected by the C-terminal tryptophan addition.
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Chapter 5

Single Particle Analysis

5.1 Introduction

Having established that hIAPP can induce mixing of lipids between liposome

membranes, we were interested in how this would manifest on a single particle level.

As mentioned in the previous chapter EM is not an optimal technique for measuring

sizes of a large number of particles. A common technique for measuring particle size

is dynamic light scattering (DLS) which utilises the change in scattering intensity of

particles over time to calculate size (Maas et al., 2015). However, this technique

provides an ensemble measurement of particle size. Additionally, sizing is biased

towards larger particles. Therefore a technique which allows many particles to be

counted in solution without further manipulation or processing is desirable. A

technique with such attributes can be found in the form of NTA. Relevant

discussion pertaining to theoretical and practical aspects of NTA are included in the

exposition of the results since they are relevant in understanding both the nature of

the data and indeed what information may be derived from it.

The aims of this chapter are to establish working parameters for single particle

analysis of liposome fusion reactions and to extend the use of the FRET assay to an

NTA based context.
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5.1.1 Theory of Nanoparticle Tracking Analysis

The sizing of particles by NTA is based on using Brownian motion to calculate the

diffusion coefficient. This is achieved by shining a laser through a solution of

particles which scatter the light. This scattered light is picked up by a camera

enabling visualisation of the particles. A video recording of the scattered light is

made. The centre of each particle is tracked, frame by frame, enabling the average

distance moved by each particle to be determined. With the temperature and

viscosity of the solvent known, the sphere-equivalent hydrodynamic diameter for

each particle can then be calculated, thus producing a size distribution of particles.

This data is then used to provide the concentration of parcels as well as the particle

size distribution (PSD) for the given sample. Only particles that meet certain

criteria are include in the distribution (this is in some way dependent on number of

frames the particle has been tracked for, although the exact details of the selection

criteria are proprietary and therefore unknown). The recording of particle motion

and procedure for analysis is outlined in figure 5.1.

5.2 Results

5.2.1 Establishing parameters

5.2.1.1 Sizing and finite track length adjustment: mono and polydisperse
distributions

The ability of NTA to separate particles by size can be demonstrated using

fluorescent carboxylate beads. We separately sized five sizes of beads, at a range of

nominal sizes (100, 200, 500, 750 and 1000 nm). For each of the sizes measured we

obtained a distribution that was comparable to the nominal size (fig. 5.2). This

demonstrates that NTA can accurately determine the size of particles from

monodisperse populations, for a range of sizes. Additionally, sizes of these particles

of a nominal size are represented by a normal distribution.
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Figure 5.1. Principle of NTA. Overview of the required steps to acquire a PSD
via NTA.
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Figure 5.2. Diameters of beads of a nominal size analysed by NTA. The size
distribution of beads of various sizes were independently determined by NTA. Various
concentrations of beads were used and so the distrubutions have been normalised to
show the peak sizes. Each curve represents 1 nm binned distributions made from
three recordings of each sample. Error bars are the SEM (n=3).
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The data presented in figure 5.2 was transformed from the raw data by a finite track

length adjustment (FTLA) algorithm, implemented by the NTA software. In order

to determine any given particle’s size, the Brownian motion trajectory needs to be

tracked for a sufficient number of steps so that an accurate average value of the

step-length can be generated. Due to the very small depth of the scattering volume,

particles can often be present for a very limited period of time. This manifests

itself as a broadening of the measured distribution due to the reduction in accuracy

associated with limited duration trajectories (Carr and Wright, 2013). This artefact

can be compensated for by applying the FTLA, recovering the true distribution width

of a population of particles (Saveyn et al., 2010).

Application of FTLA is recommended for monodisperse particles (Carr and Wright,

2013) although not explicitly ruled out for polydisperse samples. A comprehensive

study by van der Pol et al. (2014), comparing various methods of measuring size

distributions of exosomes and vesicles, considered the appropriateness of FTLA. They

found that its application to raw PSDs of a reference mixture of polystyrene beads

(sizes of five nominal diameters) resulted in a decreased accuracy of the determined

mean diameters as well as an additional peak. Thus they conclude that use of FTLA

was not appropriate for polydisperse samples (van der Pol et al., 2014).

Nonetheless, the PSD of a sample containing a mixture of two distinct sizes of

particles, 200 and 750 nm, was determined with FTLA applied (fig. 5.4). This

figure is typical of the representation of size distributions. Concentration per ml (y

axis) is estimated using the the scattering volume based on the optical field of view

and the depth of the scattering beam (Carr and Wright, 2013). The x axis

represents bin centres with corresponding bin widths of 1 nm. The NTA software

accurately reveals that there are two main populations of particles in the

distribution, with peak heights of 206 nm and 711.5 nm, consistent with the

nominal diameters of the added carboxylate beads.

Additional information can be found from size versus intensity scatter plots. As

described, scattered or emitted light is the sole factor allowing visualisation of any
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Figure 5.3. Scatter plot of sample containing two size distributions of 200
nm and 750 nm particles. A solution of 200 nm and 750 nm carboxylate beads
was prepared with 10 fold higher volume of 750 nm carboxylate beads in order to
have more equal numbers of each size. The carboxylayte samples were added to 20
mM HEPES buffer, pH 7.4. Four samples were prepared and a recording of 1 minute
was made for each sample. The individual scatter plots of the raw data (1 to 4) are
represented.
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given particle. However, the intensity of scattered light can be used to resolve particles

of different refractive indices. Additionally, differential labelling of particles with

fluorophores and appropriate filters, can allow further separation of particles.

When we look at the raw scatter of size versus intensity of the two particle sample

(fig. 5.3), we can see that the population of particles around 200 nm is quite well

centred in terms of intensity, but particles around 700 nm have a range of intensities,

with the concentration density of particles at a higher intensity, as would be expected

for larger beads which should contain more fluorophore. The variation in intensity

may be due to an inherent variation in fluorophore labelling or due to aggregation

of 200 nm beads. Therefore, one can see that examination of both size and intensity

can provide more information about the nature of the sample.

The use of NTA is not as widespread as other sizing modalities and this is reflected

in the extent of the literature. When NTA is used to deterimine sizes of biologically

relevant particles, such as EVs, the application of FTLA is often not explicitly referred

to. In addition, information such as size of bins is often not reported, making it

difficult to draw conclusions about the appropriateness of parameters for acquisition

and subsequent analysis of data. Biological samples are often classed as polydisperse

as technically there is more than one size of particle present. We expect that a

polydisperse sample of particles such as beads prepared to be a certain size will

easily be separated when such a procedure as the FTLA is applied to the raw data.

However, the application of FTLA is not appropriate to resolve major populations

of particles in a polydisperse sample. The situation appears to be more complicated

when there is a change from a normal distribution. If the underlying distribution of

a polydisperse population is made up of particles which are themselves represented

by a normal distribution, then resolving the sizes in the population is simple enough.

However when this underlying distribution changes in a way in which the specifics

of the distribution are unknown, the underlying distribution of such a population

can no longer assumed to be normal. Such a situation might be expected from

fusion of liposomes by amyloid peptides due to the possibility of different fusogenic
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Figure 5.4. Sizes of two populations of beads resolved in a single sample.
The data from fig. 5.3 represented as a histogram showing 200 and 750 nm beads
separated by size. The FTLA has been applied in this case as the 2 populations
are expected to be normal distributed. 1 nm binned distributions made from four
recordings of each sample. Error bars represent SEM (n=4).
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confirmations of hIAPP as well as the interconversion between these confirmation in

time.

5.2.1.2 Creating PSDs from measurements in scatter and fluorescence
mode

The videos used in processing are acquired on a standard camera. The scattered light

recorder by the camera is determined by several parameters which may be set by the

user: camera shutter, camera gain and camera histogram. A series of pre-set camera

levels, with various settings of these parameters, are pre-loaded, however all settings

are independently modifiable. Manipulation of these parameters are necessary for

optimal sizing as subsequent analysis of the data is affected in various ways.

One important factor when recording videos for analysis in scatter versus

fluorescence mode is to do with the nature of the light. The intensity of scattered

light from a particle is related to the diameter of said particle by the sixth power,

and is therefore non linear. This poses a problem when trying to record scatter from

particles whose sizes differ considerably as parameter settings optimised for lower

intensity can result in saturation of the camera detector but settings optimised for

higher intensity particles can lead to particles of smaller sizes not being measured.

In the case of liposome fusion, the use of fluorescence mode goes some way in

avoiding this problem. If we assume that membranes are labelled with fluorophore

at a constant density, then the amount of fluorophore on the liposome should vary

linearly with the surface area. This helps to bring particles of different sizes within

the dynamic range of a setting. However saturation is still possible, depending on

how large the particles actually become, and therefore how much fluoroscope is

present in total.

5.2.2 Determining PSDs using FTLA and raw data

Measurement of the size distribution of PCPS liposomes using FTLA made by

extrusion through membranes of a nominal 400 nm pore size reveals the diameter of

the resultant liposomes to be significantly smaller, with a peak diameter of 214 nm
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Included Files
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Capture 2016-07-18 17-50-40

Capture 2016-07-18 18-17-26

Details

NTA Version: Unknown

Script Used:

Time Captured:

Operator:

Pre-treatment:

Sample Name:

Diluent:

Remarks: Created from combined experiments: cont pcps 

rep 1 fluor.nano, cont pcps rep 2 fluor.nano, 

cont pcps rep 3 fluor.nano

Capture Settings

Camera Type: sCMOS

Camera Level: Unknown (NTA 3.0 Levels)

Slider Shutter: 350

Slider Gain: 350

FPS 25.0

Number of Frames: 5371 - 6445

Temperature: 23.5 - 23.6 oC

Viscosity: (Water) 0.918 - 0.920 cP

Dilution factor: Dilution not recorded

Syringe Pump Speed: 60

Analysis Settings

Detect Threshold: 5

Blur Size: Auto
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Results

Stats: Merged Data

Mean: 207.0 nm

Mode: 213.5 nm

SD: 69.5 nm

D10: 111.6 nm

D50: 207.1 nm
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Stats: Mean +/- Standard Error

Mean: 211.2 +/- 13.2 nm
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SD: 64.1 +/- 5.8 nm

D10: 128.0 +/- 23.7 nm

D50: 207.3 +/- 13.2 nm

D90: 293.5 +/- 5.9 nm

Concentration: 7.02e+008 +/- 1.28e+008 particles/ml

35.6 +/- 6.5 particles/frame

40.4 +/- 6.2 centres/frame

Figure 5.5. Typical size distribution of liposomes used in experiments. The
size distribution is of PCPS liposomes in 20 mM HEPES, pH 7.4, extruded using a
400 nm NC filter. FTLA has been applied. The mean size of 214 nm is much lower
than the nominal size of the NC filter. The green area represents +/- 1 SD (n=3).

(fig. 5.6). In addition, it is clear that the width of the liposome distribution is quite

wide compared to the measurements of the fluorescent beads. Indeed, the

distributions of the nominal sized 100 nm, 200 nm and 500 nm beads have a

distribution width of about 100 nm, 50 nm, and 200 nm respectively; liposomes

have a distribution width of almost 400 nm. In addition, FTLA representation of

the liposome distribution produces a small shoulder at 92 nm. However, if we

assume that the population is monodisperse and represented by a Gaussian

distribution, this means there are substantial number of liposomes with sizes above

and below the mean size. The distribution of the liposomes in figure 5.6 data has

been plotted using binned raw data. Here the shoulder at 92 nm is no longer

apparent. This emphasises how FTLA application should be used with caution.

There are two important points to be made regarding this result. The first is that

the assignment of pore diameters, as being representative of the diameter of extruded
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Figure 5.6. Normalised frequency distribution of a population of PCPS
liposomes. Same data as in fig. 5.5 but without FTLA. One can see that the peak
diameter is quite similar as data with FTLA applied, howver the shoulder at 92 nm
is no longer apparent. Red error bars represent SEM (n=3).
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liposomes, should be done with caution. Many studies, in which liposomes have been

prepared by extrusion, use NC membranes with pore sizes of 100 nm and often this has

been used as a correlate for the diameter of the liposomes. Indeed, measurement of

the size distribution of liposomes prepared by extrusion of 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC)/1,2-Dipalmitoyl-sn-glycero-3-phosphoserine (DPPS) lipids

in solution through 100 nm NC membranes, reveals a distribution around 100 nm

(Jean et al., 2016). However, many studies have used NC membranes with pore sizes of

larger nominal diameter. In these cases, determination of liposome size distributions

is often through DLS, known to be biased towards particles of larger sizes (Murdock

et al., 2008), or through EM, in which the number of particles that can be reasonably

measured is orders of magnitude lower than with NTA. The purpose of some of these

studies has been to investigate the relevance and effect of membrane curvature on

various peptide induced dynamics (Chong et al., 2014). In these cases, it is not

difficult to imagine that the accurate (or inaccurate) sizing of liposomes can have

profound consequences on conclusions drawn, particularly on the proclivity a peptide

for certain curvatures, therefore accurate sizing of starting population should not

seen as inconsequential. The second point is, depending on the dynamics of fusion,

starting with a population of liposomes with a wide distribution of sizes may have

a bearing on the conclusions drawn about the resultant distribution. In order to

look at the influence of size, and by extension curvature, it is desirable to make

liposomes with a narrow distribution. This is applicable both when investigating

fusion between vesicles of the same size (homotypic) and that between vesicles of

different sizes (heterotypic). With such wide distributions of sizes, it was not possible

to experimentally determine how the size of liposomes affected fusion.

5.2.3 Effect of peptide on size distribution of liposomes

5.2.3.1 Mastoparan with PCPS

After addition of mastoparan to PCPS liposomes we can see that there are larger

particles in the distribution that were not present before, consistent with fusion having
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Figure 5.7. Size and intensity distrubution of liposomes with and without
mastoparan. PCPS liposomes (50 µM) with (bottom panel) and without (top panel)
mastoparan (25 µM) were incuabted at 37oC for 10 minutes. Samples were diluted
100 times the size distribution of particles measured. The scatter plot shows the
distrubutions from 3 seperate samples for each condition.

taken place (5.7). Each of the particle distributions are calculated from a video

recording of 270s (4.5 minutes).

5.2.3.2 Timecourse of lipsomes fusion with addition of hIAPP(wt)

To illustrate an increase in size over time, I added hIAPP(wt) to PCPS liposomes

and measured every 30 mins (fig. 5.8). The change in size distribution is over 360

mins (6 hrs) is shown. There is clearly a decrease in the peak concentration overall.

In addition, at 360 mins there is the appearance of small peaks at around 600 nm

and 800 nm. However this data has had the FTLA applied. If we look at at the

size distribution of particles constructed using the raw data (fig. 5.9), we see an

emergence of particles of a larger size but without distinct peaks present, as seen

previously. There are a couple of observations to report. Firstly, we see there is

an increase in the proportion of larger particles and, secondly, there is an increased
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Figure 5.8. Change in size of PCPS liposomes incubated with hIAPP(wt).
hIAPP(wt) (8.4 µM) was added to PCPS liposomes (50 µM). The change in PSD
was measured over 6 hours. FTLA has been applied.

kurtosis of the distribution. It is possible that only the larger particles are becoming

fused but in order to test this it would be necessary to produce a liposomes with

a narrower size distribution. In addition the two distributions are quite different,

emphasising the impact of FTLA on polydisperse PSD.

The NTA has previously been used to look at changes in size distributions, for

instance, when investigating protein aggregation (Filipe et al., 2010). However in

these cases, there is no ‘actual’ starting size distribution as the sizes of monomeric

proteins are below the resolution of particle sizes that can be measured by NTA. In

addition the use of the FTLA produces peaks which may not be representative of

the actual distribution. Because of the changes in representation of the distribution

by the application of FLTA on my data, I decided to take the particle data as is;

that is to say distributions are represented by a scatter plot with each point

representing a particle, with size on the x-axis and intensity on the y-axis, measured
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Figure 5.9. Normalised frequency distribution of PCPS liposome sizes
incubated with hIAPP(wt). The graph was produced by normalising, by
percentage, the number of particles within each bin (10 nm) for each timepoint
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during analysis of the video.

Because I was not able to control temperature during repeated video captures, I

decided to capture a single timepoint of the effect of hIAPP(wt) on fusion of PCPS

liposomes after 30 minutes incubation at 37oC. This timepoint was chosen as it was

still within the lag phase of amyloid fibrillization of hIAPP(wt) and enabled examine

the the effect of zinc on hIAPP induced fusion of PCPS liposomes before fibrillization

of peptide.

We recapitulated the experiment that had been undertaken in the lipid mixing assay,

looking at the effect of zinc on the transformation of hIAPP into a fusogenic peptide.

We can see that the addition of DMSO does not have a marked effect on the size

distribution (fig. 5.10a). Upon addition of hIAPP(wt) alone, there are few particles

of increased diameter (fig. 5.10b). Addition of zinc alone results in fusion of particles,

consistent with the results from the lipid mixing assay (Chapter 4). Addition of

hIAPP(wt) and zinc results in a big change in the distribution of particles. These

results are consistent with zinc causing hIAPP(wt) to take on a structure that is more

fusogenic than hIAPP(wt) without zinc, during the lag time before fibril formation.

5.2.3.3 The effect of hIAPP, mastoparan and zinc on liposome fusion

We next looked at the role of lipid composition on the ability of hIAPP(wt) and

mastoparan to induce fusion. First, we looked at its effect on liposomes consisting of

PC only (Neutral charge), again at the 30 min timepoint. The results of DMSO and

DMSO + zinc on neutral liposomes has no effect (fig. 5.11, a and c). Addition

hIAPP(wt) had no real effect compared to DMSO (fig. 5.11d). Surprisingly,

mastoparan had a clear effect. This is in contrast to the lack of leakage by Tb-DPA

assay; it is possible that mastorparan induced fusion proceeds by a different

mechanism. We also looked at the effect of peptide on PS only liposomes. Mirroring

the results using PC only, both DMSO and DMSO+zinc do not produce liposomes

of larger sizes (fig. 5.12, a and c). Addition of mastoparan also results in large

change in the size distribution (fig. 5.12b). However there is now a more noticeable
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Figure 5.10. Effect of hIAPP on size of PCPS liposomes with and without
zinc at 30mins. PCPS lipsomes (50 µM) had either DMSO (a), 500 (µM) zinc
(b), hIAPP(wt) (4.2 µM) (c), and both hIAPP(wt) (4.2 µM) and zinc (500 µM)
added. Each panel consist of 3 biological replicates (labeled 2-4) each depicteed in
the scatter plot as black, red and blue. For each comparison the bilogical repeats
were summed and comparison between distributions under different conditions using
the Mann-Whitnney test. At the 0.05 level, the size of particles in (d) signifncatly
tend to be bigger than (a). The size of partciles in (d) also significantly tend to be
bigger then (b) and (c). This shows that zinc has the effect of enabling more rapid
fusion of lipsomes by hIAPP(wt).

effect on size distribution of liposomes composed of PS, with the appearance of

particles of both smaller and larger sizes.
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Figure 5.11. Fusion of PC liposomes by hIAPP and mastoparan. 50 µM of
PC liposomes were incubated for 30 mins with DMSO (a), mastoparan (25 µM) (b),
DMSO and 500 µM zinc (c), 4.2 µM hIAPP(wt) and 500 µM zinc (d). After 30 mins
the samples were diluted 100 times and the particle size distributions were measured.
Each scatter plot represents a single experiment.
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Figure 5.12. Fusion of PS lipospmes by hIAPP(wt) and mastoparan. 50
µM of PS liposomes were incubated for 30 mins with DMSO (a), mastoparan (25 µM)
(b), DMSO and 500 µM zinc (c), 4.2 µM hIAPP(wt) and 500 µM zinc (d). After
30 mins the samples were diluted 100 times and the particle size distributions were
meausred. Each scatter plot represents a single experiment.
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5.2.4 Extending the use of NTA

We wanted to extend the use of NTA by using fluorescence based techniques used in

other platforms, such as the plate reader, with the idea being to follow heterogeneous

fusion between liposomes of different compositions, luminal content, and indeed sizes.

5.2.4.1 FRET

One possible utilisation of a fluorescence based approach is to extend the use of the

NanoSight to the lipid mixing assay by follow the emergence of particles based on

emission resulting from FRET or from dequenching of a fluorophore. The former

approach is most desirable as it would allow one to follow heterologous fusion as well

as homologous fusion.

The approach was to use the same fluorophore pairs as with the lipid mixing assay.

By using the 488 nm laser unit to excite the donor DiO fluorophore, acceptor

fluorophores DiI with in-resonance transfer range would be excited and subsequently

emit fluorescence. The NanoSight microscope head was modified to insert a filter

wheel between the objective and the camera. The filter wheel was inserted at the

correct height in order to maintain the correct focal distance between the camera

and the objective. The emission filter was selected to allow only emission from the

acceptor fluorophore.

I sought to establish FRET as a valid approach by using mastoparan, which results in

lipid mixing as established by the lipid mixing assay. Addition of mastoparan gave rise

to a population of liposomes that were both larger and more fluorescent. To be sure

that this was representative of FRET, I analysed a liposome population that contained

both DiO and DiI intended as a positive control, the hypothesis being that doubly

labelled liposomes should have the same distribution as singly labelled liposomes but

that donor fluorescence should be higher. However, although there was no change in

distribution there was also no change in fluorescence intensity. When, measuring the

intensity of donor and acceptor populations separately, it became apparent that there

was significant cross excitation of acceptor. This cross excitation was not apparent in
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the plate reader based assay. Therefore FRET based measurements were not possible

with the current NanoSight instrument setup.

5.2.4.2 Dequenching

Fluorescence dequenching was another approach considered for use with the NTA

modality. This strategy involved putting a high concentration of a lipid soluble dye,

r18, the fluorescence of which is quenched at high concentrations. In a plate reader

based assay, lipid mixing between a liposome populations with, and without, r18 in

the membranes resulted in an increase in intensity. This was an ensemble

measurement and we wanted to see how this would manifest on a single particle

level. We realised a potential complication with looking at dequenching using the

NTA. In theory, fused particles would result in another fused particle with double

the surface area. Assuming that the density of fluorophore per area unit is relatively

uniform, we can use intensity per area as a measure of whether or not quenching

had taken place. Fusion of liposomes containing r18 would result in an increase in

intensity on a per liposome basis but intensity/area would remain constant for all

sizes of liposome. On the other hand, fusion of lipsomes with r18 and lipsomes

without should result in dilution in the membrane and so the intensity:area ratio for

fused liposomes should be higher. Fusion of liposomes without r18 would not be

visible by the NTA as they would not be fluorescent. Starting with liposomes with

quenched concentrations of r18, we can set the threshold to disregard any particles

above any residual fluorescence emission. By plotting intensity:area ratio against

size, we should be able to see fusion between populations of lipsomes with r18 and

those without. An example using this approach is shown in fig. 5.13). As expected

we can see that of the four combinations of samples the only sample that gave rise

to a population of particles with a higher intensity per area was from the addition of

mastoparan to liposomes contain r18 at a quenched concentration and liposomes

without any r18 (mast r18 + acceptor). The same combination of liposomes without

mastoparan (cont r18 + acceptor) did not result in the emergence of a population

with a higher intensity per area values.
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Figure 5.13. Fusion of r18 PCPS liposomes with PCPS liposomes. r18
represents 25 µM of PCPS with r18 (F:L=1:20), acceptor represents 25 µM of PCPS
without r18. The prefixes cont and mast represent addition of nothing and 25 µM
of mastoparan, respectively. The four samples represented in the scatter plot were
incubated for 10 mins at 37oC. Subsequently the samples were diluted 100 times in
20 mM HEPES, pH 7.4 and the size distribuutions of particles were measured.

5.3 Discussion

The use of NTA is gaining ground as a technique to measure the size of particles.

One of the main advantages of NTA over a technique such as DLS is the aspect of

single particle counting. Given the plate reader data showing that there was lipid

mixing between liposomes consisting of negatively charged lipid (PCPS) we wanted

to show that there was fusion by showing an emergence of larger liposomes from a

starting population of smaller liposomes. In addition we wanted to try and extend

the FRET based assay utilised for lipid mixing to use in NTA. One benefit of the use

of FRET in terms of analysing the amount of liposome fusion is the ability to look

at heterologous fusion i.e fusion between liposomes of different lipid compositions.
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I first recapitulated the results from the plate reader lipid mixing assay by adding

mastoparan to PCPS liposomes and looking to see for an increase in particle size (fig.

5.7). One possible confounding factor is aggregation of liposomes and/or peptide.

The presence of this may contribute to observed changes in size distribution. The

use of mastoparan allows some useful control with regards to this. This peptide

is not known to aggregate and I have shown that it does not form fibrils in the

previous chapters. Therefore, any increase in size distribution is unlikely to be due

to aggregation of the mastoparan. Having shown that lipid mixing takes place via

emergence of FRET signal and that addition of mastoparan to donor and acceptor

dyes in solution without lipid does not produce a signal, it is prudent to then assume

that lipid mixing actually takes place and is not due to aggregated dyes. Satisfied

with this, the case becomes whether liposome fusion is necessarily followed by lipid

mixing and not just by aggregation.

Next I looked at the ability of IAPP(wt) to cause fusion of PCPS liposomes. As noted

previously, in the results section, it was decided not to use the FTLA for the data

because of the artefactual peaks created. Using normalized frequency, we see that

there is and change in the distribution with the emergence of particles of a larger size

and an overall shift in the peak size of liposomes (fig.5.9). Although I do not have a

sample showing the size of liposomes over time without the addition of hIAPP(wt),

results from the lipid mixing assay with addition of DMSO to liposomes over time

do not display any lipid mixing. In addition the use of DMSO does not result in an

increase in liposome size (fig. 5.10) further making it unlikely that liposomes left over

the timescales measured would become fused liposomes. Additionally the expeirments

using NTA are in line with in published literature. NTA was used to look at the effect

of magnesium on the ability of the peptide IM30 to cause fusion of liposomes over time

(Hennig et al., 2015). They show neither the time course of liposome size over time

or the effect of magnesium alone on the size of lipsomes over time, despite showing

that is has an effect on lipid mizing. However in my experiments I have controlled for

the effect of zinc on fusion. for completion a control measurement would be useful to

support the conclusions of from the NTA data presented
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Given the results of the plate reader data with the use of zinc, it was rational to

hypothesise that addition of zinc to hIAPP(wt) and PCPS liposomes would result

in fusion much more quickly than without zinc. This appears to be the case, with

the presence of large liposomes apparent much earlier when zinc is added at the

same time as hIAPP(wt) (fig. 5.10). The nature of these particles is assumed to be

composed of lipid. The presence of higher order aggregates of hIAPP is thought to be

unlikely at this early time point since it has been shown that addition of zinc (at this

concentration) does not result in fibrillization as measured by ThT assay but faster

lipid mixing and the addition of zinc with hIAPP(wt) results in larger particles than

zinc or hIAPP alone. It interesting to compare the effect of hIAPP(wt) on liposomes

of mixed lipid composition (PCPS) to liposomes of a single composition (PC or PS).

We see that the effect of hIAPP(wt), combined with zinc, on PC liposomes does not

result in the same dramatic increase as with PCPS. This result is also supported

by the lack of lipid mixing of PC only liposome when incubated with hIAPP(wt)

(Chapter 4). However, hIAPP(wt) in the presence of zinc does seem to increase the

size of PS liposomes, but again, not by the same amount as with PCPS liposomes.

There are a number of parameters that are important to consider when attributing

a change in size distribution to fusion of liposomes: 1) The number of rounds of

fusion in which a peptide can participate; 2) Whether the curvature of liposomes

that can be fused follows a continuous or discrete distribution and whether there is a

maximum or minimum difference under which fusion is permissible; 3) The starting

size of liposomes (and the associated distribution; 4) The amount, and timescale, of

aggregation of peptide and/or lipid; 5) The fission or breakdown of both fused and

non-fused vesicles. Full modelling of such criteria is beyond the scope of this chapter

as the phenomenon of lipid mixing by hIAPP(wt) has not been previously described.

However, future studies would certainly benefit from incorporating such criteria to

more fully understanding the dynamic of this fusion behaviour.
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Chapter 6

Effect of hIAPP on the Molecular
environment of lipid membranes

6.1 Introduction

In the previous chapters we described how the interaction of hIAPP with lipid

membranes not only affects membrane integrity, evidenced by liposome leakage

(Chapter 3), but also results in lipid mixing between membranes of liposomes

(Chapter 4), and an increase in size distribution of liposomes indicative of fusion

(Chapter 5). In Chapter 6 we look specifically at changes to the molecular

environment of the lipid membrane resulting from interaction with IAPP peptides.

Cellular membranes are very dynamic, with appropriate spatial and temporal control

of lipid and protein composition necessary for cellular processes to be carried out

correctly. An important organisational aspect of membranes relates to lateral phase

separation. Specifically, the formation of lipid rafts, which are predicted to be liquid

ordered domains/liquid order phases are suggested to be important for processes

including signal transduction (Simons and Toomre, 2000), intracellular sorting (van

Meer et al., 2008) and disease pathogenesis (Taylor and Hooper, 2006).

We have seen that the interaction of hIAPP with membranes results in changes to

the organisation of lipids via lipid mixing. It is therefore conceivable that changes in

the order of cellular membranes, either as a direct consequence of peptide

interaction, or upstream pathological changes in lipid composition, could result in

defective trafficking of β-cell secretory granules to the plasma membrane. In fact the
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Figure 6.1. Locations of the fluorescent probes relative to lipids.

amyloid peptide α-synuclein, in an α-helical confirmation, has been proposed to

possess the capacity to anneal defects in curved vesicle membranes, with the

additional possibility of relevance to preventing synaptic vesicles from premature

fusion (Kamp and Beyer, 2006). Thus, this precedent renders investigation of

induction of changed in membrane lipid order IAPP pertinent.

6.2 Use of fluorescent probes in assessing lipid

order and viscosity

There are a variety of ways to measure the order of lipid membranes. The probes that

I have used in this chapter are laurdan, DPH and TMA-DPH and I will go through

the mechanism by which each reports on the order of the membrane environment.

6.2.1 Measuring lipid order

6.2.1.1 Laurdan

One way of measuring membrane order is through the use of environmental sensitive

fluorophores positionined in the membrane. One such fluorophore is laurdan,

composed of a naphthalene ring and lauryl tail (fig. 6.1). It was first synthesised in

order to measure polarity (Weber and Farris, 1979) and subsequently its use as a

probe to measure lipid order in membranes was characterised by Parasassi and

Krasnowska (1998); Bagatolli (2006).
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Figure 6.2. Jablonski diagram of changes in excited state of laurdan. Figure
is reproduced from Sanchez and Tricerri (2007).

Due to partial charge separation between the 2-dimethylamino and the 6-carbonyl

residues of laurdan, a dipole moment is present, which provides the mechanism for

responding to changes in polarity. In the context of lipid membranes, the less ordered

the lipids the more spaces there are between them. These spaces allow water molecules

to be more dynamic around laurdan naphthalene moiety in its excited state (fig.

6.3). Excitation of the probe increases the dipole moment, resulting in surrounding

dipoles, i.e. water molecules, reorienting around this new increased laurdan dipole.

This reorientation of water molecules leads to a decrease in the excited state energy

(fig. 6.2). When the lipid in the membrane is in a more ordered state, there is a

reduction in water molecules (and associated mobility) and thus the relaxation of

laurdan is not as pronounced and there is not a much of a decrease in the exited

energy of the probe. In terms of the emission spectrum, since laurdan has less energy

in the excited state in a less ordered membrane, it emits fluorescence of a longer

wavelength and thus emission is ’red-shifted’. The converse is true in a more ordered

lipid environment, with the lack of water molecules meaning the excited state is not

affected, and thus the emission is of a higher energy, with a shorter, ‘blue shifted’

wavelength. This change is illustrated by measuring the emission spectrum of laurdan

in lipid membrane at low or high temperature (fig. 6.4).

These shifts in the emission spectrum can be used to follow changes in lipid phase

(or order) by use of a parametrisation called General Polarisation (GPex) (Parasassi

et al., 1990):
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Figure 6.3. Schematic of changes to the dipole of laurdan in a lipid
membrane bilayer. Black double arrows represent the dipole moment of laurdan;
length of the arrows represent the size of the dipole; black dots represent water
molecules. Figure is reproduced from Sanchez and Tricerri (2007).
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Figure 6.4. Effect of chnage in temperature on laurdan emission in
PC liposomes. Fluorescence emission spectrum of laurdan excited at 360 nm;
lipid:laurdan ratio, 1:400.
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GPex(x) =
I(mo)− I(md)

I(mo)− I(md)

(6.1)

Where x is excitation wavelength, typically around the peak excitation of 360 nm, and

mo and md are the intensities of emission of laurdan at wavelengths that correspond

to ordered and disordered phases, respectively. Wavelengths for mo and md are

chosen to reflect the maximal peak intensities of fluorescence emission in gel (ordered)

and liquid crystalline (disordered) phase, typically 440 nm and 490 nm, respectively,

determined in a variety of ordered and disordered membrane compositions (Parasassi

et al., 1991; Parasassi and Gratton, 1995). The corollary of this is excitation GP

(GPem):

GPem(x) =
I(xo)− I(xd)

I(xo)− I(xd)

(6.2)

Where m is emission wavelength, and xo and xd are the intensities at x after

excitation at set xo and xd wavelengths, corresponding to ordered and disordered

phases, respectively.

Typically, only GPex is measured but it is can be supplemented with measurement of

GPem. GPex provides information on the mobility of water molecules that surround

laurdan and as such is a measure based on the excited state laurdan (Viard et al.,

1997).

On the other hand, GPem, provides information about laurdan in the ground state

and is influenced by the strength of laurdan lipid interaction (Bagatolli et al., 1999).

It is possible to extend the use of GPex and GPem by measuring the wavelength

dependence of both functions such that several values of x and m, and GPex and
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Figure 6.5. A schematic representation of the wavelength dependence of
Laurdan excitation and emission GP spectra. gel (—), liquid-ordered (···), fluid
(− −), and coexisting gel and fluid (− · −) phospholipid phases (Figure reproduced
from Mukherjee and Chattopadhyay (2005)).

GPem are measured, respectively. Examples of wavelength dependence of GPem

and GPex in various lipid order states are shown in (fig. 6.5). The change in the

wavelength dependence of these parameters provides information about on aspects of

phase changes in lipid membranes (Velázquez and Fernández, 2006; Mukherjee and

Chattopadhyay, 2005; Bagatolli et al., 1998; Parasassi and Gratton, 1995). Thus a

wealth of information can be gained from the GP functions as well as the wavelength

dependence.

6.2.1.2 DPH and TMA-DPH

DPH and TMA-DPH probe also yield information about the order of lipid membranes

but through changes in polarisation of the fluorescence emission. By exciting the

fluorophore with polarised light and measuring the polarisation of emitted photons in

orthogonal directions, one can calculate the polarisation or anisotropy. After DPH or

TMA-DPH is excited it is rotates in space. The change in polarisation is determined

by the degree of rotation that happens before re-emission of a photon. In an ordered

membrane DPH will be less mobile. On the timescale from excitation to photon

emission, DPH will not have rotated much and so the emitted photon will still be

highly polarised. In a less ordered membrane, DPH will be more mobile and thus on

the molecular timescale, will have moved a lot relative to when it was excited and

so the degree of polarisation of emitted photons will be much lower. The addition
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of TMA to DPH anchors the probe at the level of the lipid head groups, enabling

information on the order of this area. DPH resides at the level of the acyl chains and

so polarisation from this probe provide information about the order at the acyl chain

level.

6.2.2 Measuring Viscosity

Bodipy is a probe that has been used in fluorescence microscopy for many years.

Recently it was found to be a reporter of viscosity (Levitt et al., 2009; Kuimova,

2012; Zhao et al., 2016). The change to the quantum yield can be followed in

response to viscosity either by measuring steady state fluorescence intensity or

fluorescence lifetime. In general, intensity based measurements are more difficult

because concentration, as well as viscosity will affect, the intensity. Instead, it is

best to use lifetime measurements as they are independent of concentration. The

mechanism by which Bodipy reports viscosity is through movement of a molecular

rotor that has a twisted intramolecular charge transfer (TICT) excited state. The

accessibility of the dark nonemissive TICT state is responsible for the non-radiative

decay pathways in a rotor. Their radiative de-excitation pathway competes with

intramolecular twisting, which leads to non-radiative deactivation of the excited

state (Levitt et al., 2009).

6.3 Results

6.3.1 Membrane order

Using probes introduced previously, I have characterised the effect of hIAPP on

membranes of different compositions in different environments. In keeping with

earlier chapters, I have used the binary composition of PCPS at a molar ratio of

PC:PS of 7:3 as a baseline for a physiologically relevant lipid composition.

The intention was to follow the kinetics of changes in the GP parameters of lipid

membranes induced by IAPP and other peptides. However, it was found that serial
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excitation of laurdan in liposomes resulted in an increase of both GPex and GPem

values, making collecting a timecourse, with appropriate replicates, impractical. In

addition, data presented in the forthcoming results section was obtained at room

temperature, in contrast to data from other chapters at 37oC. Therefore investigation

of the effect of IAPP on membrane order proceeded on the basis of GP data collection

at a single time point, with each replicate going through only one round of excitation,

therefore removing the issue of artefactual reporting of membrane order changes. For

mastoparan GP data was collected for 3 time points.

A first important result, and a demonstration of the presentation of data, is from the

incubation of mastoparan with PCPS liposomes. In particular, there is no change

in the GPem (curve from 340 to 410 nm) and GPex (curve from 440 to 490nm)

parameters and the membrane remains in the fluid phase, indicating that mastoparan

does not cause changes to membrane order despite evidence of both liposomes leakage

(Chapter 3) and fusion (Chapters 4 & 5) of liposomes composed of PCPS.

For IAPP the first objective was to see if there was an effect on the membrane order

of liposomes with the lipid compositions used throughout the results described in this

thesis. For liposomes composed of PC we see that there is essentially no effect of

hIAPP or rIAPP on the order parameters of GPex and GPem at all wavelengths (fig.

6.7), suggesting that any interaction with the membrane does not affect the order of

the lipid acyl chains. In contrast, incubation of negatively charged liposomes with

hIAPP(wt) results in increase of both GPex and GPem at all wavelengths, consistent

with the lipid bilayer becoming more ordered. Similar to the effect on a neutral

membrane, rIAPP has no effect on the lipid order of PCPS membrane.

Continuing with the use of PCPS, we proceeded to look at the influence of pH on

order changes induced by hIAPP(wt), producing some interesting results. At pH

7.4 there is a negative and positive correlation of GPem and GPex, respectively, with

increasing wavelength. Addition of hIAPP results in the shift of both curves to higher

GP values, consistent with an increase in order (fig. 6.8, left panel).
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Figure 6.6. Effect of mastoparan on the lipid order of negatively charged
liposome membranes. Mastoparan (25 µM) was incubated with liposomes (50 µM)
composed of PC and PS (7:3 molar ratio at indicated time points. The Cont curve
represents a control sample of liposomes in the same envionment but with nothing
added. GPex measured from 310 to 410 nm and GPem from 440 to 490 nm. Curves
represent an average of 3 replicates and error bars represent SEM (n=3).
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Figure 6.7. Effect of the presence of negatively charged lipids on ability
of hIAPP(wt) to induce change in membrane order. hIAPP(wt) 4.2 µM was
incubated with liposomes (50 µM) composed of PC or PCPS (7:3 molar ratio) at pH
7.4. DMSO curve represents data from an equivalent volume of DMSO as peptide
added to a lipsomes sample. GPex measured from 310 to 410 nm and GPem from
440 to 490 nm. Curves represent an average of 3 replicates and error bars represent
SEM (n=3).
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Figure 6.8. Lipid order of membranes with and without peptide is
dependent on pH. hIAPP(wt) or rIAPP (4.2 µM) was incubated with liposomes (50
µM) composed of PCPS (7:3 molar ratio) at pH 7.4 or 5.0. DMSO curve represents
data from an equivalent volume of DMSO as peptide added to a lipsomes sample.
The Cont curve represents a control sample of liposomes in the same envionment but
with nothing added. GPex is measured from 310 to 410 nm and GPem from 440 to
490 nm. Curves represent an avereage of 3 replicates and error bars represent SEM
(n=3).
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Figure 6.9. Lipid order of membranes composed solely of negatively
charged lipids (PS) is increased by both hIAPP(wt) and rIAPP. hIAPP(wt)
or rIAPP (4.2 µM) of was incubated with liposomes (50 µM) composed of PS at pH 7.4
or 5.0. DMSO curve represents data from an equivalent volume of DMSO as peptide
added to a liposomes sample. Cont stands for liposomes in the same environment
but with nothing added. GPex is measured from 310 to 410 nm and GPem from 440
to 490 nm. Curves represent an average of 3 replicates and error bars represent SEM
(n=3).

Upon lowering the pH, the wavelength dependence of both GPem and GPex

becomes flatter. However, the overall membrane order indicated by GPem is higher

(fig. 6.8, right panel). Addition of hIAPP(wt) to liposomes at pH 5 again results in

an increase of both GPem and GPex, higher than at pH 7.4, with a recapitulation of

the wavelength dependence.

In the low pH environment, addition of hIAPP results in a wavelength-dependent

change in the GPex and GPem curves, where the GPex (340) and GPem(490) values

increase more than GPem(410) and GPex (440). At both pH 7.4 and 5.0, GPex curves

are similar with and without peptide. In all cases, we see that rIAPP does not affect

membrane order consistent with its role as a non-toxic peptide.
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Figure 6.10. Influence of hIAPP(wt) on lipid order of negatively charged
membranes PCPS in the presence of zinc. 4.2 µM of hIAPP(wt) was incubated
with liposomes (50 µM) composed of PCPS (7:3 molar ratio) at pH 7.4. DMSO curve
represents addition of an equivalent volume of DMSO as peptide added to lipsome
samples. Cont represents liposomes in the same environment but with nothing added.
GPex is measured from 310 to 410 nm and GPem from 440 to 490 nm. Curves
represent an average of 3 replicates and error bars represent SEM (n=3).

Use of the non-physiological, unary composition of negatively charged PS to look at

IAPP interaction shows interesting differences compared to the more physiological

PCPS composition (fig. 6.9). Of particular interest is that both hIAPP and rIAPP

result in an increase of membrane order. Additionally, in comparison to PCPS and

PC compositions, PS has a higher overall membrane order than PC and PCPS

composition at both pH 7.4 and 5.0, indicated by the GPem and GPex curve values

being higher overall. In contrast to PCPS, the baseline GPem and GPex curves of

PS have higher values at pH 7.4 than at pH 5.0.

We looked at the effect zinc had on how hIAPP affected the order parameters (fig.

6.10. Interestingly, the addition of zinc had an effect not dissimilar to that of pH on
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Figure 6.11. hIAPP increases the lipid order of membranes in the acyl
chain region and at the level of the polar heads. Liposomes 50 µM with either
DPH (a) or TMA-DPH (b) were incubated with 4.2 µM of peptide. Curves represent
an avereage of 3 replicates and error bars represent SEM (n=3).

negatively charged lipid. Again the GPem curve before addition of peptide is shifted

towards higher values; however there is not as much change in the GPex. Incubation

of hIAPP does not result in any significant additional increase in order of either

GPem or GPex. An increase in zinc and and increase in pH have the common effect

of neutralising negative charge at the membrane.

Finally we looked at differences in the order of acyl chain region compared to the

polar head region (fig. 6.11). DPH and TMA-DPH report membrane order I the

same way but locations of the probe in the membrane is different, TMA is cationic

preventing its incorporation in the acyl region. Thus the two probes report on the

order of different parts of the membrane. As we can see the anisotropy reported by

DPH of PCPS is lower than reported by TMA-DPH consistent with the polar head

region being more order than the polar head region, which makes sense since there are

more degrees of freedom in the acyl region. Addition of rIAPP to PCPS with DPH
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results in a large increase in anisotropy consistent with an increase in order at the

acyl chain region. The changes in the order of the acyl region, are mirrored by TMA-

DPH which reports an increase in order upon incubation with hIAPP. Consistent

with laurdan results DMSO has no significant effect on order at either the polar head

region or at the acyl chain region.

6.3.2 Membrane viscosity

The importance of maintaining different viscosities in different parts of the cell is

receiving more attention. Recently in our lab the ability of hIAPP to form a gel has

been investigated, as well as the kinetics of viscosity changes during elation (Jean

et al., 2016). The possibility was raised that hIAPP could form a gel at the bilayer

resulting in changes in how the membrane responds, resulting in a change from

physiological to pathological behaviour. Viscosity of membranes has been measured

using Fluorescence Correlation Spectroscopy (FCS) by following various membrane

probes in the membrane (Chiantia et al., 2009). Viscosity of, and at, the membrane

can be followed using Bodipy. Levitt et al. were amongst the first people to

characterise Bodipy as a viscosity probe (Levitt et al., 2009). They produced two

meso-substituted fluorophores based on the boron-dipyrrin (BODIPY) structure

with hydrophobic. These probes have hydrophobic additions, such as C12, that

enable partition into lipid membranes. Others have since explored other variants

with the purpose of targeting this probe to particular places in the cell for example

the mitochondria (Zhao et al., 2016). These methods have involved making changes

to the structure such that its ability to move to different membranes is restricted or

that it targets membranes based on electron potential. An alternative is target the

membrane by tagging proteins that are known to be in the membrane. One such

methodology is SNAP tag. This is based on the use of human DNA repair protein

O6-alkylguanine-DNA-alkyltransferase (hAGT) to covalently attach the probe to

the protein. For this to work the protein of interest needs to be expressed with

hAGT include at the end of the sequence and the probe to be covalently attached

needs to have the benzylguanine attached.
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Figure 6.12. Viscosity responsiveness of intermediates measured via
fluorescence intensity and lifetime. Intermediate compounds 54 and 56 along the
synthesis pathway to Bodipy-SNAP were tested for preserved response to viscosity. 15
µM of each compound was tested in a series of indicated glycerol percentages in dH2O
at ambient temperatures using both fluorescence lifetime (a and b) and intensity (c
and d)

In collaboration with chemistry, the Bodipy-C12 probe was adapted to a SNAP tag

version. C-12 and the SNAP tag version of Bodipy was synthesised in the lab of

Prof. Tim Donohue (Niall Moon). There were 2 aims: 1) synthesise Bodipy-C12 to

use in initial experimentation and 2) Make a functional Bodipy-SNAP that

maintained responsive to viscosity. In order to ensure that adaptation of the Bodipy

probe to a SNAP tag version did not affect its characteristics as viscosity sensor, the

intermediates along the synthesis pathway were tested for preservation of viscosity

response. Compounds 54 and 56 were tested to check that benzyl and phenyl

attachments did not interfere with the desired function as molecular rotors (fig.

6.12). Before use, both Bodipy-C12 and Bodipy-SNAP were tested for response to

viscosity via both lifetime and steady state measurements (fig. 6.13).
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Figure 6.13. Viscosity responsiveness of Bodipy-C12 and Bodipy-SNAP.
Bodipy-C12 and Bodipy-SNAP were tested for preserved response to viscosity. 15 µM
of each compound was tested in a series of indicated glycerol percentages in dH2O at
ambient temperatures using both fluorescence lifetime (a and b) and intensity (c and
d).
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3000 ps

Figure 6.14. Effect of IAPP on membrane viscosity of PCPS GUVs.
GUVs were incbated with DMSO, rIAPP or hIAPP(wt) for 1 hour. Images (60X
magnification) of lipsomes in each condition is shown on the top row. The bottom row
shows a normalised histogram of lifetimes for each condition (solid line) together with
histograms from the other conditions (dashed line). The rainbow colour bar represents
the lifetime of Bodipy-SNAP in picoseconds (ps) with longer lifetimes representing
higher viscosity.

I used Bodipy-C12 in GUVs and LUVs to look at a 3 hour time point after addition of

hIAPP(wt). A relative high F:L ratio (1:20) was used in order to more easily measure

any changes to viscosity of the membrane. Shown in figure 6.14 are representative

images of GUVs incubated with DMSO, rIAPP or hIAPP. Although I have shown

throughout the thesis that DMSO does not affect read outs of the other assays, GUVs

are larger and therefore differ in terms of curvature. The tension of such surfaces

may be affected differently and so I wanted to rule out any vesiculation DMSO was

included as a control. Looking at the associated histograms of pixels with certain

lifetimes we can see that addition of both rIAPP and hIAPP results in a shift from

higher lifetimes to lower lifetimes. It is important to remember that the GUVs are

made with 300 mM sucrose in the internal volume. For microscopy a volume of these

GUVs are added to 100 mM salt solution (The GUVs are able to maintain integrity

despite this mismatch in osmolality). However, the internal viscosities will differ as

even at the same concentration, sucrose is more viscous than NaCl.
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Therefore internal and external leaflets of the membrane will differ in viscosity. At

the level of magnification and resolution of a confocal microscopy it is not possible

to resolve such a difference. However there is clearly a decrease in viscosity of the

environment which Bodipy is experiencing. It is likely that the presence of sucrose

in the luminal volume has an effect on the reported viscosity. Interestingly, although

incubation with rIAPP does not seem to result in a loss of integrity (lack of

aggregate lipids) there is a decrease in fluorescence lifetime, consistent with a

decrease in viscosity. GUVs incubated with hIAPP shows presence of lipid

aggregates. This is reflected in the accompanying histogram distribution of

lifetimes, by an appearance of a shoulder at lower lifetimes. It is possible that due

to loss of membrane integrity the sucrose that was once luminal is diluted into the

bulk. The organisation of the lipids may now be such that sucrose is excluding from

accessing Bodipy, contributing this shoulder of lower viscosity.

I also looked at Bodipy-C12 in live cells (fig. 6.15 and fig. 6.16). In fig. 6.15 cells

were incubated in cygel. Cygel has the property of being liquid at 4oC but becomes

a gel when warmed above 23oC. Interestingly although the temperature at which the

cells were imaged meant that cygel is in a gel form, the lifetime of Bodipy in the

plasma membrane is lower than intracellularly. This suggests that cygel may act as a

gel on a macroscopic level but at a microscopic level a Bodipy responds in a different

way. To illustrate the proof of concept of concept of targeting Bodipy-SNAP, HeLa

cells were transfected with a plasmid expressing a SNAP tagable version of a Nup

protein. As can bee seen in fig. 6.16 there is a clear attachment of Bodipy-SNAP to

the nuclear membrane.

6.4 Discussion

The effect that amyloid peptides have on lipid order has been previously investigated;

Aβ (Hicks et al., 2008; Ashley et al., 2006; Yip et al., 2002; Waschuk et al., 2001;

Kremer et al., 2001), α-synuclein (Kamp and Beyer, 2006), β2-microglobulin (Sheynis

et al., 2013) and lysozyme (Melo et al., 2014; Kastorna et al., 2012), and most recently
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hIAPP (Pilkington et al., 2016), have all been investigated for their ability to affect

order using laurdan based measurements. These studies range from looking at the

order of membranes in the context of live cells, plasma and or organelle isolated

membranes, and LUVs and GUVs. Not surprisingly, the conclusions drawn from

these studies can be separated into ones that looked at order of live cell membranes

or of isolated/synthetic generated mimetic membranes. In general an increase in

lipid order is seen when adding amyloid peptides to membrane mimetics, however

experiments using live cells are likely to yield different results as cell membranes are

dynamic and more complex in composition. Indeed investigation of the effect of IAPP

on lipid order in live cells demonstrated a decrease in membrane order (Pilkington

et al., 2016) in contrast to my work using LUVs which showed an increase in membrane

order. The results from my experiments are in agreement with others that have used

membrane mimetics to investigate effect of Aβ on membrane (Kremer et al., 2001).

In agreement with data produced form my experiments using laurdan, changes in

DPH anisotropy indicate that interaction of IAPP with the lipid membrane results

in changes in the lipid head group environment, consistent with either an increase in

lipid order or an increase in water penetration at the interfacial region.

Other factors may contribute to differences in how amyloid effects membrane order.

Initial membrane order has be shown to differ due to geometry of the bilayer, with

planar surfaces being less ordered than curved surfaces (Yip et al., 2002). Yip et

al. show that Aβ is able to increase the GP of membrane in both gel (planar) and

liquid crystalline (liposome) phases. However others have demonstrated an inability

of Aβ to effect fluidity of lipid membranes in a gel phase (Kremer et al., 2001).

Khemtémourian et al. (2011) look at the effect of hIAPP on membrane order using

NMR. They posit that their results are consistent with either 1. Reduction in vesicle

size producing a heterogeneous size distribution or 2. Perturbation of lipid acyl

chain order and lipid dynamics. Khemtemourian et al. support 1. based on DLS

size distribution of liposomes becoming smaller (Khemtémourian et al., 2011). The

results of Khemtermourian et al. contrast with the results from my experiments using

laurdan. The main difference is that they use NMR spectroscopy to measure lipid
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order. In addition the way IAPP is added to lipid differs; IAPP peptide was added

to lipid in chloroform solution, with multilamellar liposomes subsequently formed for

experimentation.

The results regarding the effect of pH and hIAPP(wt) on lipid order of PCPS are

summarised in figure 6.17 and reveal interesting aspects of IAPP order induction.

Using figure 6.5 as a reference for changes to membrane order, we can see that decrease

in pH results in the loss of wavelength dependence consistent with the lipids in the

membrane becoming a more ordered gel phase. Subsequent addition of hIAPP results

in an increase of order but with a wavelength dependence.

When the environment remains at a neutral pH, addition of hIAPP again increases

lipid order but the phase is still consistent with a liquid like environment. Changes

in GPex(410) and GPem(440) without changes in GPex(340) and GPem(490)

indicate that only those laurdan molecules in a more restricted (gel-like)

micro-environments are affected (Kremer et al., 2001). In the data I am reporting,

the opposite trend is apparent with an increase in GPex(340) and GPem(410)

without associated increase in GPex(410) and GPem(440) indicating that only

molecules in a less restricted (liquid-like) environment are effected.
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Figure 6.15. INS1e cells with Bodipy-C12 in membranes after application
of viscosity altering cygel. Cells were incubated with 15 µM of Bodipy-C12. The
rainbow colour bar represents the lifetime of Bodipy-SNAP in picoseconds (ps) with
longer lifetimes correlating with higher viscosity. Image was obtained using a 60X
Objective.
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Figure 6.16. HeLa cells with Bodipy-SNAP attached to Nup complex in
the nuclear membrane. The rainbow colour bar represents the lifetime of Bodipy-
SNAP in picoseconds (ps) with longest lifetimes correlating with higher viscosity.
Image was obtained using a 100X Objective. Sample prepared, and image obtained,
by Alex Foley (Vaux Group, Sir William Dunn School of Pathology).
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Figure 6.17. Changes to GP wavelength dependence with pH.
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Chapter 7

Discussion

7.1 Summary of results

The results of this thesis are the culmination of efforts to decipher the structural

changes imparted on hIAPP and lipid membranes due to their interaction.

Attention was paid to how this interaction can be modified by the physiological

environment of the granule. The desire was to shed light on how the modulation of

this environment might result in the pathology of T2D. hIAPPs toxic effect on cells

is clear from the literature and experiments establishing IAPP interaction with

cellular membrane mimetics have shown how lipid composition can affect the way

IAPP fibrillizes. Although these systems are highly reductionist, they are extremely

valuable in that they afford high control and repeatability, and as such have

provided a basis for new insights to possible mechanisms of membrane mediated

toxicty of hIAPP.

Surprisingly, I have found that neutral PC liposomes, in a high ionic environment,

were able to accelerate the fibrillization of hIAPP without undergoing loss of integrity

due to hIAPP interaction. Additionally, inclusion of negatively charged lipid, PS,

resulted in liposomes that were capable of undergoing lipid mixing. Most notably

this lipid mixing behaviour is accelerated by the presence of zinc, speculated to be

through an intermediate consistent with non-amyloid structure. In contrast, a high

ionic strength environment slows down lipid mixing whilst also slowing fibrillization.
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The kinetics strongly suggest the existence of different pathways of lipid mixing by

hIAPP.

The novel phenomenon of hIAPP-induced lipid mixing of PCPS liposomes was

investigated further by NTA and proved to be successful in confirming fusion. It is a

powerful technique, enabling the measurement of the diameter of many particles, in

the order of thousands, without any special treatment of the sample e.g. addition of

fluorescent probes. However, liposomes were made with fluorecent probes in order

to avoid non linear light scattering as partciles increased in diamtere. In line with a

fusogenic role, incubation of hIAPP with liposomes led to an increase in size

distribution of liposomes. In addition fusion of liposomes was accelerated with the

addition of zinc. The hope was to extend the use of NTA using FRET and

dequenching approaches to characterise fusion between liposomes of the same lipid

composition (homotypic) and of different compositions (heterotypic). Although a

FRET based approach was ultimately not feasable due to cross excition of the

acceptor, fluorescence dequenching experiments using r18 showed promise and

minor adaptations to hardware and data analysis are expected to make

measurement of FRET relatively simple.

Changes to membrane order induced by interaction with IAPP have been

investigated for the first time using the probe laurdan. It has been demonstrated

that the order of lipids in neutral liposomes (PC), at low ionic strength, is not

affected by either rIAPP or hIAPP, consistent with other measures of interaction.

The investigation of lipid order of liposomes composed of PCPS shows that

interaction of hIAPP decreases fluidity (increases order) whilst rIAPP has no effect.

However, membranes of liposomes composed solely of negatively charged lipid (PS)

became more ordered in the presence of both hIAPP and rIAPP. This raises the

possibility that membrane charge, combined with lipid order, are important

determinants of IAPP-membrane interaction and is not just associated with an

ability of IAPP to form amyloid. Additionally, pH has a differential effect on lipid

order, with low pH increasing baseline order of both PS and PCPS liposomes and

alters the way hIAPP increases order of PCPS liposome membranes.
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In addition to the above some interesting results regarding hIAPP variants were

generated. I showed that an addition of a single tryptophan (hIAPP(W38))

significantly reduces the rate and amount of fibrillization as well as the amount of

leakage from PCPS liposomes. However, we confirmed that a substitution with

tryptophan, hIAPP(Y37W), had no effect on either fibrillization or capacity to

induce leakage.

7.2 Inferences from the results

In the context of the pancreatic islet, there are many factors, both in the milieu of

the secretory granule and cytoplasm in the secretory beta cell and extracellular

matrix, that may be relevant to the pathological perturbation of hIAPP and

membrane structure. The effects of many of them on the structure of IAPP in

non-lipid environments have been addressed in the literature. However it is beyond

the scope of this thesis to explore all of them in regards to their effect on

peptide-lipid interaction and structure. Using simple compositions, we have gone

some way to addressing the role of the physiological relevant cation zinc in changes

to peptide and membrane following their interaction. Zinc at a concentration that

accelerates lipid mixing of PCPS membranes prevents burial of the hIAPP

C-terminal region and fibrillization. Prevention of C-terminal burial may allow

hIAPP to form oligomers that are better able to induce curvature. The effect of zinc

on liposome leakage could not be assessed, due to its interference with the Tb-DPA

assay, but we know from the experiments in buffer without zinc and NaCl that

leakage of PCPS liposmes precedes lipid mixing. This poses the question- What

structures might be involved in these different process and is there interconversion?

Work looking at IAPP-induced leakage of DOPG liposomes by rIAPP and hIAPP

found that leakage was inconsistent with a detergent or carpet mechanism. Instead

the data supported an all-or-none mechanism, from a non-amyloid and non-β sheet

structure, postulated to be pore of toroidal, barrel or chaotic (Last et al., 2011). As

fusion of membranes induced by peptides often proceeds through pore formation
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(Gilbert, 2016), it is of interest to see what effect zinc would have on the structure

of IAPP peptides that cause fusion. Would there be change in the α-helical

structure and would oligomers become “off pathway” β sheet?. A lack of increase in

ThT fluorescence does not necessarily reflect a lack of β sheet. Indeed, it has been

demonstrated that binding of ThT requires the stacking of at least 4-5 beta sheet

monomers. Of course CD measurements would go some way to addressing these

questions and given more time it would be an avenue which I would want to pursue.

A high ionic strength environment increases the lag phase of hIAPP(wt) induced lipid

mixing, which correlates with an increase in lag phase of fibrillization. Again, results

from tryptophan burial experiments indicate that a high ionic strength environment

prevents burial of the C-terminus into the membrane. However, this seems not to

impact subsequent fibrillization. From lipid order measurements it is clear that pH

has a differential ability to effect membrane order, dependent on a combination of

lipid charge and interacting peptide (hIAPP or rIAPP). Low pH has been shown to

inhibit hIAPP fibrillization, as well as increase the lag time, which correlates with

reduction in liposome leakage (Khemtémourian et al., 2011). Using solid state NMR

Khemetemourian et al. also show that hIAPP(1-19) has the capacity to disorder

the acyl chain (Khemtémourian et al., 2010). However, using NMR, it was shown

with Aβ incorporated in liposomes increased the acyl chain order (Lau et al., 2007).

There is data supporting the concept that neutralisation is amongst one of the last

things to happen during fusion (Hutton, 1982), suggesting that a maintenance of a

low pH is important up until the last moment. Although hIAPP increases order of

PCPS at both pH 5.0 and 7.4, the order at pH 5.5 is consistent with a liquid ordered

phase whereas at pH 7.4 it remains in a fluid phase. Such a difference may be of

importance in the granule. The results from the membrane order experiments are

from end timepoints, but the kinetics of order change would be of great interest.

A further question that this research opens up is whether IAPP initially behaves

like mastoparan, inserting into membrane without affecting lipid order, undergoing a

sudden switch in confirmation now able to effect order; or is there a gradual increase

order, correlating with other features of membrane interaction like leakage and fusion.
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The use of NTA enabled the detection of the size distribution through single

particle measurement and the complexities of interpreting this distribution in terms

of fusion is discussed in chapter 5. One can envisage not only wanting to measure

homotypic fusion but also heterotypic fusion; in this case, a number of parameters

are of interest, including different lipid compositions, diameters of liposomes or

content of the luminal volume. However, if one wanted to do this using NTA on a

single particle level, FRET based measurements would be ideally placed to enable

this. However, recording the desired emissions to follow FRET are complicated due

to the presence of only one camera to record fluorescence emission. The instrument

could be set up for FRET based measurements simply by the addition of a dichroic

mirror enabling splitting of the signal and a second camera to record the fluoresce.

Simultaneous recording of both channels would provide the necessary emission

intensities and tracking of particles could be done using either of the channels. Since

the algorithms for intensity calculation are proprietary, in order to compare

intensities, the generated pixel coordinates and particle tracks could be used to find

intensities per particle, frame by frame, using a script. A ratio of intensities per

particle would then give a FRET value.

The kinetics of the changes of various measures of membrane and peptide structure

in physiological environments would provide a picture of causative and consequential

effects of their interaction. The data presented is a mixture of kinetic and dynamic

data, using lipid compositions, to maximise the breadth of phenomena studied.

7.3 Future work

The experiments presented within this thesis pave the way for further research to

understand important determinants for IAPP induced fusion of liposomes. In

particular, the secondary structure content of hIAPP conformations that can cause

lipid mixing has not been fully elucidated. Although we confirmed by CD that all

three hIAPP variants (wt, w38 and Y37W) could form elements of β-sheet structure

in solution, consistent with fibrillization, the secondary structure of fusogenic IAPP
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conformations could not be determined. In chapter 4 I showed that zinc could be

used to block fibrillization whilst accelerating lipid mixing. It is possible that zinc

stabilizes α-helical structure or permits formation of oligomers with β sheet

structure but stops these oligomers from assembling into structures capable of

binding ThT. One difficulty with using CD to examine the changes in secondary

structure is the strict criteria for selection of solvents. If one wants to make

recordings in the UV range the solvent needs to have low ultraviolet (UV)

absorption and the main buffer used in this thesis for assays contained HEPES

which absorbs in the UV range. In addition DMSO is also known to absorb in the

UV range and thus reducing its concentration in a sample is recommended.

Therefore when measuring CD spectra of IAPP I used a peptide from a stock

dissolved in HFIP and incubated in phosphate buffer, all of which are compatible

with obtaining CD spectra. This allowed me to know that the hIAPP peptides

could all form beta sheet structure consistent with the ThT data. Ideally, I would

have liked to compare the secondary structure of IAPP with and without zinc and

correlate this with fusion. However, to compare the kinetics of fibrillization, lipid

mixing and secondary structure, it would have been necessary to use the same

buffers and solvents. Since the buffer and stock preparations used in ThT and

fusion assays were not compatible with acquisition of secondary structure by CD

this was not possible. For future experiments in this area one could use phosphate

buffer and HFIP for all assays. However as has already been noted, the kinetics of

fibrillization can be altered by many factors including pH, buffer composition, salt

and lipid composition and one cannot predict the effect. In addition use of HFIP is

known to effect the order of lipid membranes and thus use of it in the lipid mixing

assay may produce unexpected results.

One interesting way to pursue the important structural elements of fusogenic

hIAPP might be to use the mutant hIAPP(L12N/N14L). This double mutation is

conservative with respect to formation of parallel, in register, β sheet stacking.

However it is not conservative with respect to α-helical propensity has reduced

α-helical content (Magzoub and Miranker, 2012). One can imagine that if fusion
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was due to an on pathway, beta-sheet oligomeric species, hIAPP(L12N/N14L)

would still be able to cause fusion as this peptide is still able to form fibrils which I

have shown correlate with fusion. However, if it was the case that an α-helical

oligomeric species was necessary for fusion one might see a lack of fusion but

formation of ThT positive fibrils.

One experiment that would be of interest to undertake would be that involving the

use of both the fluorescent properties of trytophan, in hIAPP(Y37W) and laurdan.

FRET between trytophan and laurdan has been used previously to gain low

resolution structural information of the position of acetylcholine receptor in lipid

bilayers (Antollini et al., 1996). In addition, by selectively exciting laurdan

molecules that were close to tryptophan residues or exciting laurdan directly, at

different temperatures, it was possible to gain information about vicinal lipid order

around tryptophan as compared to the bulk membrane. The data described in this

paper was gathered using steady state intensity measurents requiring a lot of control

measurments resulting in a complicated protocol in order to correctly measure

FRET and different GP values (Antollini and Barrantes, 2007). One way to

circumvent such control measurements is to move from the steady state domain to

the life time domain as measurement of lifetime of a probe does not depend on its

concentration. Thus both the lifetimes of tryptophan with and without laurdan,

would be easier to retrive. At the time the original work was done with

acetylcholine receptor (1996) the use of a pulsed UV source, which is necessary to

gain lifteime information of trytophan, was not as wide spread but is now becoming

more mainstream and thus would definitely be a useful avenue to pursue.

The relevance of this work to the pathology of T2D would be strengthened by

establishing aspects of it in cellular models. As highlighted previously, the use of

synthetic membrane mimetics are highly reductionist. Although the use of the types

and ratios of lipid used in this thesis are in line published research literature, there

are aspects of cellular lipid complexity that have not been investigated in relation to

the phenomena described in this thesis.
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In terms of lipids, ternary systems using Phosphatidylethanolamine (PE) (Sciacca

et al., 2012) and cholesterol (Cho et al., 2009; Cao et al., 2013) have been shown to

modulate IAPP folding and the extent of membrane perturbation. Of course the use

of lipids derived from cells is a step closer to full physiological relevance however

discrepancies have arisen. Use of giant plasma membrane vesicles (GPMVs) derived

from COS-1 cell membranes apparently inhibits fibrillization of hIAPP, despite

binding to the membrane (Schlamadinger and Miranker, 2014). This is in contrast

to another study where GUVs formed of lipids extracted from INS-1 cells

accelerated fibrillization and resulted in membrane perturbation (Seeliger et al.,

2012). Differences in the type of cells, and their condition, from which the lipid was

isolated, as well as the experimental method for vesicle preparation may explain

these differences. In any case, a key factor is a lack of cellular dynamics, and by

extension a dynamic membrane. Endogenously and exogenous IAPP cause toxicity

to cells, and apart from the membrane perturbation hypothesis, IAPP is thought to

induce toxicity through other routes as described in Chapter 1. It is possible that

induction of such processes might have an effect on membrane composition

contributing to a diversification of toxicity by IAPP interaction with membrane.

Recently absolute amounts and proportions of lipids in plasma, secretory granule

and mitochondrial membranes from Ins-1 pancreatic β cells was published

(MacDonald et al., 2015). In addition, the proportions of a variety of lipids in these

organelles was found to undergo changes in response to glucose. This demonstrates

the importance of the use of dynamic membranes when assessing the

membrane-mediated toxicity of IAPP. Although absolute control of lipid

composition is not possible in live cells, some control of cholesterol content in

various cell compartments has been modulated by addition and removal (Wang

et al., 2000; Bogan et al., 2012).

Translating the kind of measurements done in liposome-based systems to a live cell

context is possible, but it can be complicated. We have started in this vein with the

creation of a SNAP tag version of the molecular rotor for the investigation of viscosity

changes and have demonstrated targeting to a nuclear membrane protein. Targeting
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of the probe to any part of the cell that has proteins is theoretically possible and one

can envisage a secretory granule with Bodipy-SNAP bound, in turn, to proteins on

the luminal and cytosolic sides of the membrane. In addition, measuring viscosity of

the mitochondrial membranes and compartments would be of interest since hIAPP

has been shown to associate with them and induce toxicity.

In conclusion, my novel finding is that hIAPP is capable of fusion and that this can

be separated into different kinetic regimes using zinc and NaCl. I was able to further

confirm fusion using NTA and show that liposomes increased in size with addition of

hIAPP and was modulated by zince. It will be of particular interest to investigate

the role of unwanted fusion in the granule, or indeed if it has a dual physiological role

that is beneficial to the cell in other contexts.
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